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Characterization of the 5-HT receptor potentiating
neuromuscular cholinergic transmission in strips of human
isolated detrusor muscle
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In human isolated detrusor strips, submaximal contractile responses evoked by electrical stimulation
were resistant to hexamethonium (30 tiM) and abolished by tetrodotoxin (0.6 ELM) and hyoscine (1 fM),
indicating the activation of postganglionic cholinergic nerves. In methysergide (1 tM) and ondansetron
(3 ,iM) pretreated tissues, 5-hydroxytryptamine (5-HT) (0.3 nM-1ILM) caused a concentration-dependent
increase in the amplitude of contractions (pEC_ = 8.1), which was antagonized by the selective 5-HT4
receptor antagonist GR 113808 (3, 10 and 30 nM) in a competitive manner. Schild analysis yielded a pA2
estimate of 8.9, a value comparable to that reported for GR 113808 in other animal and human
peripheral tissues (8.8-9.7). Our findings indicate that neuromuscular cholinergic transmission in human
isolated detrusor muscle is facilitated by neural 5-HT receptors belonging to the 5-HT4 subtype. The
human urinary bladder can thus be regarded as an additional site in which 5-HT4 receptors are
distributed.

Keywords: Human urinary bladder; detrusor strips; neuromuscular cholinergic transmission; 5-hydroxytryptamine; GR 113808;
5-HT4 receptors

Introduction Excitatory effects elicited by 5-hydroxy-
tryptamine (5-HT) have been described in both unstimulated
(Klarskov & H0rby-Petersen, 1986) and electrically
stimulated human detrusor strips (Hindmarsh et al., 1977;
Corsi et al., 1991). In unstimulated preparations, the 5-HT-
induced contractile response is probably mediated by 5-HT2A
receptors located on the effector cells, as demonstrated by
ketanserin antagonism and by tetrodotoxin resistance (Klars-
kov & H0rby-Petersen, 1986). In stimulated preparations,
5-HT facilitates neuromuscular cholinergic transmission via
receptors different from the 5-HTI, 5-HT2A and 5-HT3 sub-
types. In fact, the 5-HT1/5-HT2 receptor antagonist methyser-
gide and ketanserin were only slightly effective or ineffective
(Hindmarsh et al., 1977; Corsi et al., 1991), as was the 5-HT3
receptor antagonist ondansetron (Corsi et al., 1991). Con-
versely, the 5-HT potentiating effect was sensitive to micro-
molar concentrations of tropisetron (Corsi et al., 1991), a low
affinity competitive antagonist at central and peripheral 5-
HT4 receptors (Tonini et al., 1991). However, the reported
pA2 value for tropisetron (7.0 instead of 6.5) and a marked
reduction of the 5-HT response maximum, have raised some
uncertainty as to the type of antagonism observed, as well as
on the definition of receptors involved. The need for a careful
characterization of this 'atypical' 5-HT receptor has been
recently stressed (Ford & Clarke, 1993). The availability of
high affinity antagonists at 5-HT4 receptors, such as GR
113808 (Kaumann, 1993; Gale et al., 1994), prompted us to
investigate whether these receptors are involved in the poten-
tiating effect of 5-HT on human isolated detrusor strip con-
tractions to electrical field stimulation.

Methods Specimens from the anterior part of the dome of
the urinary bladder were obtained from patients undergoing
total cystectomy due to bladder base malignancy. Muscular

strips (20 mm long, 4 mm wide) were prepared by removing
the serosal and mucosal layers and were mounted isometri-
cally (tension: 20 mN) in a 5 ml bath containing modified
Krebs solution gassed with a mixture of 95% 02 and 5%
CO2 and maintained at 37C. Methysergide (1 JIM) and
ondansetron (3 !IM) were added to the solution in order to
isolate pharmacologically putative 5-HT4 receptors. After
90 min equilibration, the strips were field stimulated by
means of two platinum electrodes connected to a MARB ST
87 stimulator. Trains of electrical pulses at 5 Hz and 5 s in
duration were delivered at 1 min intervals, at 0.1 ms pulse
width and 60 V. This stimulation evoked reproducible sub-
maximal contractions, the amplitude of which was approx-
imately 30% of that obtained by 20 Hz stimulation (Corsi et
al., 1991). Cumulative concentration-response curves to 5-HT
were obtained using half logarithmic dosing increments until
the maximum effect was reached. Two agonist concentration-
response curves were constructed in each tissue. Preliminary
experiments showed that the second concentration-response
curve was superimposable, providing that there were frequent
solution changes (every 5 min) and 60 min intervals between
curves. The potentiating effect of 5-HT, either in the absence
or in the presence of GR 113808 (3, 10 and 30 nM) (incuba-
tion time: 30 min) was studied. Antagonist pA2 estimate was
calculated following Schild regression analysis, using 5-HT
concentration-ratios.determined at EC50 levels in control and
test curves. Confidence limits (CL) at 95% probability for the
slope of the regression were evaluated by using a computer
programme (PHARM/PCS, Version 4.1) based on a manual
of pharmacological calculations (Tallarida & Murray, 1986).
Results were expressed as means ± s.e.mean of n observa-
tions. The modified Krebs solution (pH 7.4) had the follow-
ing composition (mM): NaCI 120, KC1 4.7, MgSO4-7H20 0.6,
KH2PO4 1.2, NaHCO3 25, CaCl2 2.0 and glucose 10.
Aqueous solutions of the following drugs were used: hyoscine
hydrochloride, hexamethonium bromide and 5-hydroxy-
tryptamine creatinine sulphate (all from, Sigma Chemical
Co.), tetrodotoxin (TTX) (Sankyo), ondansetron and GR
113808 ([l-[2-[(-methylsulphonyl)amino]ethyl]4-piperidinyl]
methyl 1-methyl-1H-indole-3-carboxylate) (both synthesized
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Figure 1 Concentration-response curves for the potentiation of
electrically-induced cholinergic contractions of the human isolated
detrusor strips by 5-HT. In (a) control curve (0); curves constructed
in the presence of 3 (-), 10 (U) and 30nM (A) GR 113808. (b)
Schild plot of the data in (a). Values am mean ± s.e.mean, n = 5-9.

by Boehringer Ingelheim Italy, Milan). Methysergide maleate
(Sandoz) was dissolved in methanol and then diluted in
distilled water.

Results Electrical field stimulation (5 Hz for 5 s every 60 s,
0.1 ms pulse duration, 60 V) evoked reproducible submax-
imal contractions, which were unaffected by hexamethonium
(30 gM, n = 5) and abolished by TTX (0.6 4M, n = 5) and
hyoscine (1 JM, n = 5). Cumulative administration of 5-HT
(0.3 nM-1 M) produced a concentration-dependent increase
(maximal increase: 86.6 ± 9.6%, n = 20) in the amplitude of
stimulated contractions, with a pEC50 value of 8.1 ± 0.06

(n = 20). In the presence of 5-HT (1 gM), the resulting
activity was still resistant to hexamethonium (30 ELM, n = 5)
and completely antagonized by hyoscine (1 jiM, n = 5). GR
113808 (3, 10 and 30 nM) had no effect on basal contractions,
but caused a parallel rightward shift of the 5-HT-induced
response, without depression of the maximum (Figure la).
Schild regression analysis afforded a line (Figure Ib) with a
slope of 0.9 (95% CL 0.7-1.1), which was not different from
unity, and a pA2 value of 8.9 ± 0.04 (slope constrained to 1).

Discussion In human isolated detrusor strips, trains of elect-
rical pulses at low frequency (5 Hz) evoked hexamethonium-
resistant, TTX- and hyoscine-sensitive contractions,
indicating the activation of postganglionic cholinergic nerves
(see Maggi et al., 1989). Such contractile responses were
enhanced by 5-HT in a concentration-dependent manner,
through a hexamethonium-insensitive mechanism and were
completely antagonized by hyoscine. This suggests that in the
detrusor strips the excitatory effect of 5-HT is dependent on
the release of acetylcholine (ACh) from cholinergic motor
neurones. GR 113808 produced a concentration-dependent
and parallel rightward displacement of the 5-HT response,
without depression in maxima. The surmountable nature of
antagonism, the unity slope of the Schild plot and the affinity
estimate (pA2= 8.9) are entirely consistent with competitive
antagonism at 5-HT4 receptors. In fact, the latter value is in
the range of the affinity estimates of GR 113808 at 5-HT4
receptors observed in guinea-pig and rat alimentary canal
(9.0-9.7) (Gale et al., 1994). Using the same antagonist to
counteract the positive inotropic effect caused by 5-HT4
receptor stimulation in human isolated atrial strips,
Kaumann (1993) found a pA2 value of 8.8. The similarity of
pA2 estimates in isolated detrusor and atrial strips suggests
5-HT4 receptor homogeneity in human peripheral tissues.
Recently, the presence of 5-HT4 receptors has also been
demonstrated in the urinary bladder of two monkeys of the
macaque family (Waikar et al., 1994). At variance with
human bladder, in monkey bladder these receptors are
located post-junctionally, where they cause muscular relaxa-
tion through a mechanism antagonized with high affinity by
GR 113808 (pA2= 9.5). In conclusion, our findings indicate
that, in electrically stimulated human detrusor strips, the
'atypical' (Corsi et al., 1991) excitatory 5-HT receptor, which
promotes ACh release from cholinergic nerves, clearly
belongs to the 5-HT4 subtype. Based on this evidence, selec-
tive agonists at 5-HT4 receptors could be valuable for the
pharmacological treatment of micturition disturbances
associated with detrusor hypomotility.
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The identification of apparently novel cyclic AMP and cyclic
GMP phosphodiesterase activities in guinea-pig tracheal
smooth muscle
Fiona Burns, Patricia A. Stevens & 'Nigel J. Pyne

Department of Physiology and Pharmacology, Strathclyde University, 204 George Street, Glasgow, GI IXW

Phosphodiesterase (PDE) activities that were capable of hydrolysing cyclic AMP (Km = 6.8 ± 2 fiM) and
cyclic GMP (Km = 6.7 ± 1.6 tiM) were isolated from tracheal smooth muscle. These enzyme(s) activities
were insensitive to stimulation by calcium/calmodulin and to inhibition by cyclic GMP, rolipram (type
IV inhibitor) and siguazodan (type III inhibitor). Zaprinast was a relatively poor inhibitor of both cyclic
AMP and cyclic GMP hydrolysis (ICm = 46 ± 9 jAM and 45 ± 14 jAM respectively). These results suggest
that tracheal smooth muscle may contain an apparently novel PDE. However, KCI (30 mM) which
facilitates calcium entry in cells, depressed bradykinin-stimulated intracellular cyclic AMP formation,
suggesting that the type I PDE may be functionally present. We suggest that considerable caution be
exercised in identifying apparently novel PDE isoforms.

Keywords: Phosphodiesterases; tracheal smooth muscle; PDE-I; zaprinast

Introduction A recent special report by Mukai et al. (1994)
in this journal, identified an apparently novel phos-
phodiesterase from rat cerebrum which was termed type
VIII. This isoform hydrolysed adenosine 3': 5'-cyclic
monophosphate (cyclic AMP) and guanosine 3': 5'-cyclic
monophosphate (cyclic GMP) with high affinity, was insen-
sitive to calcium-calmodulin and type III/IV PDE inhibitors.
In the present study, we have identified a similar PDE
activity from guinea-pig tracheal smooth muscle. However,
calcium entry into guinea-pig tracheal smooth muscle cells is
associated with depressed agonist-stimulated cyclic AMP res-
ponses. The identification of apparently novel phos-
phodiesterases is discussed in relation to the known effect of
proteolysis upon kinetic and inhibitor properties of PDE
isoforms.

Methods Isolation of novel PDE isoforms from guinea-pig
tracheal smooth muscle The study was performed on
smooth muscle dissected from trachealis (Pyne & Pyne,
1993). For the cyclic AMP studies, tracheal smooth muscle
cells were maintained in culture according to Pyne & Pyne
(1993) and cyclic AMP determination performed according
to Stevens et al. (1994). All isolation procedures were per-
formed at 4'C. Tracheal smooth muscle strips were
homogenized in ice-cold isotonic sucrose 0.25 M, EDTA
1 mM, Tris/HCI 10 mM (pH 7.4), benzamidine 2 mM and
phenylmethylsulphonylfluoride 0.1 mM, in a turrex homo-
geniser. The homogenate was immediately centrifuged at
48000 g for 20 min and the resulting supernatant removed.
The filtered supernatant was loaded onto DEAE-sepharose
(1 x 4 ml column), that had been previously equilibrated in
buffer A containing Tris/HCI 10 mM (pH 7.4), MgCl2 5 mM,
benzamidine 2 mM and phenylmethylsulphonylfluoride
0.1 mm. The column was then washed with 10 vol of buffer A
and PDE activity eluted with a linear NaCI in buffer A
gradient (0-0.5 M); 2 ml fractions were collected at a flow
rate of 0.5 ml min-'. Fractions containing cyclic GMP PDE
activity were loaded onto Affi-gel Blue agarose (1 x 4 ml)
that had been pre-equilibrated in buffer A. The column was
washed with buffer A which contained EDTA 1 mM, in place
of MgC12-

' Author for correspondence.

Analytical methods PDE activity was measured using final
concentrations of [3Hj-cyclic AMP and [H]-cyclic GMP of
1 AM, according to Burns & Pyne (1992). Rolipram,
siguazodan and zaprinast were dissolved in dimethylsulphox-
ide to a concentration of 10 mM. Drugs were diluted to the
required concentrations and where the final concentration of
DMSO was <1%. All assays were performed where <10%
of the substrate was utilised.

Materials Rolipram, zaprinast and siguazadon were kind
gifts from Dr Torphy (Smith, Kline and Beecham Phar-
maceuticals, King of Prussia, U.S.A.). All radioisotopes were
from Amersham Int (Bucks, U.K.).

Resuts Cyclic AMP PDE activity We have previously
demonstrated that guinea-pig tracheal smooth muscle cells
contain type III and IV PDE activities (Burns & Pyne, 1992).
We now demonstrate that an apparently novel peak of cyclic
AMP phosphodiesterase activity is also eluted from DEAE-
sepharose at 0.09M NaCl. The enzyme activity displayed
linear Michaelis-Menten kinetics with a Km = 6.8 ± 2 AM

(n = 3, Table 1). Addition of either calcium (1 mM) and
calmodulin (10 units) or cyclic GMP (10 JM) was ineffective
in modulating PDE activity (Table 1). The PDE activity was
not inhibited by either siguazodan or rolipram (<100 JM,

Table 1). Zaprinast was a relatively poor inhibitor of the
enzyme activity (IC5o = 46 ± 9 AM, n = 3, Table 1), whilst
IBMX inhibited with an ICm = 7.8 JM (n = 2).

Cyclic GMP PDE activity A peak of cyclic GMP PDE
activity was eluted from DEAE-sepharose at 0.1 M NaCl.
The enzyme activity displayed non-linear Michaelis-Menten
kinetics (data not shown). Addition of either calcium (1 mM)
and calmodulin (10 units) or cyclic GMP (10 AM) was
ineffective in modulating PDE activity (Table 1). From Affi-
gel Blue, the type V PDE activity hydrolysed cyclic GMP
with linear Michaelis-Menten kinetics (Km = 1.7 ± 0.38 JM,

n = 6) and was potently inhibited by zaprinast (IC30 = 1.5 +
0.6 JM, n = 6) and IBMX (IC50 = 2.6 AM, n = 2). The appar-
ently novel PDE activity was eluted with EDTA (1 mM). It
hydrolysed cyclic GMP with linear kinetics (Km = 6.7 ± 1.6
AM, n = 6, Table 1) and was weakly inhibited by zaprinast
(IC50 =45± 14 JM, n = 6, Table 1) and by IBMX (IC0 =

M, n = 2). The PDE activity was not inhibited by either
siguazodan or rolipram (<1I00 AM, Table 1).

I., 1yY'f^ i^;1 D--Tg +A IMtA
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Table 1 Characteristics of novel phosphodiesterose (PDE)
activities in tracheal smooth muscle

Cyclic AMP Novel PDE

[NaCI] elution 0.09 M
Michaelis-Menten kinetics linear
Km 6.8 2LM
ICM (1 ILM cyclic AMP)

Zaprinast 46± 2 JAM
Siguazodan > 100 JAM
Rolipram > 100 AM

Effect of Ca/Calmodulin None
Effect of cyclic GMP None

Cyclic GMP Novel PDE type V PDE

[NaCl] elution 0.1 M 0.1 M
Michaelis-Menten kinetics linear linear
Km 6.7 1.6 gM 1.7 0.4JM
IC50 (1 IAM cyclic GMP)

Zaprinast 46+ 2 M 1.5 0.6 IM
Siguazodan > 100 JiM -

Rolipram > 100 JM
Effect of Ca/Calmodulin None None
Effect of cyclic GMP None

All assays of cyclic GMP and cyclic AMP phospho-
diesterase activity were performed with 1 AM substrate

Cyclic AMP studies We have previously demonstrated
that bradykinin (1 AM) stimulates an intracellular cyclic AMP
response in tracheal smooth muscle (Stevens et al., 1994).
Whilst, we were unable to identify type I PDE activity, KCI
(30 mM) treatment of the cells depressed the bradykinin-
stimulated cyclic AMP response (Figure 1).

Discussion This study revealed apparently novel cyclic AMP
and cyclic GMP PDE activities in guinea-pig tracheal smooth
muscle. This contrasted with the inability to identify a type I
calcium/calmodulin sensitive PDE activity. However, Torphy
& Cieslinski (1989) have identified the latter isoform in
canine trachealis. The novel guinea-pig PDE activities display
very similar characteristics to the rat cerebrum isoform
(Mukai et al., 1994). Both are pharmacologically distinct
from the type I-VII PDEs, and hydrolyse cyclic GMP and
cyclic AMP with relatively high-affinity. However, the Km
values for cyclic AMP hydrolysis differ by approximately
10 fold, and the trachealis enzyme is insensitive to cyclic
GMP-dependent inhibition of cyclic AMP hydrolysis. Des-
pite the inability to detect type I PDE activity, depolarizing
concentrations of KCI and facilitated calcium entry reduced
bradykinin-stimulated cyclic AMP formation in tracheal
smooth muscle cells. Adenylate cyclase in these cells is not

12

10

8

E0L

0-
6

() 4

*. .. .... . . .

__...

... . . ........
........
-.......

* . ... ..... ........@* ......... .. . . . . . . .2~~~~~~~~...........
- - .

.
......... . .. . . . . . . .

*.... . .... -6 _ * - . . @ ..-...
*. . .........-.

0 .......

Control BK KCI KCI + BK

Figure 1 The effect of KCl upon bradykinin (BK)-stimulated intra-
cellular cyclic AMP accumulation in tracheal smooth muscle. The
effect of bradykinin (I tim) and KCI (30 mm) upon intracellular
cyclic AMP levels in tracheal smooth muscle cells was measured at
t= 10 min. Results are expressed as pmol/0.25 x 106 cells and are
means ± s.d. for n = 3 experiments. *P<0.01I significance versus
control values, Students's test.

inhibited by calcium (Stevens & Pyne, unpublished) and this
suggests that the type I PDE activity may be functionally
present in intact cells.
Our studies indicate that the apparent novel PDE activities

in airway smooth muscle may be proteolytically derived from
the type I PDE. It is well accepted that this results in
constitutive activation, with graded alterations in kinetic
parameters that are dependent upon the extent of proteolysis.
Nicardipine was used as a selective inhibitor of type I PDE
activity in the study of Mukai et al. (1994) although inhibi-
tion occurs via allosteric binding (Wu et al., 1992) and
proteolysis of the type I PDE may result in ablated inhibitor
sensitivity, as has been described for other PDE isoforms
(Price et al., 1987).

In conclusion, we have identified apparently novel PDE
activities in tracheal smooth muscle. However, whilst this
may provoke interest in their pharmacological specificity and
potential therapeutic potential in regulating airway function,
we suggest that considerable caution be exercised, as the type
I PDE is extremely sensitive to proteolysis and can generate
catalytic entities that may appear as novel isoforms.
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Close correlation of the cardioprotective effect of FK409, a

spontaneous NO releaser, with an increase in plasma cyclic
GMP level

'Yasuhiro Kita, Toshiko Sugimoto, Yoshimi Hirasawa, Keizo Yoshida & Kazuhiro Maeda

Department of Pharmacology, New Drug Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., 1-6, 2-chome, Kashima,
Yodogawa-ku, Osaka 532, Japan

FK409 (( ± )-(E)-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexeneamide), which has been reported by us to
be a new spontaneous nitric oxide (NO) releaser, prevented myocardial infarction following occlusion
and reperfusion in rat coronary artery and increased plasma cyclic GMP level in rats, dose-dependently
and significantly at 32 mg kg-'. Isosorbide dinitrate (ISDN), which is the most popular orally active NO
donor used in the treatment of ischaemic cardiovascular diseases, did not show significant effects at
32 mg kg-I in either experiment. Therefore, it is suggested that FK409 can attenuate myocardial injury
during ischaemia and reperfusion in contrast to ISDN and a change in plasma cyclic GMP level may

serve as an indicator of the cardioprotective effect of NO-releasing drugs.
Keywords: FK409; ISDN; nitric oxide; cyclic GMP; myocardial infarction

Introduction FK409 ((± )-(E)-ethyl-2-[(E)-hydroxyimino]-5-
nitro-3-hexeneamide) is a spontaneous nitric oxide (NO)
releaser, which shows potent vasorelaxant and antiplatelet
effects (Kita et al., 1994). In our former paper, we have
reported that FK409 is the first NO donor which can in-
crease the plasma guanosine 3':5'-cyclic monophosphate (cyc-
lic GMP) level (Kita et al., 1994). Recently, in experiments
with isosorbide dinitrate (ISDN) as a NO donor, it has been
reported that a change in plasma cyclic GMP level cannot
serve as a surrogate measurement of haemodynamic changes
because ISDN does not increase the plasma cyclic GMP level
at the dose, at which ISDN shows haemodynamic effects
(Shotan et al., 1993). However, the correlation between car-
dioprotective effect and a change in plasma cyclic GMP level
by NO donors remains unclear.

In this paper, we evaluated the cardioprotective effect of
FK409 during ischaemia and reperfusion in rat coronary
artery, applying myocardial infarct areas as the endpoint.
Furthermore, we examined whether a change in plasma cyclic
GMP level could serve as an indicator of the biological
action of NO-releasing drugs.

Methods Myocardial infarction model Male SD rats, pur-
chased from Nihon SLC Co. (Sizuoka, Japan) weighing
285-320 g, were fasted for 24 h before the experiment. They
were anaesthetized with sodium pentobarbitone (50mgkg-',
i.p.) and were respired artificially with air through a tracheal
cannula. Subsequently the chest was opened. After the heart
was exposed, the left coronary artery was ligated for 60 min
with a nylon thread and then reperfused for 60 min. Vehicle
(0.5% methyl cellulose), FK409 or ISDN (each drug
suspended in vehicle) was given orally in a volume of
5 ml kg-', 30 min before the ligation. Standard second lead
of the electrocardiogram (Labo System ZS-501, Fukuda ME
Kogyo Co., Tokyo, Japan) was used to evaluate ST segment
elevation. Peak ST segment elevation was measured during
coronary occlusion. Sixty min after reperfusion, the heart
was excised and was divided into six slices perpendicular to
the apex-base axis. These were then placed in 0.5%
triphenyltetrazolium chloride in phosphate buffered saline
without calcium chloride at 37°C for 10 min to dye the
normal region. The infarct and normal area were analysed on
photographed tissue slices with a digitizer (KD-4300, Graph-

Author for correspondence.

tec Co., Tokyo, Japan). The myocardial infarct area was
expressed as a percentage of the total ventricle area.

Determination of plasma cyclic GMP level Blood from
male SD rats weighing 240-325 g, which were anaesthetized
with diethyl ether before and 5, 30, 60, 120 and 240 min after
the administration of vehicle, FK409 or ISDN, was collected
from the abdominal aorta into plastic vessels containing 2%
EDTA (20-1 volume) on ice. Cyclic GMP levels were deter-
mined according to Kita et al. (1994). The plasma cyclic
GMP level was expressed as a percentage of the pre-
administration level.

Materials FK409 and ISDN were synthesized by Fuji-
sawa Pharmaceutical Co. (Osaka, Japan).

Statistical analysis Data are presented as mean ± s.e.
mean of the number of experiments as indicated. For multi-
ple comparisons, data were analysed by one-way analysis of
variance followed by Dunnett's test.

Results Figure la shows the effects of oral FK409 and
ISDN on myocardial infarction. FK409 reduced the infarct
area dose-dependently and showed significant suppression
(45.5% suppression vs. vehicle-treated group) at 32mgkg-'
while ISDN did not reduce the infarct area significantly
compared with the vehicle-treated group at 32mgkg '.

Figure lb shows the effects of FK409 and ISDN on
plasma cyclic GMP level 5 min after oral administration.
Plasma cyclic GMP levels before the administration of
vehicle, FK409 (10 and 32 mg kg-') and ISDN (32 mg kg-')
were 11.7±0.7, 10.1 ± 1.2, 10.3± 1.7 and 8.8± 1.0pmol
ml- , respectively. These values were not significantly
different. FK409 increased the plasma cyclic GMP level dose-
dependently, a significant increase being induced after the
administration of 32 mg kg-' FK409. No significant increase
in plasma cyclic GMP level was observed after the admini-
stration of ISDN, 32 mg kg-'. FK409 increased plasma cyc-
lic GMP level only 5 min after administration, whilst ISDN
had no effect at any time (data not shown).

Discussion The data presented in this study clearly showed
a beneficial effect of FK409, a new spontaneous NO releaser,
on myocardial infarction produced during occlusion and
reperfusion in rat coronary artery. The peak ST segment
elevations in the electrocardiogram during myocardial
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Figure 1 (a) The effects of FK409 and ISDN on myocardial infarc-
tion produced during occlusion and reperfusion in rat coronary
artery. Each value represents the mean ± s.e.mean of eight and six
experiments for vehicle-treated group and drug-treated groups,
respectively. *P<0.05 compared with vehicle-treated group. (b) The
effects of FK409 and ISDN on plasma cyclic GMP level in rats.
Each value represents the mean ± s.e.mean of four experiments.
**P<0.01 compared with vehicle-treated group.

ischaemia were equivalent in both the vehicle-treated and
drug-treated groups, indicating a comparable degree of
ischaemic insult (data not shown). Nevertheless, FK409 was
able to reduce myocardial infarct area dose-dependently and
significantly at 32 mg kg-', while ISDN, which is the most
popular orally active NO donor used in the treatment of
ischaemic cardiovascular diseases, was not cardioprotective at
32mg kg-'.
The mechanism of myocardial injury during ischaemia and

reperfusion is not fully understood, but thrombus formation
(Laws et al., 1983; Bender et al., 1985) and the generation of
cardioactive and vasoactive mediators (Stahl et al., 1988;
Smith et al., 1989) by activated platelets may be important
aspects of this pathogenic mechanism. The reduction of cir-
culating platelets by the treatment with rabbit antiserum
against rat platelets has reduced myocardial infarct area in
rats (Kanayama et al., 1992). We have reported that FK409
shows much more potent antiplatelet effects than ISDN (Kita
et al., 1994). Therefore, the antiplatelet action of FK409 via
NO is probably an important factor for the cardioprotective
effect of the compound.
FK409 increased the plasma cyclic GMP level dose-

dependently and significantly at 32 mg kg-'. FK409 is the
first NO donor to be reported to increase plasma cyclic GMP
levels in vivo. This increase may be attributed to the copious
production of intracellular cyclic GMP mediated by NO,
which is released spontaneously from FK409. The dose-
dependency of FK409-induced cardioprotection coincided
with the increase in plasma cyclic GMP level, while ISDN,
which can release NO dependently on sulphydryl group
(Feelish & Noack, 1987a,b), did not show any increase in
plasma cyclic GMP level or a cardioprotective effect at
32 mg kg-'. Thus a change in plasma cyclic GMP level may
serve as an indicator of the cardioprotective effect of NO-
releasing drugs.

In conclusion, we suggest that FK409, a new spontaneous
NO releaser, suppresses myocardial infarction produced dur-
ing ischaemia and reperfusion. The cardioprotective effect of
NO closely correlates with a rapid increase in the plasma
cyclic GMP level.
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Adenosine-induced hyperpolarization of the membrane voltage
in rat mesangial cells in primary culture

'Hermann Pavenstadt, Joachim Ruh, *Rainer Greger & Peter Schollmeyer

Department of Medicine, Division of Nephrology, *Department of Physiology, Albert-Ludwigs University, Freiburg, Germany

1 The effect of adenosine on membrane voltage and ion currents was studied in rat mesangial cells in
primary culture. Membrane voltage was measured with the patch clamp technique in the slow- or fast
whole cell configuration. The resting membrane voltage of mesangial cells was -48± 0.5 mV.
Adenosine (10--10-3 M) induced a sustained and concentration-dependent hyperpolarization of mem-
brane voltage (EDI k6 x 10-' M). Adenosine (10-5M) hyperpolarized the membrane voltage by
14 ± 0.5 mV. During the hyperpolarization ion currents were monitored simultaneously. An increase of
the outward current by 51 ± 11% was observed.
2 An increase of the extracellular K+ concentration (from 3.6 to 18.6 M) caused a depolarization of
membrane voltage to -34 ± 2 mV. In the presence of increased K+ the hyperpolarization of membrane
voltage induced by adenosine was significantly attenuated by 61 ± 5%. The K'-channel blocker, Ba2+
(5 x 10-3 M) depolarized membrane voltage to -24 ± 2 mV. In the presence of Ba2+ the adenosine-
induced hyperpolarization was significantly inhibited by 72 ± 8%.
3 Preincubation of the adenosine antagonist, 8-phenyltheophylline (10-4 M) significantly inhibited the
adenosine (10-' M) mediated membrane voltage response by 67 ± 8%. The adenosine agonists 5-N-
ethylcarboxamidoadenosine (NECA), R-(-)N6-(2-phenylisopropyl)adenosine (R-(-)-PIA), S-(+)-N6-(2-
phenylisopropyl)adenosine (S-(+)-PIA), N6-[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)-ethylladenosine
(DPMA), and 2-chloroadenosine (2-CA) also hyperpolarized membrane voltage of mesangial cells. The
rank order of potency of the agonists at 10-5 M was NECA> adenosine = > R-(-)-PIA = DPMA = 2-
CA> S-( + )-PIA.
4 Stimulation of cyclic AMP by forskolin induced a concentration-dependent hyperpolarization of
membrane voltage (ED5 t2 x 10-7 M). Application of forskolin (10-5 M) in the presence of adenosine
(10-4M) had no additive hyperpolarizing effect on the membrane voltage.
5 Activation of protein kinase C by phorbol 12,13 dibutyrate (PDBu) induced a sustained depolariza-
tion of membrane voltage (EDI0z 5 x 1O- M). In the presence of PDBu, adenosine (10-s M) still
hyperpolarized membrane voltage of mesangial cells.
6 The data indicate that adenosine activates K+-conductance via an A2 receptor in mesangial cells; the
activation of the K+-conductance, which is probably mediated by cyclic AMP led to a hyperpolarization
of membrane voltage.

Keywords: Rat mesangial cell; A2 receptor; K+-conductance; cyclic AMP

Introduction

In the kidney, adenosine is capable of influencing many
physiological functions. It decreases glomerular filtration rate
(GFR) (Osswald et al., 1978), modulates renin secretion
(Churchill & Churchill, 1985) and acts as a prejunctional
inhibitor of the noradrenaline release (Hedqvist et al., 1978).
The mechanisms of the adenosine-induced decrease of GFR
are not completely understood. The adenosine-mediated
decrease of GFR is due to preglomerular vasoconstriction
and postglomerular vasodilatation (Osswald et al., 1978);
however, it has been suggested that adenosine may, by
mesangial cell contraction, decrease the ultrafiltration
coefficient Kf (Olivera et al., 1992). The presence of
glomerular adenosine receptors also suggests a potential role
for adenosine on glomerular function: Al and A2 receptors
have been detected in the glomerulus by autoradiographic
binding studies (Palacios et al., 1987; Freismuth et al., 1987)
and the presence of a glomerular A2 receptor was further
supported by adenosine 3':5'-cyclic monophosphate (cyclic
AMP) accumulation due to adenosine and specific adenosine
analogues (Abboud & Dousa, 1983). On the cellular level it
has been shown that mesangial cells possess both, Al and A2
receptors (Olivera et al., 1989; Olivera & Lopez-Novoa,
1992). We have previously shown that extracellular ATP

'Author for correspondence at: Medizinische Klinik, Nephrologische
Abteilung, Hugstetterstr. 55, 79106 Freiburg, Germany.

exerts physiological effects, including contraction, an increase
in cytosolic calcium activity and stimulation of a Cl- current
via a P2y receptor in mesangial cells (Pavendstadt et al.,
1993). In the present study we have investigated whether
adenosine modulates membrane voltage and ion currents in
mesangial cells. Furthermore, we have begun to characterize
the adenosine receptor involved and to examine the possible
signal transduction pathway.

Methods

Cell culture

Mesangial cells were cultured as previously described (Paven-
stadt et al., 1993). In brief, rat glomeruli were obtained by
the sieve technique and incubated with collagenase IV (1 g
1-', Sigma, Deisenhofen, Germany) for 30 min. Glomeruli
cores were suspended in RPMI 1640 medium with 170 g 1'
foetal calf serum and plated onto collagen-coated glass cover
slips (Greiner, Nuirtingen, Germany) and incubated at 37'C
in a moist atmosphere containing 5% CO2. Mesangial cell
outgrowth was noted morphologically by phase-contrast
microscopy. Immunochemical characterization was perform-
ed by the peroxidase-antiperoxidase method (Bross et al.,
1978), with positive staining for smooth muscle a-actin, des-
min and vimentin. Cytokeratin and factor VIII did not stain,

'PI Macmillan Press Ltd, 1994
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thus excluding glomerular epithelial- or endothelial cells.
Mesangial cells contracted in response to angiotensin II and
ATP. Therefore the cells studied showed the morphological,
immunological and physiological properties described by
others for mesangial cells (Kreisberg & Karnovsky, 1983).

Patch clamp experiments

The patch clamp methods used in these experiments have
been described in detail in a previous paper (Greger &
Kunzelmann, 1991). Mesangial cells were mounted in a bath
chamber on the stage of an inverted microscope, kept at 37°C
and superfused with a solution containing (in mM): NaCl
145, K2HPO4 1.6, KH2PO4 0.4, CaC12 1.3, MgCl2 1, D-glucose
5, pH 7.4. The patch pipettes were filled with a solution
containing (in mM) K-gluconate 115, KC1 30, Na2HPO4 1.6,
NaH2PO4 0.4, CaCl2 0.73, MgCl2 1.03, EGTA 1, D-glucose 5,
pH 7.2, Ca2" activity 10-7 M, to which 10-100 mg '-I nys-
tatin was added. The patch pipettes had an input resistance
of about 5 MQ. A flowing (10 al h'-) KCl (2 M) electrode
was used as a reference. The membrane voltage was recorded
continuously by a pen recorder (Gould, Seligenstadt, Ger-
many). After achieving a Gi seal, nystatin slowly perme-
abilized the cell-attached membrane by inducing a nonselective
cation conductance (Marty & Finkelstein, 1975). In a separate
series of experiments, larger pipettes (input resistance of
2-3 MCI) were used and these experiments were performed
without nystatin in the fast whole cell configuration. All
experiments were done after the cells had been rinsed with
the above bath solution for about 5 min or longer. The data
were recorded using a LM EPC-7 patch clamp amplifier
(List, Darmstadt, Germany) and continuously displayed by a
pen recorder. The membrane voltage of the cells was re-
corded continuously using the current clamp mode of the
patch clamp amplifier. Cells were voltage-clamped at the
spontaneous membrane voltage and voltage steps of 1OmV
to ± 40 mV were applied to estimate ion conductances.
To vary the free Ca2" activity, the solutions were prepared

according to established techniques with EGTA and NTA as
Ca2+ buffers. The Ca2+ activity was calculated from a stan-
dard equation and was determined with a Ca2+ selective
electrode (Radiometer, Copenhagen, Denmark).
The following agents were used: adenosine, 5'-N-ethyl-

carboxamidoadenosine (NECA), R-(-)-N6-(2-phenylisopropyl)
adenosine (R-(-)-PIA), S-( + )-N6-(2-phenylisopropyl)adeno-
sine (S-(+)-PIA), 2-chloroadenosine (2-CA), N6-cyclopentyl-
adenosine (CPA), N6-[2-(3,5-dimethoxyphenyl)-2-(2-methyl-
phenyl)-ethyl]adenosine (DPMA), 8-phenyltheophylline,
phorbol 12,13-dibutyrate (PDBu), 4-a-phorbol 12-myristate
13-acetate (4-m-PMA), 8-(-4-chlorophenylthio)-cyclic AMP
sodium salt (Biotrend, Koln, Germany), forskolin, 1-9
dideoxyforskolin (Sigma, Deisenhofen, Germany).

Statistics

The data are given as mean values ± s.e. mean (n), where n
refers to the number of experiments. Paired t test was used to
compare mean values within one experimental series. A P
value of <0.05 was acceptable to indicate statistical signi-
ficance.

Results

Effect of adenosine and adenosine agonists on membrane
voltage of mesangial cells

In 248 experiments in the slow- or fast whole cell config-
uration, membrane voltage was -48 ± 0.5 mV. Addition of
adenosine to mesangial cells resulted in a concentration-
dependent and sustained hyperpolarization of membrane vol-
tage (Figure la). A 10-8 M threshold concentration was

required to induce a hyperpolarization by adenosine. Half
maximal responses were observed at about 6 x 10-7M
adenosine (Figure lb). Like adenosine, NECA (n = 36), and
R-(-)PIA (n = 41) hyperpolarized membrane voltage of
mesangial cells (Figure lb). In addition, a sustained hyper-
polarization was observed with DPMA (10-6 M, from
-56±3 to -60±2mV, n=6, significant; 10-5M, from
-56 ± 3 to - 64 ± 3 mV, n = 6, significant), 5-chloroadeno-
sine (10-5 M, from -44 ± 3 to -55± 3 mV, n = 5, signi-
ficant) and S-(+)-PIA (10-5 M, from -43 ± 3 to -45 ±
3 mV, n = 4, NS). The rank order of potency of the agonists
at 10-5 M was NECA> adenosine> R-PIA = DPMA = 2-
CA> S-(+ )-PIA. The Al agonist 5'-(N-cyclopropyl)-carbox-
amidoadenosine (CPA, 10-7 M, n = 3) did not influence mem-
brane voltage (data not shown). Preincubation with the
adenosine antagonist, 8-phenyltheophylline (10-4M) had no
effect on membrane voltage but inhibited significantly the
adenosine-induced hyperpolarization by 67 ± 3% (n = 7).
Figure 2 summarizes the data of the effect of 8-phenyl-
theophylline in the absence and presence of adenosine.

Adenosine activates K+ conductance in mesangial cells

In 8 experiments using the fast whole cell technique, mem-
brane voltage and ion currents were monitored simultan-
eously. During the adenosine-induced hyperpolarization an
increase of the outward current by 50 ± 5% (n = 8), but no
increase of an inward current could be observed. Figure 3
summarizes the effect of adenosine on the outward current.
To investigate further whether an activation of a K+ conduc-
tance was responsible for the adenosine-induced hyperpolar-
ization, we examined the influence of an increased extracel-
lular K+ concentration (from 3.6 to 18.6 mM) on the effect of
adenosine. An increase of the extracellular K+ concentration
depolarized membrane voltage to -34 ± 2 mV and attenuat-
ed the adenosine-induced hyperpolarization by 61 ± 5%
(n = 7). Figure 4a shows an original experiment of the effect
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Figure 1 (a) Original slow whole cell recording of the effect of
adenosine (10-' M) on membrane voltage (Vm) of mesangial cells.
(b) Concentration-response curves of the hyperpolarizing response of
membrane voltage to adenosine and adenosine analogues: NECA
(@), adenosine (U), R-(- )-PIA (0). For each data point
n = 5-116. For abbreviations, see text.
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of adenosine in the absence and presence of a high extracel-
lular K+ concentration, Figure 4b summarizes the data. The
K'-channel blocker, Ba2+ (5 x 1O- M), depolarized mem-
brane voltage significantly to -24 ± 2 mV. In the presence of
Ba2+ the adenosine-induced hyperpolarization was inhibited
by 72 ± 8% (n = 4). Figure 5a shows an original experiment
of the effect of Ba2+ in the absence and presence of adeno-
sine. Figure 5b summarizes the data.

Forskolin hyperpolarizes membrane voltage ofmesangial
cells

Stimulation of cyclic AMP production by forskolin resulted
in a sustained and concentration-dependent hyperpolariza-

Figure 2 Effect of adenosine (A, i0-5 M) in the presence of 8-
phenyltheophylline (8-P, 10-4 M). Note that hyperpolarization of
membrane voltage (Vm) induced by adenosine is significantly
inhibited in the presence of 8-phenyltheophylline. n = 5.
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Figure 3 Summary of the effect of adenosine (A, 10- M) on the
outward current of mesangial cells (n= 8). Experiments were per-
formed in the fast whole cell configuration and ion currents were
registered in the absence (Con) and presence of adenosine. The
increase of the outward current was significant and reversible.
n = 8.

Figure 4 An increase of the extracellular K+ concentration from 3.6
(Con) to 18.6mM (K15) depolarized membrane voltage (Vm) and
attenuated significantly the hyperpolarization by adenosine (A,
10-i M). (a) Original recording. (b) Summary of 7 paired
experiments.
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Figure 5 The K+ channel blocker, Ba24 (5 x 10-3 M), inhibits the adenosine (10-5 M)-induced hyperpolarization of membrane
voltage (Vm). (a) Original recording of the effect of adenosine in the absence and presence of Ba2 . (b) Summary of 4 paired
experiments. Note that Ba2+ depolarizes membrane voltage and that in the presence of Ba2+ the adenosine (A)-induced
hyperpolarization is significantly inhibited.
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Figure 6 Forskolin hyperpolarizes membrane voltage of mesangial
cells. (a) Original record of the effect of forskolin (10-5 M) on
membrane voltage (Vm) of mesangial cells. (b) Concentration-
response curve. (c) Summary of the effect of forskolin (10-4 M) in the
presence 4 f adenosine (A, 10-5 M, n = 5).

tion of membrane voltage (n = 53, Figure 6a). The inactive
1,9-dideoxyforskolin had no effect on membrane voltage
(n = 5, data not shown). Half-maximal responses were
observed at about 2 x 10-' M forskolin (Figure 6b). In the
presence of an increased extracellular K+ concentration
(from 3.6 to 18.6 M) the effect of forskolin was significantly
reduced by 33 ± 4%, n = 4. Like forskolin the cyclic AMP
analogue 8-(4-chlorophenylthio)-cyclic AMP (10-4 M) hyper-
polarized membrane voltage significantly from -49 ± 3 mV
to -59 ± 3 mV, (n = 9, data not shown). Application of
adenosine (10-5 M) in the presence of forskolin (10-4 M) did
not result in an additive hyperpolarization of membrane
voltage (n = 7). Figure 6c summarizes the data of the effect
of forskolin in the presence of adenosine.

Stimulation ofprotein kinase C (PKC) did not inhibit
the effect of adenosine on membrane voltage

Stimulation of PKC by phorbol 12,13-dibutyrate (PDBu) led
to a sustained and concentration-dependent depolarization of
membrane voltage (EDo,5 x 10-9 M, n = 45) whereas the
inactive phorbol ester, 4-z-PMA had no effect on membrane
voltage of mesangial cells (n = 5). In the presence of PDBu
(10-8 M), adenosine (10-1 M) still elicited a hyperpolarization
of membrane voltage (from -26 ± 3 mV to -50 ± 5 mV,
n = 5). Figure 7a shows an original recording and Figure 7b
the concentration-response curve of the effect of PDBu on
membrane voltage of mesangial cells. Figure 7c summarizes
the effect of PDBu (10-' M) in the presence and absence of
adenosine (10-s M).

Discussion

The present study demonstrates that adenosine induces a
sustained hyperpolarization in mesangial cells. It has been
reported previously that several vasoactive agonists including
angiotensin II (Okuda et al., 1986), vasopressin (Kremer et
al., 1989) and extracellular ATP (Pavenstaidt et al., 1993)
depolarize membrane voltage of mesangial cells, but until
now there have been no data demonstrating agonist-induced
hyperpolarization in mesangial cells. An adenosine-induced
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Figure 7 Effect of phorbol 12,13-dibutyrate (PDBu) on membrane voltage (Vm) and the membrane voltage response of mesangial
cells to adenosine. (a) Original recording of the effect of PDBu (10-8 M) on membrane voltage. (b) Concentration-response curve.
(c) Summary of the effect of adenosine (10-5 M) (A) in the presence of PDBu (10-8 M). Note that PDBu even at low concentrations
induces a sustained and reversible depolarization of membrane voltage and that the adenosine-induced hyperpolarization was not
inhibited in the presence of PDBu. n = 5.
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hyperpolarization has been shown in geniculocortical
neurones (Pape, 1992), endothelial cells (Seiss-Geuder et al.,
1992) and coronary smooth muscle (Sabouni et al., 1989).
There is a substantial body of evidence that the adenosine-

induced hyperpolarization is due to an activation of K+
conductance. During the hyperpolarization the outward cur-
rent is increased, the correlation between membrane voltage
and the logarithm of the extracellular K+ concentration is
shifted to that predicted by the Nernst voltage for K+ and
the hyperpolarization is blocked by the K+ channel blocker
Ba2" (Kolb, 1990). An activation of potassium conductance
by adenosine has also been reported in endothelial cells
(Mehrke et al., 1991) and atrial myocytes (Belardinelli &
Isenberg, 1983).
The pharmacological effects of adenosine are mediated by

specific P1 purinoceptors, which have been further subdivided
into Al and A2 receptors (for review see Kennedy, 1990). Al
and A2 receptors differ in their sensitivity to adenosine
agonists. Adenosine itself has nanomolar affinity for Al
receptors but micromolar affinity for A2 receptors (van
Calker et al., 1979) and at the Al receptor R-PIA is more
potent than NECA, whereas at A2 receptors the potency of
these agonists is reversed (Londos et al., 1980). In our
experiments NECA was more potent than R-(-)-PIA indi-
cating that the adenosine-induced hyperpolarization is prob-
ably mediated by an A2 receptor. However DPMA, which
was assumed to act as a selective A2 agonist (Bridges et al.,
1988) was less effective in comparison to NECA. Therefore it
is possible that a receptor distinct from the A2 receptor may
be involved in the adenosine-induced hyperpolarization in
mesangial cells. Recently it has been shown that NECA,
adenosine and R-(-)PIA in comparison to our results in-
creased cyclic AMP in mesangial cells with the same rank
order of potency (Olivera & Lopez-Novoa, 1992). The rela-
tive ineffectiveness of selective antagonists in the latter study
also led to the assumption that mesangial cells possess a
receptor distinct from the A1 or A2 receptor (Olivera &
Lopez-Novoa, 1992). An Al and A2 receptor subtype could
also not be classified in platelets and in the coronary artery
(Forster et al., 1987; Kusachi et al., 1983).
A1 and A2 receptors not only differ in their sensitivity to

adenosine agonists but also have opposite effects on the
generation of cyclic AMP: A1 receptors mediate inhibition of
adenylate cyclase whereas A2 receptors stimulate the enzyme
(van Calker et al., 1979). To test the hypothesis that the
adenosine induced hyperpolarization was mediated by cyclic
AMP, experiments with forskolin and 8-(4-chlorophenylthio)-
cyclic AMP, a cyclic AMP analogue were performed. Both
agents induced a sustained hyperpolarization, indicating that
cyclic AMP might be the second messenger responsible for
the hyperpolarization due to adenosine. Similar results have
been reported in vascular smooth muscle- and endothelial
cells (Pavenstidt et al., 1991; Graier et al., 1993). Application
of both, adenosine and forskolin to mesangial cells had no
additive effect on membrane voltage, indicating that under
these experimental conditions no further cyclic AMP accum-
ulation leading to a hyperpolarization of membrane voltage
occurs. An adenosine-stimulated cyclic AMP accumulation
has been shown in glomeruli (Abboud & Dousa, 1983) and in
cultured mesangial cells (Olivera & Lopez-Novoa, 1992). An
accumulation of cyclic AMP in mesangial cells is known to

dissociate stress fibres resulting in a decrease in cell tension
and cell relaxation (Schlondorff, 1987). In contrast, it has
also been reported that adenosine increases cytosolic free
calcium, an event probably leading to mesangial cell contrac-
tion (Olivera et al., 1989, 1992). This has led to the assump-
tion that adenosine might regulate GFR by reducing the
ultrafiltration coefficient Kf. However, a change of Kf due to
adenosine was not found in in vivo experiments (Osswald et
al., 1978) and adenosine did not stimulate inositol phosphate
accumulation in mesangial cells (Pfeilschifter, 1990). We
could not observe an adenosine-induced mesangial cell-
contraction or an increase of the cytosolic calcium activity in
mesangial cells (own unpublished observations). In addition,
adenosine did not depolarize membrane voltage, whereas all
other calcium mobilizing compounds like ATP, angiotensin
II and vasopressin led to a contraction and depolarization of
membrane voltage (Gloy et al., 1993; Pavenstadt et al., 1993).
In the present study, adenosine induced a cyclic AMP-depen-
dent hyperpolarization of membrane voltage in mesangial
cells. An elevation of the cyclic AMP level is known to
induce cell relaxation and to antagonize the contractile res-
ponse of mesangial cells to vasoactive antagonists. Although
this is a matter of debate, relaxation of mesangial cells might
lead to an increase of the ultrafiltration coefficient Kf (for
review see Mene et al., 1989). If this is the case, the
adenosine-induced hyperpolarization of mesangial cells might
even counteract the effect of adenosine on pre- and post-
glomerular vessels leading to a decrease of GFR.

Protein kinase C plays a crucial role in signal transduction
of mesangial cells (Pfeilschifter, 1989). Our data indicate that
the pharmacological activation of PKC by phorbol ester led
to a sustained depolarization of membrane voltage. The
PKC-induced depolarization was augmented in a reduced
extracellular Cl- concentration indicating that it was due to
an activation of a Cl- conductance (our unpublished obser-
vations). Similar effects of phorbol esters on short term
cultured mesangial cells have been observed recently with
fluorescent measurements of membrane voltage (Kremer et
al., 1992). Recent reports have suggested a PKC-induced
phosphorylation of adrenoceptors, resulting in a less efficient
activation of adenylate cyclase, whereas in other studies
activation of PKC led to a magnification of the stimulation
of adenylate cyclase by adrenoceptor agents (Yoshimasa et
al., 1987). Therefore, we studied whether activation of PKC
by phorbol ester may influence adenosine-induced hyper-
polarization. In the presence of PDBu the membrane voltage
response to adenosine was still present, indicating that activa-
tion of PKC did not inhibit but even might increase the
adenosine-induced hyperpolarization. Whether this really
reflects an augmented response will have to be clarified on
the basis of current measurements.

In summary, the present data indicate that adenosine acti-
vates K+ conductance via an A2-like receptor in mesangial
cells. The activation of the K+ conductance leads to a hyper-
polarization of membrane voltage and this is probably
mediated by cyclic AMP.

We thank Mrs Christine Hodler and Mrs Monika von Hofer for
their excellent technical assistance. Supported by DFG Pa
483/1-1.
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The 5-HT1-like receptor mediating the increase in canine
external carotid blood flow: close resemblance to the 5-HT1D
subtype
'Carlos M. Villalon & Jose A. Terron

Seccion de Terapeutica Experimental, Departamento de Farmacologia y Toxicologia, Centro de Investigacion y de Estudios
Avanzados del Instituto Polit6cnico Nacional, Apdo. Postal 22026, 14000 Mexico, D.F., Mexico

1 It has recently been shown that the increase in external carotid blood flow induced by 5-hydroxy-
tryptamine (5-HT) in the anaesthetized dog, being mimicked by 5-carboxamidotryptamine (5-CT),
inhibited by methiothepin, vagosympathectomy and sympatho-inhibitory drugs, and resistant to block-
ade by ritanserin and MDL 72222, is mediated by stimulation of prejunctional 5-HTI-like receptors
leading to an inhibitory action on carotid sympathetic nerves; these 5-HT,-like receptors are unrelated to
either the 5-HTIA, 5-HTB or 5-HT,c (now 5-HT2c) receptor subtypes. Inasmuch as 5-CT, 5-methoxy-
tryptamine, sumatriptan and metergoline display high affinity, amongst other 5-HT binding sites, for the
5-HTID subtype, in the present study we have used these drugs in an attempt to determine whether the
above inhibitory prejunctional 5-HTI-like receptors correlate with the 5-HTID subtype.
2 One-minute intracarotid (i.c.) infusions of 5-HT (0.3, 1, 3 and 10 pg), 5-CT (0.01, 0.03, 0.1 and
0.3 ptg), 5-methoxytryptamine (1, 3, 10 and 30 pg) and sumatriptan (1, 3, 10, 30 and 100 pg) resulted in
dose-dependent increases in external carotid blood flow (without changes in mean arterial blood pressure

or heart rate) with the following rank order of agonist potency: 5-CT>>5-HT> 5-methoxytrypt-
amine > sumatriptan. Interestingly, sumatriptan-induced vasodilatation was followed by a more pro-

nounced vasoconstriction.
3 The external carotid vasodilator effects of 5-HT, 5-CT, 5-methoxytryptamine and sumatriptan were

dose-dependently and specifically antagonized by metergoline (10, 30 and/or 100figkg -, i.v.). In
addition, 5-methoxytryptamine- and sumatriptan-induced vasodilator effects were, respectively, markedly
inhibited or abolished after vagosympathectomy, as previously shown for 5-CT and 5-HT.
4 Sumatriptan showed tachyphylaxis in its vasodilator component and antagonized 5-HT-induced
external carotid vasodilatation in a specific manner, suggesting that a common site of action may be
involved.
5 Taken together, the above results support our contention that 5-HT, 5-CT, 5-methoxytryptamine
and sumatriptan produce external carotid vasodilatation in the dog by an action that might primarily
involve a prejunctional inhibition on carotid sympathetic nerves; a secondary component of this
vasodilator response may be postsynaptic (endothelium-dependent and/or even directly on the vas-

culature). Based on the rank order of agonist potency, inhibition by vagosympathectomy and blockade
by metergoline, we suggest that the inhibitory prejunctional 5-HT,-like receptors mediating external
carotid vasodilatation in the dog closely resemble the 5-HTD receptor subtype. The pharmacological
profile of these receptors is similar (sympathetic nerves of the rat kidney and human saphenous vein, as

well as porcine coronary endothelium) to other putative 5-HTID receptors mediating vascular res-

ponses.

Keywords: Carotid blood flow; 5-hydroxytryptamine; 5-HTID receptors; metergoline; sumatriptan; vasodilatation

Introducdon

Intracarotid infusion of 5-hydroxytryptamine (5-HT) in-
creases the external carotid blood flow in the dog by an

inhibitory action on carotid sympathetic nerves, via the
stimulation of inhibitory prejunctional 5-HT1-like receptors
unrelated to the 5-HTlA, 5-HTlB or 5-HTc (now 5-HT2c)
subtypes (Villalon et al., 1993a,b). Admittedly, the 5-HT,
receptor is highly heterogeneous in nature, as five 5-HT,
binding site subtypes (5-HTIA, 5-HTlB, 5-HTID, 5-HTIE and
5-HTIF) have been identified (Humphrey et al., 1993), but
even these subtypes do not seem to correspond with some

5-HT,-like receptor-mediated functional responses (Villalon
& Saxena, 1992).
Within the 5-HT, receptor family, sumatriptan has a rela-

tive selectivity for the 5-HTlD subtype (Peroutka & Mc-
Carthy, 1989; Schoeffter & Hoyer, 1989). Indeed, some

actions of 5-HT and/or sumatriptan, including inhibition of
noradrenaline release from sympathetic nerves (Molderings et

' Author for correspondence.

al., 1990) and contraction (Bax et al., 1992) of the human
saphenous vein as well as endothelium-dependent coronary
vasodilatation in the pig (Schoeffter & Hoyer, 1990) are
mediated by the 5-HTID (or a similar) receptor. This was
suggested by: (i) the blockade of these responses by methio-
thepin, methysergide and/or metergoline; and (ii) the rank
order of agonist potency of 5-carboxamidotryptamine (5-
CT) > 5-HT> 5-methoxytryptamine> sumatriptan.

It should be emphasized, notwithstanding, that sumatrip-
tan can activate functional 5-HT1-like receptors unrelated to
the 5-HTlD subtype for example, the increase in resistance
within the canine carotid circulation (Perren et al., 1991) and
constriction of porcine arteriovenous anastomoses (Den Boer
et al., 1992); these effects were not antagonized by meter-
goline, a compound displaying a very high affinity for the
5-HTlD receptor as well as for the 5-HTlA, 5-HTIB, 5-HTlc
(5-HT2c) and 5-HT2 receptors (Waeber et al., 1988).
On the basis of the above findings, the present study was

carried out to characterize further the nature of the inhibi-
tory prejunctional 5-HTI-like receptors mediating external

'." Macmillan Press Ltd, 1994
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carotid vasodilatation in the dog, with particular emphasis
on verifying whether these receptors belong to the 5-HTID
subtype. Therefore, we analysed the external carotid vascular
effects of the endogenous ligand, 5-HT, and the putative
5-HTD receptor agonists, 5-CT, 5-methoxytryptamine and
sumatriptan (Waeber et al., 1988; Hoyer, 1989; Peroutka &
McCarthy, 1989) in the absence or the presence of meter-
goline. Preliminary results of this investigation have been
communicated to the Western Pharmacology Society (Villa-
1on et al., 1993c).

Methods

General

Experiments were carried out in a total of 35 dogs
(19.2 ± 0.8 kg) not selected for breed or sex. The animals
were anaesthetized with sodium pentobarbitone (30 mg kg-',
i.v.) and additional amounts (1 mg kg-', i.v.) were provided
when required. All dogs were intubated with an endotracheal
tube and artificially respired with room air using a Palmer
ventilation pump at a rate of 20 strokes min-' and a stroke
volume of 13-16 ml kg-', which was adjusted to maintain
arterial pH within normal limits. Moreover, catheters were
placed in the inferior vena cava via a femoral vein for the
administration of drugs and in the aortic arch via a femoral
artery, connected to a Statham pressure transducer (P23 ID)
for the measurement of arterial blood pressure. After drug
administration, the venous cannula was flushed with 3 ml of
physiological saline. Mean arterial blood pressure (MAP)
was calculated from the systolic (SAP) and diastolic (DAP)
arterial pressures: MAP = DAP + (SAP-DAP)/3. Heart rate
was measured with a tachograph (7P4F, Grass Instrument
Co., Quincy, MA, U.S.A.) triggered from the blood pressure
signal.
The right common carotid artery was dissected for approx-

imately 10cm proximal to its bifurcation, and the branches
originating at this site were identified. In all cases, the corres-
ponding carotid sinus was denervated in order to avoid the
reflex cardiovascular effects of 5-HT. Denervation was
achieved by carefully stripping the sinus of surrounding tis-
sue, and the adequacy of the procedure was checked by
verifying that occlusion of the corresponding common
carotid artery did not elicit a pressor response. After ligating
the right internal carotid and right occipital arteries, a pre-
calibrated ultrasonic flow probe (4 mm R-Series; Transonic
Systems Inc., Ithaca, N.Y., U.S.A.) connected to an ultra-
sonic T201D flowmeter (Transonic Systems Inc., Ithaca,
N.Y., U.S.A.) was placed around the right common carotid
artery, 1 or 2 cm proximal to the origin of the cranial thyroid
artery. Under these experimental circumstances, the flow
through the right common carotid artery was considered to
represent the blood flow through the external carotid artery
(for detailed considerations see Villal6n et al., 1993a,b).
To analyse the effect of agonist drugs on external carotid

blood flow, the agonists were administered into the carotid
artery by a Harvard model 901 pump (Harvard Apparatus
Co. Inc., Millis, MA, U.S.A.) with a cannula inserted into
the right cranial thyroid artery. Mean arterial blood pressure,
heart rate and external carotid blood flow were recorded
simultaneously by a model 7D Grass polygraph (Grass In-
strument Co., Quincy, MA, U.S.A.). The body temperature
of the animals was maintained between 37-38°C.

Experimental protocol

After the animals had been in a stable haemodynamic condi-
tion for at least 30 min, baseline values of blood pressure,
heart rate and external carotid blood flow were determined.
At this point, the animals were divided into seven groups.
The first group (n = 6) received consecutive i.c. infusions
(during 1 min) of 5-HT (0.3, 1, 3 and 10 gmin-'), 5-

carboxamidotryptamine (5-CT; 0.01, 0.03, 0.1 and
0.3 gg min-') and acetylcholine (0.003, 0.01, 0.03 and
0. ILg minm-); subsequently, the animals were given meter-
goline (10, 30 and 100 tgkg-', i.v.) and the responses to
5-HT, 5-CT and acetylcholine were elicited again after each
dose of the antagonist. The other three groups received 1 min
i.c. infusions of 5-methoxytryptamine (1, 3, 10 and
30 g minm-) before and after either physiological saline
(0.015, 0.05 and 0.15 ml kg-', i.v.; n = 6), metergoline (10, 30
and 100 pg kg-', i.v.; n=6) or bilateral cervical vagosym-
pathectomy (n = 4; as described by Villalon et al., 1993a,b)
respectively. In the saline-treated group, a dose-response
curve to 5-HT was elicited before and after the four dose-
response curves to 5-methoxytryptamine to investigate any
possible interaction between the two agonists.

Finally, the three other groups received 1 min i.c. infusions
of sumatriptan (1, 3, 10, 30 and 100 g minm-') before and
after either saline (0.15 ml kg-', i.v.; n = 4), metergoline
(100 pg kg-', i.v.; n = 5) or vagosympathectomy (n = 4),
respectively. In the saline-treated group, the possible inter-
action of sumatriptan with 5-HT and acetylcholine, respec-
tively, was analysed by eliciting dose-response curves to 5-HT
and acetylcholine before and after the first dose-response
curve to sumatriptan. Since sumatriptan-induced vasodilator
responses showed a fading pattern after repetitive administra-
tion, only two dose-response curves to the agonist were
obtained.
Each dose of agonist drug was in a solution which was

administered at a rate of 1 ml min' during a period of
1 min, with intervals of 5-45 min. The doses of agonist drugs
were selected on the basis of results obtained from pre-
liminary experiments, in which reproducible and consistent
dose-dependent responses in external carotid blood flow were
elicited with no changes in arterial blood pressure or heart
rate (for more details see Villalon et al., 1993a).
The interval between the different doses of the compounds

used as agonists and/or antagonists depended on the dura-
tion of the effect produced by the preceding dose on the
haemodynamic variables. Thus, the dose-intervals between
the different doses of agonists (especially 5-CT and sumatrip-
tan) ranged between 5 and 45 min, as in each case we waited
until the external carotid blood flow had returned completely
to the baseline values; for the antagonists, a period of 10 min
was allowed to elapse before the dose-response curves to the
agonists were made again. The dosing with all drugs used
was sequential.

Data presentation and statistical analysis

All data in the text, figures and tables are presented as
mean ± s.e. mean. The peak changes in external carotid
blood flow produced by the different doses of agonists were
determined. The difference between the variables within one
group was evaluated with Duncan's new multiple range test,
once an analysis of variance (randomized block design) had
revealed that the samples represented different populations
(Steel & Torrie, 1980). Where appropriate, Student's paired t
test was applied. A P value of 0.05 or less (two-tailed) was
considered statistically significant.

Drugs

Apart from the anaesthetic (sodium pentobarbitone), the
drugs used in the present study were the following, obtained
from the sources indicated: 5-hydroxytryptamine creatinine
sulphate (Sigma Chemical Company, St. Louis, MO,
U.S.A.); acetylcholine chloride and 5-methoxytryptamine
hydrochloride (Research Biochemical Inc., Natick, MA,
U.S.A.); 5-carboxamidotryptamine maleate and sumatriptan
succinate (gift: Dr P.P.A. Humphrey, Glaxo group research,
Ware, U.K.); and metergoline (gift: Farmitalia, Milan, Italy).
All compounds were dissolved in physiological saline; when
needed, 2% ascorbic acid (metergoline) was added. The
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vehicles had no effect on either basal mean arterial blood
pressure, heart rate or external carotid blood flow. The doses
mentioned in the text refer to the free base of substances.

Results

Systemic haemodynamic variables

The values for blood pressure, heart rate and external carotid
blood flow before and after saline or vagosympathectomy are
shown in Table 1; similarly, the effects of metergoline are
shown in Table 2. After vagosympathectomy, the external
carotid blood flow was significantly increased (Table 1); in
contrast, all these variables remained essentially unchanged
after administration of saline (Table 1), or metergoline (Table
2). Moreover, blood pressure and heart rate were not modi-
fied by the i.c. infusions of the various agonists before and
after either vagosympathectomy or metergoline (not shown,
but baseline values are depicted in Table 1); however, higher
doses of the 5-HT agonists tended to produce inconsistent
effects on external carotid blood flow.

Initial effects of agonist drugs on external carotid blood
flow
The onset of the responses induced by the 5-HT agonists was
immediate; thus, Figure 1 shows that i.c. infusions of 5-HT
(0.3, 1, 3 and 10figmin'), 5-CT (0.01, 0.03, 0.1 and
0.3 lg min-'), 5-methoxytryptamine (1, 3, 10 and 30 fig
min-') and sumatriptan (1, 3, 10, 30 and 100Itgmin' )
elicited dose-dependent increases in external carotid blood
flow; in no case did the 5-HT agonists significantly change
blood pressure or heart rate. The rank order of agonist
potency to increase external carotid blood flow was 5-
CT>>5-HT> 5-methoxytryptamine > sumatriptan. At the
doses used, the duration of action of 5-CT (2.4 ± 0.6, 3.7+

Table 1 Mean arterial blood pressure (MAP; mmHg),
heart rate (HR; beats min- ') and external carotid blood
flow (ECBF; ml min ', measured by an ultrasonic flow
probe) before and after i.v. administration of saline (n = 6)
or bilateral cervical vagosympathectomy (n = 4)

Treatment

MAP Saline'
Vagosympathectomy

HR Salinea
Vagosympathectomy

ECBF Salinea
Vagosympathectomy

Baseline O min after
value treatment

134 ± 5
163 ± 14
185 ± 9
151 ± 17
122 ± 24
118± 18

141 ± 6
169± 13
175 ± 7
160 ± 14
115± 18
197 ± 25*

'Refers to the effect after the third administration of
physiological saline. The first and second saline
administrations were without significant effects.
*Significantly different (P<0.05) from the baseline value.

0.6, 5.1 ± 0.8 and 7.3 ± 1.1 min; n = 6) and 5-methoxytrypt-
amine (1.3±0.1, 1.7±0.1, 2.1±0.2 and 2.9±0.3min; n=
16) was longer than that of 5-HT, the effects of which lasted
only during the period of infusion (1 min) at which time
external carotid blood flow returned to the baseline value.
Interestingly, 1 min i.c. infusions of sumatriptan (1, 3, 10, 30
and 100 fg min ') produced dose-dependent biphasic res-
ponses, namely, small increases (Figure 1) followed by larger
decreases (-2 ± 1, -8± 3, -19± 4, -46 ± 8 and -64± 11
ml min ' after sumatriptan, respectively; n = 6) in external
carotid blood flow; the vasodilator effects of sumatriptan
lasted 1 min or less, whilst the vasoconstrictor responses were
longer-lasting (2± 1, 5± 1, 7± 1, 15 2 and 24±2min
after sumatriptan, respectively).

Effect of metergoline on external carotid vasodilatation
to 5-HT, 5-CT and acetylcholine

We have previously reported that the external carotid vaso-
dilatation induced by repeated administrations of 5-HT, 5-
CT and acetylcholine remained unchanged in control animals
receiving saline (Villalon et al., 1993a). In contrast, the in-
creases in external carotid blood flow induced by 5-HT and
5-CT were dose-dependently antagonized by metergoline (10,
30 and 100 ig kg-', i.v.), whereas those by acetylcholine
remained unaffected (Figure 2). Significantly, not only were
the vasodilator responses induced by 5-HT abolished by the
highest dose of metergoline, but a dose-dependent vasocon-
strictor effect was unmasked.

Effect ofphysiological saline, metergoline or
vagosympathectomy on either 5-methoxytryptamine- or
sumatriptan-induced increases in external carotid blood
flow
The increases in external carotid blood flow produced by
5-methoxytryptamine, at the doses and time intervals
(5-15 min) used in the present study, were reproducible and
remained essentially unchanged in control animals receiving 3
subsequent doses (0.015, 0.05 and 0.15 ml kg-', i.v.) of saline
(Figure 3a). In contrast, the responses to 5-methoxytrypt-
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xwUTable 2 Mean arterial blood pressure (MAP; mmHg),
heart rate (HR; beats min- ) and external carotid blood
flow (ECBF; ml min- , measured by an ultrasonic flow
probe) before and after i.v. administration of metergoline
(10, 30 and lOO1 ggkg-; n=6)8

Baseline 10min after metergoline (ttgkg-', i.v.)
value 10 30 100
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Dose (pg min-1)
1000

MAP
HR
ECBF
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171 ± 9
113 ± 18

146±9
165± 11
112± 18

152 ± 8
165 ± 9
114± 16

153 ± 8
156 ± 9
118± 16

'No significant changes in either MAP, HR or ECBF were

produced after metergoline (10, 30 or 100 tg kg'1, i.v.).

Figure I Comparative effects of I min i.c. infusions of 5-hydroxy-
tryptamine (0, n = 6), 5-carboxamidotryptamine (A, n = 6), 5-
methoxytryptamine (0, n = 6) and sumatriptan (E, n = 6) on the
canine external carotid blood flow. Sumatriptan-induced vasodilator
effects were followed by larger and longer-lasting vasoconstrictor
responses (see Results section).
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amine were dose-dependently antagonized by metergoline
(10, 30 and 100 gg kg-', i.v.; Figure 3b) or markedly, but not
totally, inhibited after vagosympathectomy (Figure 3c).
Moreover, the increases in external carotid blood flow pro-
duced by repeated doses of sumatriptan in the control
animals were significantly reduced (Figure 4a); nevertheless,
external carotid vasodilatation due to sumatriptan was
abolished after either metergoline (100 1tg kg-'; Figure 4b) or
vagosympathectomy (Figure 4c). Although not shown, the
vasoconstrictor response that followed sumatriptan-induced
vasodilatation was significantly increased after metergoline or
vagosympathectomy. In the saline-treated animals, where 5-
HT was administered before and after the set of injections of
5-methoxytryptamine (1, 3, 10 and 30iygmin'1; n=6) or
sumatriptan (1, 3, 10, 30 and 100l gmin-'; n=4, see
Methods), the responses induced by 5-HT (0.3, 1, 3 and

10 g minm-') remained unchanged after 5-methoxytryptamine
(18 3, 30 ± 4, 43 ± 6 and 58 ± 8 ml min-' before and
14 2, 22 ± 1, 37 ± 4 and 54± 5 ml min' after 5-methoxy-
tryptamine, respectively), but were significantly (P< 0.05)
reduced by sumatriptan (25 ± 3, 39 + 7, 60 ± 12 and 72 ± 14
mlmin-' before and 16± 5, 24±4, 33±4 and 40±9ml
min-' after sumatriptan, respectively). It has to be
emphasized that the vasodilator effects of 5-HT were not
'masked' by the increase in external carotid blood flow
induced by sumatriptan, as the responses to 5-HT were
elicited at the time when the effect of sumatriptan had worn
off. In this respect, it is important to note that the responses
to acetylcholine (0.003, 0.01, 0.03 and 0.1 jg min- ) remained
unaltered after sumatriptan (7 + 2, 14 + 5, 24 + 6 and 41 ± 5
ml min'I before and 9 ± 4, 14 ± 5, 24 ± 4 and 37 ± 4 ml
min-' after sumatriptan, respectively).
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Figure 2 The effects of i.v. bolus injections of metergoline (0,
Og g kg- ; A, l0g kg-'; *, 30 Ilg kg-'; and *, 100 pg kg-'; n = 6
each) on the increases in canine external carotid blood flow induced
by I min i.c. infusions of 5-hydroxytryptamine (5-HT), 5-carbox-
amidotryptamine (5-CT) and acetylcholine (ACh). *P<0.05 vs. con-

trol.
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Figure 3 The effects of (a) physiological saline (0, 0 ml kg-'; 0,
0.015 ml kg-'; A, 0.05 ml kg-' and A, 0.15 ml kg-'; n = 6 each), (b)
metergoline (0, Olgkg-'; *, l0#Lgkg-'; A, 30Lggkg-1; and A,
10OIgkg-'; n=6 each) and (c) bilateral cervical vagosympathec-
tomy (0, before and V, after; n =4) on the increases in canine
external carotid blood flow induced by min i.c. infusions of 5-
methoxytryptamine. *P<0.05 vs. control.
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Discussion

The vasodilator effects of 5-HT on the canine external
carotid bed are mediated by 5-HTI-like receptors unrelated to
the 5-HTIA, 5-HTIB or 5-HTc (now 5-HT2C; Humphrey et
al., 1993) receptor subtypes, which mediate a prejunctional
inhibitory action on carotid sympathetic nerves (Villalon et
al., 1993a,b; Terron et al., 1994). The present investigation
extends these findings and suggests that, apart from the
possible involvement of secondary (postjunctional) mechan-
isms, the prejunctional external carotid 5-HT,-like receptors:
(i) can be stimulated by the putative 5-HTID receptor agon-
ists, 5-methoxytryptamine and sumatriptan, the vasodilator
effects of which are markedly inhibited after vagosympathec-
tomy; and (ii) can be specifically antagonized by metergoline
which, in addition to displaying a very high affinity for the
5-HTID receptors (Waeber et al., 1988), is able to block either
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Figure 4 The effects of (a) physiological saline (0, 0 ml kg- and
*, 0.15mlkg-'; n=4); (b) metergoline (0, 01tgkg-' and *,

100pgkg-'; n=5); and (c) bilateral cervical vagosympathectomy
(0, before and 0, after; n = 4) on the increases in canine external
carotid blood flow induced by 1 min i.c. infusions of sumatriptan.
*P<0.05 vs. control.

the prejunctional (Charlton et al., 1986) or postjunctional
(Sumner et al., 1989; Schoeffter & Hoyer, 1990; Sumner,
1991) effects of 5-HT and/or 5-CT in other vascular prepara-
tions.

Systemic and carotid haemodynamic changes

It has already been shown that the administration of three
sequential i.v. bolus injections of saline to the anaesthetized
dog produces no substantial changes in either blood pressure,
heart rate or external carotid blood flow over a period of
about 140-180 min (Villalon et al., 1993a). In the present
study, baseline external carotid blood flow was not signi-
ficantly modified after treatment with saline or metergoline,
but was markedly increased after vagosympathectomy, in
accordance with previous findings (Mena & Vidrio, 1979;
Villalon et al., 1993a,b). That the carotid sympathetic fibres
exert a tonic influence in the external carotid bed is further
strengthened by the fact that a more accurate indicator of
vascular tone, the external carotid conductance, did increase
significantly (P <0.05) from 0.62 ± 0.06 to 0.92 ± 0.11 units
(n = 8), as previously reported (Villalon et al., 1993a).

Agonist action of 5-methoxytryptamine and sumatriptan
on the 5-HT receptors mediating external carotid
vasodilatation

In addition to recognizing the possible interference by phar-
macokinetic factors in our experimental model, we could not,
admittedly, reach the maximum effects with the 5-HT agon-
ists used, as higher doses produced inconsistent vasodilator
responses (see Experimental protocol). Notwithstanding, our
study shows that, like 5-HT and 5-CT (Villalon et al., 1993a;
present results), both 5-methoxytryptamine and sumatriptan
did increase the external carotid blood flow, although there
were important differences in the effects of these drugs.

Accordingly, 5-methoxytryptamine behaved as a potent
agonist (being about 0.5 log units less potent than 5-HT) and
failed to attenuate the responses to 5-HT; moreover, no
evidence of tachyphylaxis was observed since the responses to
5-methoxytryptamine remained unaffected after three con-
secutive i.v. injections of saline, as shown for 5-HT and 5-CT
(Villalon et al., 1993a).

In contrast, sumatriptan was the weakest vasodilator
agonist and attenuated the vasodilator responses to 5-HT;
this attenuation by sumatriptan (and/or any possible meta-
bolite) is specific as the vasodilatation to acetylcholine, which
acts on the vascular endothelium to produce vascular smooth
muscle relaxation (Furchgott & Zawadzki, 1980), remained
unaffected, thereby implying a common site of action in the
effects of sumatriptan and 5-HT. Moreover, the biphasic
responses produced by sumatriptan (i.e. external carotid
vasodilatation followed by vasoconstriction) are consistent
with either the inhibitory action of sumatriptan on the sym-
pathetic nerves of the canine (Humphrey et al., 1988) and
human (Molderings et al., 1990) saphenous vein or the vaso-
constriction produced by this agonist in the dog common
carotid circulation (Feniuk et al., 1989; Perren et al., 1991),
responses that involve the activation of 5-HT,-like receptors.
Since sumatriptan produces endothelium-dependent relaxa-
tion in the coronary artery (Schoeffter & Hoyer, 1990), but
not in the vena cava (Sumner, 1991) of the pig, it is difficult
to judge to what extent, if any, the vasodilator effect of
sumatriptan involves an endothelium dependent (or even a
direct) component in our studies.

Antagonism of the vasodilator responses to the 5-HT
agonists by metergoline
The blockade of the vasodilatation to 5-HT, 5-CT, 5-meth-
oxytryptamine and sumatriptan by metergoline was specific
and unrelated to changes in the baseline haemodynamic
parameters. Notwithstanding, the profile of antagonism by
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metergoline was different with each 5-HT agonist; thus, the
fact that metergoline blocked the responses to 5-methoxy-
tryptamine (Figure 3b) far more effectively than those to
5-CT (Figure 2) may reflect the higher affinity and/or efficacy
of 5-CT for 5-HT1 (including 5-HTID) binding sites and/or
receptors (Hoyer, 1989; Saxena & Villalon, 1990). Indeed, the
vasodilator response to 5-CT, and in some cases to 5-
methoxytryptamine, remaining after metergoline may be pre-
junctional since it was abolished after vagosympathectomy
(data not given), as shown in control animals (Villalon et al.,
1993a).

Role ofsympathetic tone on the external carotid
vasodilator effects of the 5-HT agonists

Although the vasodilator responses to 5-HT or 5-CT are
specifically blocked by methiothepin, vagosympathectomy or
sympatholytic drugs (Villal6n et al., 1993a; Terr6n et al.,
1994), we have to recognize that the non-neurogenic vascular
tone may also influence the vasodilatation produced by the
5-HT agonists, as suggested by the inhibition of 5-HT-
induced external carotid vasodilatation by diazoxide (a direct
vasodilator agent) in dogs with intact vagosympathetic
trunks (Vidrio & Hong, 1976). Hence, it could be argued that
the external carotid vasodilatation to 5-HT, 5-CT, 5-meth-
oxytryptamine and sumatriptan was inhibited after vagosym-
pathectomy since the carotid circulation was dilated by this
procedure; this seems unlikely, nevertheless, as we have
reported that the subsequent restoration of the vascular tone
to the prevagosympathectomy level with exogenous nor-
adrenaline did not revert the effects of 5-HT and 5-CT to
vasodilatation, with the vasodilator response to acetylcholine
remaining unaltered (Villalon et al., 1993a).

Interestingly, both vagosympathectomy and metergoline
(100lg kg-') had similar effects on the vasodilator responses
to 5-HT and sumatriptan (Villal6n et al., 1993a; present
results), namely: (i) the responses to both compounds were
specifically abolished; (ii) a vasoconstrictor effect was
unmasked in the case of 5-HT; and (iii) the vasoconstrictor
component of the biphasic response to sumatriptan was mag-
nified. Hence, it would seem that only when the vasodilator
responses to 5-HT and sumatriptan have been abolished (by
vagosympathectomy or metergoline), are their vasoconstric-
tor components made manifest and/or magnified; thus, if the
vasodilator effects of 5-HT and sumatriptan have postjunc-
tional (endothelium dependent and/or direct) vasodilator
components, as suggested by the 5-methoxytryptamine-induc-
ed vasodilator response remaining after vagosympathectomy,
they would be precluded by their vasoconstrictor response
(absent in the case of 5-CT and 5-methoxytryptamine) which
involves postjunctional 5-HTI-like receptors (Villalon &
Terr6n, 1994). In line with this assumption, the vasodilator
response to 5-methoxytryptamine may consist of a primary
inhibitory prejunctional effect (sensitive to vagosympathec-
tomy) which is apparently complemented by a small post-
junctional component (resistant to vagosympathectomy),
both of which seem to be blocked by metergoline. The above
observations, besides being relevant to our notion that the
5-HT,-like receptors mediating vasodilatation and vasocon-
striction of the external carotid bed are heterogeneous (see
below), lead us to suggest that, like 5-HT and 5-CT, both
5-methoxytryptamine and sumatriptan are acting prejunc-
tionally, though no direct proof is provided.

Mechanisms involved in the external carotid vasodilator
effects of S-HT, S-CT, 5-methoxytryptamine and
sumatriptan
We have previously shown that 5-HT-, 5-CT- and indore-
nate-induced external carotid vasodilatation involves the
activation of inhibitory prejunctional 5-HTI-like receptors
(Villalon et al., 1993a,b). Several experimental observations,
however, have led us to consider the possible participation of

additional mechanisms in the external carotid vasodilator
effects of 5-HT, 5-CT, 5-methoxytryptamine and sumatrip-
tan. Thus, in addition to an inhibitory action on sympathetic
nerves via prejunctional 5-HT,-like receptors (Charlton et al.,
1986; Humphrey et al., 1988; Bond et al., 1989; Molderings
et al., 1990; Villalon et al., 1993a,b), 5-HT and some of the
above agonists have been shown to induce vasodilatation in
other vascular preparations by direct (vascular; Sumner et
al., 1989) and indirect (endothelium-dependent; Schoeffter &
Hoyer, 1990; Sumner, 1991) effects.

Considering the above information, our results showing
the remaining, albeit negligible, vasodilator effect of 5-
methoxytryptamine as well as the abolition of 5-HT-, 5-CT-
and sumatriptan-induced vasodilator responses after vago-
sympathectomy, suggest that the former agonist may produce
postjunctional responses (endothelium-dependent and/or
directly on the vasculature); however, these postjunctional
effects seem to play a minor, if any, role in the total external
carotid vasodilator effect under study (see Figure 3c). Fur-
thermore, the fact that the external carotid vasodilatation
induced by sumatriptan was totally blocked by vagosym-
pathectomy or metergoline and that sumatriptan specifically
attenuated the vasodilator responses to 5-HT, as reported in
the perfused rat kidney (Bond et al., 1988), are in keeping
with the suggestion that sumatriptan and 5-HT act on a
common site of action, presumably, the prejunctional 5-HT,-
like receptors producing external carotid vasodilatation,
although, as previously considered, postsynaptic mechanisms
cannot be completely ruled out.

Additionally, it is to be remarked that our findings with
metergoline, taken individually, cannot provide any evidence
on the site of action, as it is capable of blocking either the
prejunctional (Charlton et al., 1986) or postjunctional
(Sumner et al., 1989; Shoeffter & Hoyer, 1990; Sumner, 1991)
effects of 5-HT and/or 5-CT in other vascular prepara-
tions.
Taken together, the pharmacological profile displayed by

each agonist, as well as the inhibitory effects of vagosym-
pathectomy and metergoline, suggest that the primary
mechanism involved in the vasodilatation produced by the
5-HT agonists used in the present study is the stimulation of
inhibitory prejunctional 5-HT,-like receptors located on
carotid sympathetic nerves, as previously described (Villalon
et al., 1993a; Terron et al., 1994).

Possible resemblance of the inhibitory prejunctional
S-HT,-like receptors mediating canine external carotid
vasodilatation to the 5-HTD receptor subtype
In previous publications (Villalon et al., 1993a,b; Terron et
al., 1994) we showed that the increases in canine external
carotid blood flow produced by 5-HT, 5-CT and indorenate
are not mimicked by 8-hydroxy-2(di-n-propylamino)tetralin
(8-OH-DPAT), buspirone, ipsapirone, 5-methoxy-3-[1,2,3,6-
tetrahydro-4-pyridinyl]-l-H-indol succinate (RU 24969), 1-
(2,5-dimethoxy4-iodophenyl-)-aminopropane (DOI) or 2-
methyl-5-HT. Since, in addition, the vasodilator responses to
the above 5-HT receptor agonists are potently and speci-
fically blocked by methiothepin (a 5-HT,-like receptor anta-
gonist) or vagosympathectomy, but not by drugs that act as
antagonists at various receptors [5-HTA and/or 5-HTB
(spiroxatrine, pindolol and/or cyanopindolol), 5-HTc and/or
5-HT2 (ketanserin and/or ritanserin) and 5-HT3 (MDL
72222)], it was concluded that 5-HT, 5-CT and indorenate
increase external carotid blood flow in the dog via prejunc-
tional 5-HT,-like receptors unrelated to the 5-HTA, 5-HTB
or 5-HT,c (now 5-HT2c) receptor subtypes (Villalon et al.,
1993a,b; Terron et at., 1994).
The present investigation showed that 5-CT, 5-methoxy-

tryptamine and, to a lesser extent, sumatriptan mimic 5-HT
and that low doses (10, 30 and 100 fig kg-') of metergoline
antagonize their respective external carotid vasodilator res-
ponses. The high affinity of the above 5-HT agonists for
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5-HTID binding sites (Hoyer, 1989; Peroutka & McCarthy,
1989; Schoeffter & Hoyer, 1989), coupled to the specific
attenuation of the 5-HT-induced vasodilator responses by
sumatriptan, raises the possibility that the 5-HT1-like recep-
tors involved in the increase in external carotid blood flow
may correspond to the 5-HTID (or a similar) receptor sub-
type. Further evidence in support of this possibility is pro-
vided by the high antagonist activity of metergoline, a com-
pound displaying the highest affinity for 5-HTlD binding sites
(Waeber et al., 1988), against the increases in canine external
carotid blood flow produced by 5-HT, 5-CT, 5-methoxy-
tryptamine and sumatriptan; importantly, this blockade was
specific since the same doses of metergoline did not modify
acetylcholine-induced external carotid vasodilatation.
Although the involvement of inhibitory prejunctional 5-

HTID receptors cannot be suggested merely on the anta-
gonism by metergoline of the responses to 5-HT, 5-CT,
5-methoxytryptamine and sumatriptan, we feel that this
assumption is strengthened when considering the evidence in
its full context (Villalon et al., 1993a,b; present results): (i)
complete blockade and even reversal of 5-HT-induced exter-
nal carotid vasodilatation by vagosympathectomy, methio-
thepin and metergoline, and resistance to blockade by
antagonists at other (sub)types of 5-HT receptors; (ii) the
rank order of agonist potency of 5-CT, 5-methoxytryptamine
and sumatriptan, which are agonists at functional 5-HTI-like
receptors (Bradley et al., 1986; Humphrey et al., 1988;
Feniuk et al., 1989; Saxena & Villalon, 1990) and display
high affinity for 5-HTlD binding sites (Hoyer, 1989; Peroutka
& McCarthy, 1989); but no effect by agonists at other
(sub)types of 5-HT receptors; (iii) inhibition of the responses
to 5-CT, 5-methoxytryptamine and sumatriptan by vagosym-
pathectomy or metergoline, which is a potent antagonist at
5-HTI-like and 5-HT2 receptors (Saxena & Villalon, 1990)
and displays a high affinity for 5-HTID binding sites (Waeber
et al., 1988). Hence, our findings suggest that the prejunc-
tional 5-HTI-like receptors producing external carotid vaso-
dilatation are similar to the 5-HTlD receptors identified on:
(i) sympathetic nerves (Molderings et al., 1990) and vascular
smooth muscle (Bax et al., 1992) of the human saphenous
vein; and (ii) porcine coronary endothelium (Schoeffter &
Hoyer, 1990).
The physiological relevance of a prejunctional inhibitory

5-HTlD receptor in the canine external carotid bed is, to the
best of our knowledge, unknown; one possibility exists, how-
ever. 5-HT has been shown to be taken-up into and released
from sympathetic nerves (see Saxena & Villalon, 1990), and
may act, therefore, as a modulator of the neuroeffector trans-
mission; thus, feed-back inhibition of noradrenaline release
by 5-HT may be involved, as described for other substances
(Rand et al., 1987).

In conclusion, we suggest that the inhibitory prejunctional
5-HT1-like receptors involved in the primary mechanism
mediating external carotid vasodilatation in the dog closely
resemble the 5-HTlD receptor subtype. The pharmacological

profi1l of these receptors is similar (sympathetic nerves of the
rat kidney and human saphenous vein, as well as porcine
coronary endothelium) to other putative 5-HTID receptors
mediating vascular responses. We also acknowledge that the
external carotid vasodilatation produced by the 5-HT agon-
ists apparently involves a secondary - though negligible -
component at the postsynaptic level.

In connection with the above conclusion, it should be
considered that the 5-HTD receptor represents a hetero-
geneous subfamily that is comprised of at least two popula-
tions, namely one that recognizes sumatriptan and has high
affinity for 5-CT, and another that shows little affinity for
either sumatriptan or 5-CT (Sumner & Humphrey, 1989;
Humphrey et al., 1993). One might further speculate that the
high affinity site for sumatriptan and 5-CT might be equiva-
lent to the inhibitory prejunctional 5-HTD-like receptors that
mediate canine external carotid vasodilatation. Undoubtedly,
the use of non-selective drugs complicates analysis of the
subtypes involved, and progress will be critically dependent
upon the discovery of new pharmacological probes which are
endowed with high selectivity and potency.

In this regard, it is pertinent to note that methiothepin did
completely antagonize the external carotid vasodilator effects
of 5-HT and 5-CT at a dose of 30 gzg kg-' (i.v.) (Villalon et
al., 1993a); this dose of methiothepin is 0.5 log units lower
than the dose of metergoline (100 pg kg-'; i.v.) used in the
present study to produce the same effect. Therefore, the need
for higher doses of metergoline to produce antagonism in the
canine external carotid bed (Figures 2-4) would imply a
lower affinity of metergoline for 5-HTID binding sites; an
important discrepancy in this respect is that metergoline
(pKD = 9.1) displays higher affinity than methiothepin
(pKD = 6.3) for 5-HTD binding sites (Hoyer, 1989). Never-
theless, two important findings should be considered to ex-
plain the above discrepancy. Firstly, methiothepin, but not
metergoline, displays very high affinity for a,-adrenoceptor
binding sites (Leysen, 1985); thus, methiothepin, but not
metergoline, potently antagonized the external carotid vaso-
constrictor responses to the al-adrenoceptor agonist, phen-
ylephrine, in dogs pretreated with rauwolscine (Villalon et al.,
unpublished). Secondly, 5-HT-induced external carotid vaso-
dilatation is inhibited by drugs that decrease the sympathetic
outflow, including a,-adrenoceptor antagonists (Terron et al.,
1994). Accordingly, methiothepin is more potent than meter-
goline because the former produces blockade of postsynaptic
al-adrenoceptors. Thus, the higher antagonist potency of
methiothepin should not exclude the participation of 5-HTD
receptors.
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Loss of contractile activity of endothelin-1 induced by electrical
field stimulation-generated free radicals
Nobuyuki Yasuda, 'Yoshitoshi Kasuya, Goro Yamada, Hiroshi Hama, *Tomoh Masaki &
Katsutoshi Goto

Department of Pharmacology, Institute of Basic Medical Sciences, University of Tsukuba, Tsukuba, Ibaraki 305, Japan and
*Department of Pharmacology, Kyoto University Faculty of Medicine, Kyoto 606, Japan

1 Electrical field stimulation (EFS; 10 V, 10 Hz, 2 ms) of porcine coronary artery strips precontracted
with 10 nM endothelin-1 (ET-1) for 5 min caused a biphasic response, consisting of a slight contraction
during EFS and a marked and irreversible relaxation just after EFS. This irreversible relaxation after
EFS has never been investigated. In the present study, we have investigated the mechanism of the
relaxation after EFS.
2 The EFS-induced response was not affected by the presence or absence of endothelium and was
insensitive to 10 pM tetrodotoxin (TTX).
3 In the presence of free radical scavengers (40uml-' superoxide dismutase (SOD), 1200uml-'
catalase or 80 mM D-mannitol), the relaxation after EFS was significantly inhibited. Moreover, relaxa-
tion after EFS was not observed in porcine coronary artery strips precontracted with 20 mM KCl.
4 In a cascade experiment, EFS of Krebs-Ringer solution containing 10 nM ET-l induced marked
suppression of the contractile activity of ET-1 in porcine coronary artery strips, which was in accord
with the observed decrease in release of immunoreactive ET-1 (ir-ET-1). This effect of EFS was
significantly inhibited by each of the free radical scavengers, 3 mM vitamin C, 40 u ml- SOD,
1200 u ml-' catalase and 80 mM D-mannitol.
5 The exchange of 95% 02/5% CO2 gas for 95% N2/5% CO2 gas significantly inhibited the EFS-
induced decrease in release of ir-ET-1.
6 Neither superoxide anions generated by xanthine (10 JM) plus xanthine oxidase (0.1 u ml') nor
hydrogen peroxide (10 J4M) exogenously added to Krebs-Ringer solution containing 10 nM ET-1 affected
the level of ir-ET-1.
7 Generation of hydroxyl radicals was detected in the EFS-applied Krebs-Ringer solution. The
EFS-induced generation of hydroxyl radicals was dependent on the period of stimulation and 02-

bubbling, and significant generation of hydroxyl radicals was detectable with stimulation of over 5 min.
Moreover, hydroxyl radicals generated in 50 mM NaCl solution containing 10 nM ET-1 by H202 plus
Fe2 , i.e. the Fenton reaction, significantly decreased the level of ir-ET-l.
8 These findings suggest that oxygen-derived hydroxyl radicals generated by EFS of porcine coronary
artery strips inactivate ET-1, probably by structural modification. Thus, porcine coronary artery strips
precontracted with ET-1 are potently relaxed by EFS.

Keywords: Coronery artery; endothelin-l; electrical field stimulation; hydroxyl radicals

Introduction

Relaxation of various isolated blood vessels from different
species in response to electrical field stimulation (EFS) has
been described. Such relaxations are generally thought to be
caused either by the activation of postjunctional P-adreno-
ceptors secondary to release of catecholamines from adrener-
gic nerve endings (Cohen et al., 1983) or by the release of
vasorelaxant substances from noradrenergic and noncholiner-
gic nerves (McCulloch & Edvinsson, 1980; Toda, 1982;
Fujimori et al., 1989; Verma et al., 1993) or from the
endothelium (Buga & Ignarro, 1992; Van Riper & Bevan,
1992). However, EFS-induced responses in isolated blood
vessels show wide variation, depending on the segment of
artery, species and stimulation conditions (Rooke et al.,
1982; Feletou & Vanhoutte, 1989). Some investigators have
recently demonstrated that the production of oxygen-derived
free radicals by EFS could provoke vasodilator responses
(Lamb & Webb, 1984; Greenberg et al., 1986). Especially,
prolonged EFS generates enough oxygen-derived free radicals
to produce a change in tone of vascular smooth muscle
(Feletou & Vanhoutte, 1987).

Endothelin (ET-1) provokes a strong and sustained con-

' Author for correspondence.

traction in various isolated vascular smooth muscle prepara-
tions through the stimulation of ETA receptor (Kasuya et al.,
1992; Sakurai et al., 1992). Thus, ET-1 is a suitable tool to
investigate the EFS-induced vasorelaxant response.

In preliminary experiments, we investigated the response of
porcine coronary artery strips precontracted with 10 nM ET-1
to prolonged EFS, and observed a marked and irreversible
relaxation after EFS. Such relaxations has never been inves-
tigated. Thus, the present study was designed to elucidate the
mechanism of post-EFS relexation in porcine coronary artery
strips.

Methods

Measurement of contraction of arterial strips

Right coronary arteries were isolated from fresh adult por-
cine hearts obtained from a local slaughterhouse. Arterial
segments were cut into 2 x 7 mm helical strips, endothelial
cells were removed by rubbing the intimal surface with a
cotton swab and the segments were suspended in 20-ml
siliconized glass organ chambers filled with Krebs-Ringer
solution of the following composition (mM): NaCl 113, KC1

19" Macmillan Press Ltd, 1994
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4.8, CaC12 2.2, KH2PO4 1.2, MgCl2 1.2, NaHCO3 25 and
glucose 5.5. Depending on the segment used, EFS induced
different responses. Thus, we used coronary artery segments
restricted to within 2 to 4 cm from the aorta. The solution
was maintained at 370C and gassed with 95% 02/5% Co2
Arterial strips were equilibrated at a passive tension of 1.25 g
until the contractile tension induced by 50 mM KCI attained
a steady state. Isometric contraction was measured by means
of a force displacement transducer (Nihon Koden TB-612T)
as previously described (Kasuya et al., 1989). In some
experiments, artery strips with intact endothelium which
showed greater than 75% inhibition of precontraction with
prostaglandin F2C (PGFu,, 2pM) in response to ionomycin
(1O nM) were used.

Electricalfield stimulation

Electrical field stimulation (EFS) was delivered via two
parallel platinum electrodes placed 3 mm apart along both
sides of the whole length of the strip. The platinum elect-
rodes were connected to a current amplifier and stimulator
(Nihon Koden, SEN-7103). EFS was conducted at 10 V at a
frequency of 10 Hz in the form of square wave pulses of 2 ms
duration. In most experiments, EFS was applied to the strips
for a period of 5 min. These parameters for EFS were
selected to obtain reproducible responses by conducting
preliminary experiments on the frequency-response and
voltage-response relationships etc. Stimulation parameters
were measured by displaying the pulse wave on an oscillo-
scope through a small resistor connected in series (Iwatsu,
01445243). TTX and various free radical scavengers were
added into the organ bath 15min before contracting the
strips with ET-l.

Cascade experiment

Two organ baths were set up in series. In the upper bath,
EFS was applied to Krebs-Ringer solution containing
vasoconstrictors (e.g. ET-1) in the absence of the strips. After
EFS, the solution in the upper bath was applied to the
coronary artery strips in exchange for the surrounding solu-
tion in the lower bath, and contractile activity was estimated.
As it took about 30 s to exchange the solution, free radicals
generated in the upper bath were reduced and thus did not
directly affect the coronary artery strips in the lower bath.
Thereafter, appropriate free radical scavengers were added to
the upper bath prior to EFS and similar cascade experiments
were conducted to assess their effect.

Enzyme-linked immunoassay (EIA) of ET-J

According to the procedure previously described (Suzuki et
al., 1989), the immunoreactive endothelin-1 (ir-ET-1) level in
the bathing solution (normally Krebs-Ringer solution) was
determined by sandwich-EIA. A monoclonal anti-endothelin
antibody, AwETN 40, which detects the N-terminal portion
of ET-1 was used as the immobilized antibody. The Fab'
fragment of rabbit antibodies against endothelin C-terminal
heptapeptide (15-21) was used as an enzyme-labelled detector
antibody after being coupled with horseradish peroxidase
(HRP). AwETN40-coated microtiter wells (98 well, NUNC,
Denmark) were prepared by adding 20figm1' (1001dl)
AwETN40 to each well, followed by 300 tLl Block Ace (Snow
Brand Milk Products Co., Japan) diluted 4 fold with PBS.
Endothelin-l at various standard concentrations or a 10fil
sample taken from the bathing solutions dissolved in 100 1g
buffer D (0.02M phosphate buffer, pH7, containing 10%
Block Ace, 0.4 M NaCl, and 2 mM EDTA) was added to each
well and incubated at room temperature for 1 day. After
being washed with PBS, the plate was reacted with 100 jl
anti-endothelin (15-21) Fab'-HRP at a dilution of 1/400 in
buffer C (0.02 M phosphate buffer, pH 7, containing 1%
bovine serum albumin (BSA), 0.4 M NaCl, and 2 mM EDTA)

at 4°C for 16 h. After being washed with PBS, the bound
enzyme activity was measured using o-phenylenediamine as a
chromogen at 492 nm.

Generation and measurement of superoxide anions

According to the procedure previously described (Beauchamp
& Fridovich, 1971), the accumulation of blue formazan in
accordance with reduction of nitro blue tetrazolium (NBT) at
560 nm was taken as an index of superoxide anion produc-
tion. The reaction was started by addition of 10 LM xanthine
and 0.1 u ml-I xanthine oxidase to a bath filled with Krebs-
Ringer solution containing 25 pM NBT maintained at 37C in
the absence of the strips. After 20 min, 3.5 ml of the solution
was subjected to spectrum determination with a Hitachi
spectrophotometer (model DU-7).

Measurement of hydroxyl radicals

p-Nitrosodimethylaniline (p-NMA) was used as an effective
scavenger of hydroxyl radicals (Minotti & Aust, 1987), and
was bleached at 440 nm in proportion to the generation of
hydroxyl radicals (Bors et al., 1979). EFS (10 V, 10 Hz, 2 ms)
was applied to Krebs-Ringer solution containing 10 tiM p-
NMA maintained at 37°C for various periods (0, 3, 5,
10 min), and 3.5 ml of each solution with a different incuba-
tion period was subjected to spectrum determination with a
Hitachi spectrophotometer (model DU-7).

Effect of hydroxyl radicals on ir-ET-J

According to the procedure previously described (Minotti &
Aust, 1987), 0.1 mM H202 and 0.2 mM FeSO4 were added to
a bath filled with 50 mM NaCl solution containing 1OgM
p-NMA maintained at 37°C. The generation of hydroxyl
radicals following 5 min reaction was detected by assay of
p-NMA. Thus, 10 nM ET-l was added to a bath filled with
50 mM NaCl solution containing 10 mM p-NMA just before
applying 0.1 mM H202 and 0.2 mM FeSO4, and 100 gl of the
solution was subjected to determination of ir-ET-l by EIA
after 5 min.

Drugs

The following drugs were used: p-nitrosodimethylaniline,
prostaglandin F2CK tromethamine, nitro blue tetrazolium,
superoxide dismutase, xanthine, tetrodotoxin (TTX),
catalase, D-mannitol, sodium-L-ascorbate (vitamin C) and
deferoxamine (Wako Pure Chemicals, Osaka, Japan). Xan-
thine oxidase was from Boehringer Mannheim Yamanouchi
(Tokyo, Japan). Endothelin-l was from the Peptide Institute
(Osaka, Japan). Arg8-vasopressin and angiotensin II were
from Sigma Chemical Co., Ltd (St. Louis, MO, U.S.A.).

Statistical analysis

Values are expressed as mean ± s.e. Comparisons were made
by one way analysis of variance (ANOVA) followed by
Bonferroni correction or Student's ttest for unpaired values.
Differences with P values less than 0.05 were considered
statistically significant.

Results

Response to EFS

EFS (10 V, 10 Hz, 2 ms, 5 min) caused a biphasic response in
porcine coronary artery strips precontracted with 10 nM ET-
1, consisting of a slight contraction followed by a marked
and irreversible relaxation (Figure la). The response induced
by EFS was not affected by the presence or absence of endo-
thelium, and was insensitive to 10 gM TTX (Figure lb,c).
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However, each free radical scavenger, 40 u ml-' superoxide
dismutase (SOD), 1200 u ml-' catalase and 80 mM D-
mannitol, significantly inhibited the relaxation after EFS
(Figure Id,e,f). Furthermore, relaxation after EFS was not
observed in porcine coronary artery strips precontracted with
20 mM KCI (Figure Ig).

Effect of EFS on contractile activity and structure of
ET-]

To confirm whether free radicals affect coronary artery strips
indirectly, i.e., through modification of ET-1, we investigated
the effect of EFS on the contractile activity of ET-i in
cascade experiments. As shown in Figure 2, EFS of Krebs-
Ringer solution containing 10 nM ET-I induced marked sup-
pression of the contractile activity of ET-i in coronary artery
strips, although control Krebs- Ringer solution containing
10 nM ET-I without EFS induced significant contraction.
This apparent effect of EFS was significantly inhibited by
each of the free radical scavengers, vitamin C (3 mM), SOD
(40 u ml-'), catalase (1200 u ml-') and D-mannitol (80 mM).
To determine whether the suppression of contractile

activity of ET-1 in cascade experiments is associated with a
change in the structure of the ET-i molecule, we measured
the concentration of immunoreactive ET-1 (ir-ET-1) in the
lower bath by the sandwich EIA method as described in
Methods. As shown in Figure 3, after EFS of Krebs-Ringer
solution containing 10 nM ET-1, the release of ir-ET-I in the
lower bath was reduced to below the detection limit of EIA.

a EFS

EC (+) /

b

EC (-) /

TTX

d
SOD

e CatalasezV

10 min

74g

10 nM ET-1

10 nM ET-1

However, the loss of release of ir-ET- 1 was significantly
inhibited by each free radical scavenger (3 mM vitamin C,
40 u ml-' SOD, 1200 u ml-' catalase and 80 mM D-man-
nitol).

Measurement offree radicals generated by EFS

To verify the origin of free radicals, we replaced the gas
aerating the bath with 95% N2/5% CO2 gas to generate a
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Figure 2 Effect of prolonged EFS on contractile activity of
endothelin-1 (ET-1). EFS (10 V, 10 Hz, 2 ms) was applied to Krebs-
Ringer solution in the absence or presence of each radical scavenger
superoxide-dismutase (SOD (40 u ml-'), vitamin C (3 mM), catalase
(1200 u ml-') or D-mannitol (80mM)) added just after the addition
of 10 nM ET-1. Then, each solution was applied to porcine coronary
artery strips. As a control, 10 nM ET-I was added to Krebs-Ringer
solution and left for 5 min without being subjected to EFS, and then
the solution was applied to porcine coronary artery strips. The
contractile response of porcine coronary artery strips is expressed as
a percentage of the maximum tension induced by 50 mM KCL. Mean
values ± s.e. (n = 4-5) are shown. *Significantly different from
values with EFS-applied ET-I (P <0.05, ANOVA with Bonferoni
correction).

10 nM ET-1

2.07

10 nM ET-1

1fM -1*.'.l n ET-
Yl

f
D-Mannitol

W 10 nM ET-1 W
V

A K'~~~~~A

50 mM KI PGF22 50 mM K PGF2

Figure 1 Responses of porcine coronary artery strips precontracted
with endothelin-l (ET-1) or KCI to prolonged EFS (10 V, 10 Hz,
2 ms). EFS was applied to porcine coronary artery strips, with or
without endothelium precontracted with 10 nM ET-I (a,b). The EFS-
induced response was not affected by the presence or absence of
endothelium. Therefore, porcine coronary artery strips without
endothelium were used in the following experiments. EFS was app-
lied to porcine coronary artery strips precontracted with 10 nM ET-I
in the presence of 10 JLM tetrodotoxin (TTX) (c) or each radical
scavenger (d, 40 u ml-' superoxide dismutase (SOD); e, 1200 u ml-'
catalase or f, 80 mM D-mannitol). EFS was applied to porcine cor-
onary artery strips precontracted with 20 mM K+ (g).

i

W 1.0-
LU
._

O-

EFS

Figure 3 Effect of prolonged EFS on immunoreactive endothelin- 1
(ir-ET-1). EFS (10 V, 10 Hz, 2 ms, 5 min) was applied to Krebs-
Ringer solution in the absence or presence of each free radical
scavenger superoxide-dismutase (SOD (40 u ml-'), vitamin C (3 mM),
catalase (1200 u ml-') or D-mannitol (80 mM)) which was added just
after the addition of 10 nM ET-1. Then, ir-ET-1 in each solution was
measured by EIA. As a control, 10 nM ET-I was added to Krebs-
Ringer solution, and the solution was subjected to EIA after 5 min.
Mean values ± s.e. (n = 4-6) are shown. The dotted line represents
the limit of detection by EIA.
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hypoxic condition. As shown in Figure 4, the EFS-induced
loss of release of ir-ET-I was completely inhibited by hypoxic
condition, indicating that oxygen-derived free radicals were
generated in the bath by the EFS. To confirm radical species
leading to the suppression of contractile activity of ET-1, we
investigated the effect of oxygen-derived free radicals,
chemically generated or exogenously added, on ir-ET-1. We
first investigated the effect of superoxide anions generated by
10 mM xanthine plus 0.1 u ml-' xanthine oxidase on ir-ET- 1.
As shown in Figure 5a, ir-ET- 1 did not alter despite
significant generation of superoxide anions in the bath.
Secondly, the effect of hydrogen peroxide on ir-ET-I was
examined. As shown in Figure Sb, hydrogen peroxide (1 or
10 gM) did not affect ir-ET-1. We finally investigated the
participation of hydroxyl radicals in the suppression of con-
tractile activity of ET- 1. As shown in Figure 6, EFS-induced
generation of hydroxyl radicals was detected by p-NMA
assay, and was dependent on the period of stimulation and
02-bubbling. Significant generation of hydroxyl radicals was
detected where EFS was delivered for more than 5 min.
Moreover, hydroxyl radicals generated by 0.1 mM H202 plus
0.2 mM FeSO4 (Fenton reaction, Freeman & Carpo, 1982)
decreased ir-ET- 1, and this decrease was significantly
inhibited by 10-4M deferoxamine, a ferrous chelator, and
1200 u ml-' catalase (Figure 7).

tile activities of AII and AVP were not significantly different
before and after EFS, although the contractile activity of
PGF2,, was suppressed by EFS. This apparent effect of EFS
on the contractile activity of PGF2<, was significantly

i
I-w 2.0

._

Effect of EFS on contractile activities of other vasoactive
agents

To investigate whether prolonged EFS induces suppression of
the contractile activity of other vasoactive agents or not, we
studied the effect of EFS on the contractile activities of .the
vasoactive agents, arginine'-vasopressin (AVP) and angio-
tensin-TI (All), since each is a peptide vasonconstrictor like
ET- 1, and PGF2a which is frequently used for the investiga-
tion of EFS-induced relaxation of blood vessels (Rooke et
al., 1982; Cohen et al., 1983; Feletou & Vanhoutte, 1989).
After applying EFS to Krebs-Ringer solution containing each
vasoconstrictor (1 tLM AVP, 1 pIm All and 2 !LM PGF2,), the
contractile activity of each vasoconstrictor was investigated
on porcine coronary artery strips for PGF2, and rat aorta
strips for AVP and All. As shown in Figure 8a, the contrac-
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Figure 4 Effect of hypoxic condition on EFS-induced decrease of
immunoreactive endothelin-l (ir-ET-l). EFS (10 V, 10 Hz, 2 ms,
5 min) was applied to Krebs-Ringer solution during bubbling with
95% N2/5% CO2 or 95% 02/5% CO2 just after addition of 10 nM
ET-1. Then, ir-ET-1 in each solution was measured by EIA. As a

control, 10 nm ET-l was added to Krebs-Ringer solution being
bubbled with 95% N2/5% CO2 or 95% 02/5% C02, and each
solution was subjected to EIA after 5 min. The dotted line represents
the limit of detection by EIA. Mean values ± s.e. (n = 4-7) are
shown. NS, not significantly different (Student's t test for unpaired
values).
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Figure 5 (a) Generation of superoxide anions by xanthine plus
xanthine oxidase and its effect on immunoreactive endothelin- 1
(ir-ET-1). ET-1 10 nM, xanthine 10 tM and xanthine oxidase
0.1 u ml-' were added to Krebs-Ringer solution containing NBT
25 EM, and the solution was subjected to NBT assay and EIA after
20 min. As a control, 10 nm ET-1 was added to Krebs-Ringer solu-
tion containing 25 JiM NBT, and the solution was subjected to NBT
assay and EIA after 20 min. Histograms represent mean s.e. of
ir-ET-l (n = 3). Closed circles and bars represent mean ± s.e. of
absorbance of blue formazane at 560 nm (n = 3). (b) Effect of
incubation with H202 on ir-ET-1: 10 nM ET-1 was added to Krebs-
Ringer solution containing I p4M or 1O!M H202, and each solution
was subjected to EIA after 20 min. As a control, 1OnM ET-1 was
added to Krebs-Ringer solution and left for 20 min, and the solution
was subjected to EIA. Mean values ± s.e. (n = 6). The dotted line
represents the limit of detection by EIA. *Significantly different from
control value with P<0.05; NS, not significantly different (Student's
t test for unpaired values).
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inhibited by the free radical scavengers, 3 mM vitamin C and
40 u ml' SOD (Figure 8b).

Effect of 02-bubbling on structure of ET-J

To investigate whether ET-1 is chemically modified by 02
bubbling alone, were measured ir-ET-I by sandwich EIA

after incubating 10 nM ET-l for various intervals in Krebs-
Ringer bathing solution with the Po2 level maintained above
550 mmHg. As shown in Table 1, ir-ET-l decreased in pro-
portion to the period of incubation and reached a plateau at
10 min. This apparent structural modification of ET-1 caused
by 02 bubbling was fully inhibited in the presence of
40 u ml-' SOD, indicating that this effect may be mediated
by free radicals.
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Figure 6 Time-dependent and oxygenation-dependent generation of
hydroxyl radicals by EFS. EFS (1O V, 1O Hz, 2 ms) was applied to
Krebs-Ringer solution containing 10 JLM p-nitrosodimethylaniline (p-
NMA) bubbled with 95% N2/5% CO2 (0) or 95% 02/5% CO2 (0)
for various stimulation periods. Each value is expressed as a percen-
tage of absorbance of p-NMA at 440 nm in Krebs-Ringer solution
without bubbling. Mean ± s.e. (n = 3-6) are shown. *Significantly
different from values in hypoxic condition with P<0.05 (Student's t
test for unpaired values).
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Figure 7 Effect of hydroxyl radicals generated by the Fenton reac-
tion on immunoreactive endothelin- (ir-ET- 1): 10 nM ET- 1, 0.1 mM
H202 and 0.2 mM FeSO4 were added to 50 mM NaCI solution in the
absence or presence of each suppressor agent for hydroxyl radicals
(10-4M deferoxamine or 1200 u ml- ' catalase) and left for 5 min, and
each solution was subjected to EIA. As a control, 10 nm ET-1 was
added to 50 mM NaCl solution containing 0.2 mM FeSO4 and left for
5 min, and the solution was subjected to EIA. Mean values ± s.e.

(n = 4) are shown. *Significantly different from values with Fenton
reaction-applied ET- I (P< 0.05, ANOVA with Bonferoni correc-

tion).

Discussion

The present study demonstrated that prolonged EFS of por-
cine isolated coronary artery strips precontracted with ET-l
causes a non-neurogenic and endothelium-independent res-
ponse, which was biphasic with a slight contraction during
EFS followed by a long-lasting relaxation after EFS. This
relaxation after EFS was significantly inhibited by the free
radical scavengers, SOD, catalase and D-mannitol. These
results suggest that EFS-generated free radicals are involved
in the relaxation response to EFS.

Free radicals show a wide spectrum of action on blood
vessels. Hydrogen peroxide causes hyperpolarization and
relaxation of pig coronary artery smooth muscle cells (Beny
& von der Weid, 1991). Superoxide anions inactivate endo-
plasmic reticulum Ca2" transport by lowering the activity of
the phosphoenzyme which phosphorylates the 100 kDa
subunit of the Ca2" pump in endoplasmic reticulum (Grover
& Samson, 1988). Superoxide anion and its derivatives,
hydroxyl radicals, are responsible at least in part for
vasodilatation of cat cerebral artery as well as for damage to
the blood-brain barrier (Nelson et al., 1992). Hydroxyl
radicals facilitate endothelium-dependent relaxation (Rubanyi
& Vanhoutte, 1986). Free radicals generated by EFS induce
damage of endothelial cells in the rat tail artery (Lamb et al.,
1987).
However, the free radicals generated by EFS is this study

are unlikely to have caused relaxation of coronary artery
strips in a direct manner or to have damaged the contractile
apparatus of smooth muscle cells for the following reasons:
(1) the relaxation after EFS was not seen in coronary artery
strips precontracted with 20 mM K+; (2) the contractile res-
ponse to 50 mM K+ or 5 jLM PGFu in coronary artery strips
was consistent before and after EFS (Figure lg). Thus, we
hypothesized that free radicals generated by EFS might act
on ET- 1 and decrease its contractile activity, and we
examined the effect of EFS on the contractile activity of
ET-1 in cascade experiments. EFS of Krebs-Ringer solution
containing ET-1 induced marked suppression of the contrac-
tile activity of ET-1 in coronary artery strips. This apparent
effect of EFS was significantly inhibited by free radical
scavengers (Figure 2) suggesting that EFS-generated free
radicals suppress the contractile activity of ET- 1. A previous
study has demonstrated that the C-terminal Trp2' as well as
the intramolecular loop structure constructed by two disul-
phide bonds of ET-l are especially important for its
vasoconstrictor activity (Kimura et al., 1988). Thus, it is
possible that EFS-derived free radicals suppress the contrac-
tile activity via structural modification of ET-1. We examined
this point using an enzyme-linked immunoassay recognizing
the two important domains of ET-1. As expected, EFS
decreased the immunoreactivity of ET-l (ir-ET-1) and this
effect was significantly inhibited by free radical scavengers.
Furthermore, the exchange of 95% 02/5% CO2 for 95%
N2/5% CO2 significantly inhibited the EFS-induced decrease
of ir-ET-l. These results suggest that oxygen-derived free
radicals generated by EFS induce structural modifications of
ET-l, thereby suppressing its contractile activity. This pheno-
menon is not specific for ET-1, because a similar suppression
in contractile activity by EFS was recognized in the case of
PGF2,, although the chemical modification of PGF2, was not
clarified in this study (Figure 8a,b). Furthermore, a previous
study demonstrated the oxygen metabolites generated by pro-
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Table I Effect of 02 bubbling on immunoreactive
endothelin-1 (ir-ET-1) in the absence and presence of
superoxide dismutase (SOD)

ir-ET-1 (nM)
Control

6.04 ± 0.37
3.93 ± 0.43*
2.24 ± 0.36*
2.13 ± 0.48*

SOD

6.38 ± 0.57
6.19 ± 0.79
7.06 ± 0.69
5.73 ± 0.76

Incubation time (min)

0
5

10
20

Krebs-Ringer solution was maintained at 37°C and gassed
with 95% 02/5% C02. The Po2 level in Krebs-Ringer
solution was maintained above 550 mmHg, which was
monitored by a pH/blood gas analyser (Corning, Model
158). ET-1 (10 nM) was added to Krebs-Ringer solution in
the absence or presence of SOD, and the solution was
subjected to EIA after various incubation periods. Data are
mean ± s.e. (n = 4). *Significantly different from control
value with ET-1 without incubation (P<0.05, ANOVA
with Bonferroni correction).
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Figure 8 (a) Effect of EFS on contractile activities of prostaglandin
F2. (PGF2X), angiotensin II (All) and Arg-vasopressin (AVP). EFS
(IO V, 1O Hz, 2 ms, 5 min) was applied to each Krebs-Ringer solu-
tion containing 2 JAM PGF2,l JAM All or 1 JAM AVP, and each solu-
tion was applied to the strips. Rat aortic strips were used for the
assay of contractile activities of All and AVP. As a control, each
vasoconstrictor (2 JAM PGF2., I JiM All or I JAM AVP) was added to
Krebs-Ringer solution, and each solution was applied to the strips
after 5 min. The contractile response of porcine coronary artery
strips or rat aortic strips was expressed as percentage of maximum
tension induced by 50 mM KCI. Mean values ± s.e. (n 6) are

shown. (b) Effect of radical scavengers on EFS-induced suppression
of contractile activity of PGF2.. EFS (10 V, 10 Hz, 2 ms, 5 min) was

applied to Krebs-Ringer solution in the absence or presence of each
radical scavenger (vitamin C (3 mM) or SOD (40 u ml')) added just
after the addition of 2 JAM PGF2r. Then, each solution was applied to
porcine coronary artery strips. As a control, 2 JAM PGF2. was added
to Krebs-Ringer solution, and the solution was applied to the strips
after 5 min. The contractile response of porcine coronary artery
strips was expressed as a percentage of maximum tension induced by
50 mM KCI. Mean values ± s.c. (n = 6) are shown. *Significantly
different from control level with P< 0.05; NS, not significantly
different (Student's t test for unpaired values).

longed EFS (9 V, 1 ms, 4 Hz, 5 min) oxidized noradrenaline
and decreased its contractile activity (Lamb & Webb, 1984),
although the degree of decrease in contractile activity of the
agonist was modest in their study compared with our results.
To elucidate which free radicals are involved in the inac-

tivation of ET-I, we examined the effect of each free radical,

chemically generated or exogenously applied, on ir-ET- 1.
Neither superoxide anions generated by xanthine plus xan-

thine oxidase nor hydrogen peroxide exogenously added,
affected ir-ET-1 (Figure 5a,b). In parallel with these findings,
the contractile activity of ET-1 was not suppressed by these
free radicals (data not shown). However, hydroxyl radicals
generated by H202 plus FeSO4 (Fenton reaction) significantly
decreased ir-ET- 1 (Figure 7). Furthermore, generation of
hydroxyl radicals was detected in EFS-applied Krebs-Ringer
solution, and their generation was dependent on the period
of stimulation and 02-bubbling. Significant generation of
hydroxyl radicals was detectable when the stimulation period
exceeded 5 min. Moreover, this generation of hydroxyl
radicals was significantly inhibited in the presence of deferox-
amine (data not shown). These results strongly suggest that
oxygen-derived hydroxyl radicals generated by EFS mediate
the suppression of the contractile activity of ET-I. In this
regard, the fact that all free radical scavangers, SOD for
superoxide anion, catalase for hydrogen peroxide and man-

nitol for hydroxyl radicals, significantly inhibited the relaxa-
tion of coronary artery strips after EFS in this study con-

forms with this possibility, since hydroxyl radicals are

thought to be generated from superoxide anions by way of
hydrogen peroxide in the presence of Fe2+ (Rubanyi & Van-
houtte, 1986). A possible source of Fe2+ in this study may be
contamination from reagents comprising the Krebs-Ringer
solution.

Previous stvdies have demonstrated that hydroxyl radicals
induce conformational change of P2 microglobulin via oxida-
tion of tryptophan (Trp) and that hydroxyl radicals mediate
glucose-indued4 protein danmge associated with Trp
fluorescence qdnching (Hunt et al., 1968; Capeillere-Blandin
et al., 1991). It has also been reported that hydroxyl radicals,
as well as mydIoperoxide-derived oxidants, induce inactiva-
tion of a-l-proteinase inhibitor by oxidation of the reactive
site methionine (Met) (Maier et al., 1989). These studies raise

the possibility that Met7 and Trp2' in the two important
domains of ET-1 recognized by EIA are sites of oxidation by
hydroxyl radicals and that the modification of each or both
residues leads to the loss of both contractile activity and
immunoreactivity of ET-1. However, the EIA used in the
present study can detect Met sulphoxide7 (Met(o)7) ET-1 as

well as ET-1 (Suzuki, personal communication). Moreover,
Met(o)7 ET-1 also has similar contractile activity to ET-1
(Kimura, unpublished data). It is therefore tempting to
speculate that the modification of Trp2' of ET-I by hydroxyl
radicals is critical for EFS-induced inactivation of ET-1. On
the other hand, All and AVP are probably resistant to
chemical modification by EFS since they lack both Met and
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Trp (Aumelas et al., 1985; Mann et al., 1986). Further study
is required to determine whether EFS-derived hydroxyl
radicals actually oxidize Trp2" of ET-1.
The mechanism for the slight contraction which follows

EFS of coronary artery strips is unclear. This response was
insensitive to TTX and free radical scavengers. Hence,
known vasoconstrictor neurotransmitters (Kalsner & Quillin,
1989) and free radicals (Auch-Schwelk et al., 1989) are not
likely to contribute to this response during EFS. It is most
likely that activation of voltage-dependent Ca2" channels
secondary to EFS-induced depolarization of the smooth mus-
cle membrane may bring about the slight contraction,
because this contractile response was significantly larger in
20 mM K+-depolarized contractions and partially inhibited in
the presence of a low concentration of nicardipine. Thus (1)
contractile responses during EFS were 35.9 ± 1.7% in 20 mM
K+-depolarized contractions and 22.3 ± 2.1% in ET-1-
induced contractions, respectively (n = 4, contractile response
expressed as percentage of maximum tension induced by
50 mM KCl) and (2) The contractile response during EFS in
ET-1-induced contractions was reduced to 14.5 ± 1.0% in the
presence of 10-8 M nicardipine (n = 4, contractile response
expressed as percentage of maximum tension induced by
50 mM KCl).

Recently, it has been demonstrated that preincubation of
ET-1 in oxygenated Krebs-Ringer solution results in progres-
sive loss of its contractile activity in porcine coronary arterial
rings in parallel with loss of its immunoreactivity, dependent
on the period of incubation (Balwierczak et al., 1992). We
also confirmed this finding in the case of maintaining P02

level in Krebs-Ringer solution above 550 mmHg, and further
verified that the decrease of ir-ET-l by the incubation was
fully inhibited by the free radical scavenger, SOD (Table 1).
Thus, it is possible. that free radicals may be generated by
bubbling only with 02/CO2 gas, and in a free state in the
solution, inactivate ET-1. However, free radicals generated
by 02-bubbling alone may be less potent in inactivating ET-1
than the hydroxyl radicals generated by EFS in this study.
Since, the level of ir-ET-l was decreased by 02-bubbling in a
time-dependent manner and reached a plateau (about 2 nM)
at 10 min, although the level of ir-ET-l was reduced to below
the detection limit of EIA (1 pM) by EFS (Table 1, Figure 3).
It has been demonstrated that ET-l-induced contraction of
porcine coronary artery is more or less irreversible and lasts
for several hours (Yanagisawa et al., 1988), due to the very
slow dissociation of ET- 1 from its receptor once bound
(Hirata et al., 1988). This observation indicates that O2-
bubbling does not inactivate ET-1 bound to its receptor. On
the contrary, coronary artery strips precontracted with ET-1
showed marked relaxation to near baseline values just after
EFS in this study, indicating that the EFS-generated hydro-
xyl radicals may potently inactivate not only ET-1 in a free
form in the solution but also ET-1 bound to its receptor.

This work was supported in part by grants from the Special
Research Project on the Circulation Biosystem, University of
Tsukuba and from the Ministry of Education, Science and Culture
of Japan. We thank Dr Wendy Grey for reading our manuscript.
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Characterization and transduction mechanisms of
purinoceptors in activated rat microglia
J.M. Langosch, *P.J. Gebicke-Haerter, 'W. N6renberg & 'P. Illes

Department of Pharmacology, University of Freiburg, Hermann-Herder-Strasse 5, and *Department of Psychiatry, University
of Freiburg, Hauptstrasse 5, D-79104 Freiburg, Germany

1 Purinoceptor agonist-induced currents in untreated (proliferating) and lipopolysaccharide- (LPS;
100 ng ml-') treated (non-proliferating) rat microglial cells were recorded by the whole-cell patch-clamp
technique.
2 In non-proliferating microglia, adenosine (0.01-100 PM), 2-methylthio ATP (3-3000 nM), ATP
(0.1-1000 jlM), and ATP-T-S (1-10 gLM), but not a,p-methylene ATP (a,P-MeATP; 100 ftM) produced a
slow outward current at a holding potential of 0 mV. When K+ was replaced in the pipette solution by
an equimolar concentration of Cs' (150 mM), the 2-methylthio ATP- (300 nM) induced outward current
disappeared. The effect of 2-methylthio ATP (300 nM) did not depend on the presence of extracellular
Mg2" (1 mM). The outward current response to 2-methylthio ATP (300 nM) was larger in proliferating
than in non-proliferating microglia.
3 ATP (1-1I000 1~M) evoked a fast inward current at a holding potential of - 70 mV in non-
proliferating microglia, while adenosine (100-1000 giM) was inactive. When the effects of ATP were

compared at 0 and - 70 mV, it became evident that ATP is much more potent in evoking the outward
current.
4 The 2-methylthio ATP- (300 nM) induced outward current was blocked by suramin (300 f1M), but not
by 8-(p-sulphophenyl)-theophylline (100 J4M), while the adenosine- (1 tiM) induced outward current had
the reverse sensitivity to these antagonists.
5 The 2-methylthio ATP- (300 nM) induced outward current was inhibited by inclusion of GDP-P-S
(200 ELM) into the pipette solution or by preincubation of microglial cells with pertussis toxin
(50 ng ml-') for 12 h. The 2-methylthio ATP- (300 gAM) induced inward current was not changed by
intracellular GDP-P-S (200 giM). The outward current response to adenosine (1 ,UM) was also abolished
after pretreatment with pertussis toxin (50 ng ml-').
6 Rat microglia possess both ATP-sensitive P2y- and adenosine-sensitive P,-purinoceptors. The ATP-
evoked inward current is mediated by P2y-purinoceptors, while the ATP- and adenosine-evoked outward
currents are mediated by P2y- and P,-purinoceptors, respectively. The transduction mechanisms of the
outward, but not the inward current activation involve a pertussis toxin-sensitive G protein.

Keywords: Microglia; P2-purinoceptor; P,-purinoceptor; ATP; adenosine; non-selective cationic channel; potassium channel

Introducdon

Microglial cells play important roles in mediating immune
responses in the central nervous system (Streit et al., 1988;
Dickson et al., 1991; Thomas, 1992). Pathological conditions
lead to a conversion of resting microglia to macrophages
which strongly influence the regenerative process (Streit et al.,
1988). In tissue culture systems, cells become initially
activated by the isolation procedure, and are capable of both
proliferation and phagocytosis (Rieske et al., 1989). They can
be driven further into macrophage-like microglia by stimuli
such as bacterial lipopolysaccharide (Adams & Hamilton,
1987). These cells no longer proliferate but are still capable
of phagocytosis (Bignami, 1991; Dickson et al., 1991).
Moreover, non-proliferating microglia secrete cytokines (e.g.
interleukin-1 and -6) and produce superoxide anions (oxida-
tive burst) (Bignami, 1991; Dickson et al., 1991).
While proliferating microglial cells exhibit voltage-depen-

dent inwardly rectifying potassium channels (Kettenmann et
al., 1990; Banati et al., 1991), LPS-treatment for > 3 h results
in the expression of previously lacking outwardly rectifying
potassium channels (Norenberg et al., 1992). The physiolog-
ical and pharmacological properties of this conductance
(Norenberg et al., 1992, 1993, 1994a) greatly resemble those
of an outwardly rectifying K+ current in peripheral lym-
phocytes (Kn; Gallin, 1991; Gardner, 1990). In an effort to
search for signal substances inducing rapid changes in mic-

roglia, adenosine 5'-triphosphate (ATP) has been identified.
ATP leads both in proliferating (Kettenmann et al., 1993;
Walz et al., 1993) and non-proliferating microglia (Noren-
berg et al., 1994b) to transient activation of a cationic
conductance followed by more sustained activation of an
outward potassium current.
ATP is rapidly degraded by ectonucleotidases to adeno-

sine; these two compounds stimulate different types of
purinoceptors named P2 and PI, respectively (Burnstock &
Buckley, 1985). Based on the potencies of structural ana-
logues of ATP, P2-receptors were classified into the P2x- and
P2y-subtypes (Burnstock & Kennedy, 1985; Kennedy, 1990).
At the P2x-purinoceptor the potency order is ,-methylene
ATP (a,P-MeATP) > ATP = 2-methylthio ATP, whereas at
the P2y-purinoceptor it is 2-methylthio ATP > ATP >ac-
MeATP.
The aim of the present study was to characterize microglial

purinoceptors involved in the increase of K+ permeability, to
examine their transduction mechanisms and to compare ATP
effects in proliferating and non-proliferating microglia.

Methods

Cell culture

Mixed astroglial-microglial cell cultures were prepared as
described previously (Keller et al., 1985). In brief, newborn' Authors for correspondence.

19" Macmillan Press Ltd, 1994
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(Wistar) rat forebrains were minced and gently dissociated by
trituration in Hank's balanced salt solution. Cells were col-
lected by centrifugation at 200 g for O min, resuspended in
Dulbecco's modified Eagle's medium (DMEM), supplement-
ed with 10% heat inactivated foetal calf serum (FCS), plated
onto 100 mm Falcon culture dishes (5 x i05 cells/dish) and
cultured in an atmosphere of 5% CO2 at 37°C for 2 weeks.
Media were prepared taking extreme care to avoid all poten-
tial sources of LPS contamination. Floating microglial cells
were harvested and reseeded into 35 mm Petri dishes to give
pure microglial cultures (2 x 104 cell/dish) (Gebicke-Haerter
et al., 1989). Small cells (diameter, 5-8 gpm) with unipolar or
bipolar processes were observed under phase contrast optics
immediately after reseeding. When LPS (100 ng ml') was
added to the medium for 12-24 h, many microglial cells
became circular in shape with ruffled edges (diameter,
15-23 jim).

Cytochemical methods

The identity of the cell type was confirmed by the intracel-
lular monocyte marker EDI (Dijkstra et al., 1985). Since all
isolated cells were EDI-positive, it was concluded that only
cells derived from the monocyte/macrophage linage were
present in isolated microglial cultures. Moreover, no GFAP-
and fibronectin positive cells were detectable (Ndrenberg et
al., 1994a).

Patch-clamp experiments

Cultures were maintained on the stage of an inverted micro-
scope at room temperature (20-24C). They were superfused
with a standard salt solution containing in mM: NaCl 160,
KCI 4.5, CaCI2 2, MgCl2 1, HEPES 5, glucose 1 1. The pH
was adjusted with NaOH to 7.4.
Whole cell currents were recorded by the patch-clamp

technique (Hamill et al., 1981). Recording pipettes contained
in mM: KCI 150, CaCl2 1, MgCl2 2, EGTA 11 and HEPES
10. The pH was adjusted with KOH to 7.3. In some cases the
pipette also contained GDP-,-S (200 pM). In other cases,
intracellular KCI was replaced by CsCI (150 mM) and the pH
was adjusted to 7.3 by adding CsOH. The resistance of the
pipettes varied from 2 to 10 MQ.

Compensation of capacitance and series resistance was
achieved with the inbuilt circuitry of the patch amplifier (List
EPC-7, Darmstadt, Germany). Data were digitized at 0.1-1
kHz (Cambridge Electronic Devices 1401, Cambridge, UK)
and then stored on and analyzed with a laboratory computer
(ESCOM/486, Heppenheim, Germany). Cells were held either
at - 70 or 0 mV. Data are non-leak subtracted.

Application of drugs and evaluation of data

In most experiments, the outward current was isolated from
the early inward current by holding the cells at 0 mV which
is near the reversal potential for the early inward current.
Purinoceptor agonists were applied for 10 s by means of
separate, wide-bore, pressurized (10 kPa) puffer pipettes,
placed approximately 50 pm away from the cell under
examination. Each agonist concentration was applied only
once (T.) to a cell except in some cases, when two subsequent
applications (TI, T2) separated by 10 min intervals were
made. During this interval the bath was superfused with
drug-free medium or with medium containing purinoceptor
antagonists at a flow rate of 2 ml min-'. Puffer application of
drug-free extracellular solution failed to induce a current
response. When the effects of two consecutive administra-
tions of purinoceptor agonists were compared, the current
induced by T2 was normalized with respect to the current
induced by T,.

Concentration-response curves of ATP and adenosine for
the outward current were obtained by pressure applying each

agonist concentration onto a single cell. The curves were
fitted to the data points by using the equation:

I/Imax, = 1/{l + (KD/[ATP]nH) (1)
where KD is the apparent dissociation constant which equals
the concentration evoking a half-maximal current (ECm), and
nH is the Hill coefficient. Concentration-response relation-
ships of ATP for the inward current were determined at a
holding potential of - 70 mV, close to the reversal potential
of the late outward current. These data were replotted from a
previous paper (N6renberg et al., 1994b) by using equation
(1).

Materials

The following materials and drugs were used: suramin hex-
asodium salt (Bayer, Leverkusen, Germany); Dulbecco's
modified Eagle's medium (DMEM), Hank's balanced salt
solution, foetal calf serum (FCS) (Gibco, Eggenstein, Ger-
many); pertussis toxin (List, Campbell, CA, U.S.A.); 2-
methylthioadenosine 5'-triphosphate tetrasodium salt, 8-(p-
sulphophenyl)-theophylline (RBI, Natick, MA, U.S.A.); lipo-
polysaccharide from Salmonella typhimurium (Sebak, Aiden-
bach, Germany); adenosine, adenosine 5'-triphosphate
disodium salt (ATP), adenosine 5'-O-(3-thio)-triphosphate
tetralithium salt (ATP-y-S), guanosine 5'-O-(2-thio-
diphosphate) tetralithium salt (GDP-,-S), a,-methylene-
adenosine 5'-triphosphate lithium salt (a,P-MeATP) (Sigma,
Deisenhofen, Germany).

Pertussis toxin was dissolved in sterile water (100 igml-')
and aliquots were stored at - 20°C. Pertussis toxin (50 ng
ml-') was added to the culture dishes under aseptic condi-
tions for 12 h at 37°C, prior to the start of the experiments.
LPS, dissolved in distilled water (1 mg ml-'), was further
diluted into DMEM. Stock solutions (10-100mM) of all
other drugs were prepared with distilled water and aliquots
were stored at - 20C. Further dilutions were made in saline
at respective experimental days.

Statistics

Means ± s.e.mean of n trials are shown. Student's paired or
unpaired t test was used to compare means as appropriate. A
probability level of 0.05 or less was considered to be statis-
tically significant.

Results

Characterization ofpurinoceptors by agonists

Concentration-response relationships of different ATP anal-
ogues and adenosine for the outward current were deter-
mined in order to identify the purinoceptor subtype involved.
At a holding potential of O mV both 2-methylthio ATP
(300 nM; Figure la) and adenosine (1 giM; Figure Ib) pro-
duced non-desensitizing outward currents with slow onsets
and offsets. The time-courses of these currents showed some
variability between individual microglial cells (for 2-methyl-
thio ATP compare Figures la and 3b), but were basically
similar for equipotent concentrations of the two agonists.
2-methylthio ATP (3-3000 nM), adenosine (0.01-100 1M),
ATP (0.1-1000 iM), and ATP-y-S (1-10pIM), but not a,-
MeATP (100 pM) produced concentration-dependent res-
ponses (Figure ic). Maximal currents were evoked by con-
centrations of 2-methylthio. ATP (88.8 ± 17.4 pA at 300 nM;
n = 5), adenosine (114.9 ± 10.2 pA at 10 jIM; n = 8) and ATP
(143.5 ± 25.4 pA at 100 JiM; n = 6). When K+ was replaced
in the pipette solution by an equimolar concentration of Cs'
(150 mM), the 2-methylthio ATP- (300 nM) induced response
disappeared (0.9 ± 0.3 pA; n = 5; P<0.01). Finally, the
effect of 2-methylthio ATP (300 nM) did not depend on the
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presence of extracellular Mg2" (1 mM) in the bath medium
(Figure ic, inset).

Subsequently, EC" values and Hill coefficients were cal-
culated from the concentration-response curves of ATP and
adenosine for the outward current. They were 1.4 1M and 0.7
for ATP, and 320.0 nm and 0.6 for adenosine. Concentra-
tion-response curves of ATP for the inward current were
replotted from a previous publication (Norenberg et al.,
1994b), where measurements were made at a holding poten-
tial of - 70 mV, close to the reversal potential of the out-
ward current. The EC_% value and the Hill coefficient were
37.0 4M and 1.0, respectively. Adenosine (100- 1000 gM)
failed to initiate an inward current.
Comparison of the EC50 values showed that ATP is much

more potent in evoking an outward than an inward current.
It is noteworthy that adenosine evokes an outward current
only. In further experiments 2-methylthio ATP (EC50 = 39.0
nM; nH = 1.5) was used instead of ATP because of its higher
potency and its relatively greater stability.

All previous experiments were carried out in non-prolif-
erating microglia. Outward current responses upon applica-

a 2-Methylthio ATP 300 nM

b Adenosine 1 pM

tion of 2-methylthio ATP (300 nM) were considerably larger
in proliferating (247.7 ± 39.7 pA; n = 8; P<0.01) than in
non-proliferating (96.4 ± 14.3 pA, n = 7) cells.

Characterization ofpurinoceptors by antagonists

Since the same outward current could be elicited by 2-
methylthio ATP and adenosine, further pharmacological
studies were undertaken to discriminate between P1- and
P2-purinoceptor-mediated effects. When 2-methylthio ATP
(300 nM) was applied twice with a 10 min interval, stable
amplitudes of outward currents were obtained (Figure 2a).
Suramin (300 1iM), a P2-purinoceptor blocker, markedly
inhibited the effect of 2-methylthio ATP (300 nM), whereas
8-(p-sulphophenyl)-theophylline (100;1M), a PI-purinoceptor
blocker, was inactive (Figure 2a). By contrast, after a control
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Figure 1 Outward currents activated by purinoceptor agonists in rat
microglia. Holding potential was 0 mV. Each concentration was
pressure applied for 10 s, only once and to different cells. (a) Current
induced by 2-methylthio ATP (300 nM). (b) Current induced by
adenosine (1 1M). The dotted lines indicate the zero current level.
Recordings from two different cells are shown. (c) Concentration-
response curves of 2-methylthio ATP (0; n = 4-7), adenosine (-;
n= 5-13), ATP (A; n = 5-11), ATP-y-S (A; n = 7-8) and m,p-
MeATP (0; n = 4). The current induced by 2-methylthio ATP
(300 nM) was the same both in the presence (open column; n = 5)
and absence of Mg24 (1 mM) (hatched column; n = 7; P> 0.05)
(inset). Means ± s.e.mean from n experiments.
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Figure 2 Interaction between purinoceptor agonists and antagonists
in rat microglia. Holding potential was 0 mV. Purinoceptor agonists
were pressure applied twice for 10s with 10min interval (TI-T2).
The effects of T2 were normalized with respect to the effect of T.. (a)
Antagonism of the 2-methylthio ATP- (300 nM) induced outward
current by suramin (3001AM) (hatched column; n = 6), but not 8-(p-
sulphophenyl)-theophylline (8-SPT, 100 g1M) (solid column; n = 5).
2-Methylthio ATP (300 nM) was applied the second time either in the
absence (open column; n = 10) or presence of the antagonists.
*P<0.01; significant difference between T. and T2 in the 2nd set of
columns. (b) Antagonism of the adenosine- (I 1M) induced current
by 8-(p-sulphophenyl)-theophylline (1001AM) (solid column; n = 7),
but not suramin (300 1M) (hatched column, n = 6). Adenosine (I 1M)
was applied the second time either in the absence (open column;
n = 7) or presence of the antagonists. *P< 0.01; significant differ-
ences between T1 and T2 in the 2nd set of columns. Means
± s.e.mean from n experiments.
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a
2-Methylthio ATP 300 pM
Vh: -70 mV

2-Methylthio ATP 300 pM
GDP-P-S 200 pM
Vh: -70 mV. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~, -,_~mi

>~~~~~22 pA

5 s

b

2-Methylthio ATP 300 nM
Vh: 0 mV

2-Methylthio ATP 300 nM
GDP-P-S 200 pM
Vh: 0 mV

50 pA

20 s

2-Methylthio ATP
300 pM, Vh: -70 mV

200- l

Control
GDP-p-S
200 PM

0-

-100 -

2-Methylthio ATP
300 nM, Vh: 0 mV

Control

GDP-P-S
T 200 pM

Control
Pertussis toxin
50 ng ml-

I*

LI

Figure 3 Inhibition of 2-methylthio ATP-induced currents by intracellular GDP-P-S or preincubation with pertussis toxin in rat
microglia. Each agonist concentration was pressure applied for 10 s only once and to different cells. (a) Inward current evoked by
2-methylthio ATP (300 gM) at a holding potential of - 70 mV. Either a standard pipette solution was used (left panel) or a

solution which also contained GDP-P-S (200 gM) (right panel). (b) Outward current evoked by 2-methylthio ATP (300 nM) at a

holding potential of 0 mV. Either a standard pipette solution was used (left panel) or a solution which contained also GDP-P-S
(200 gM) (right panel). Representative tracings are shown in (a) and (b). The dotted lines indicate the zero current level. (c) Inward
currents recorded with a standard pipette solution (open column; n = 6) are not altered when the solution contains also GDP-P-S
(200 LM) (hatched column; n = 6). Outward currents recorded with a standard pipette solution (open column; n = 11) are inhibited
when the solution contains also GDP-P-S (200 gM) (hatched column; n = 12). Incubation of the cells for 12 h with pertussis toxin
(50 ng ml-') (solid column; n = 7) also depressed the current obtained in control cells (open column; n = 6). *P<0.01; significant
differences from the corresponding control values. Means ± s.e.mean from n experiments are shown.

application of adenosine (1 gM), 8-(p-sulphophenyl)-theophyl-
line (100 LM) markedly inhibited a second adenosine- (1 1M)
induced current, when compared to two consecutive control
applications, while suramin (300 gM) did not alter it (Figure
2b).

Transduction mechanisms ofpurinoceptors

As shown earlier, 2-methylthio ATP caused an inward cur-
rent at a potential of - 70 mV (Norenberg et al., 1994b), and
an outward current at a potential of 0 mV (Figure 1). The
possible involvement of G proteins in mediating these two

response components was investigated in further detail. Since
sensitivities of the ATP-induced inward and outward currents
were different, a 300 tLM concentration of 2-methylthio ATP
was chosen to elicit an inward current at a membrane poten-
tial of - 70 mV and 300 nM to elicit an outward current at
OmV.

When GDP-P-S (200 gLM) was included in the patch
pipette, an inward current similar to that measured under
control conditions was obtained in response to 2-methylthio
ATP (Figures 3a and c). In contrast, the outward current was

markedly decreased in the presence of intracellular GDP-P-S
(200 pM) (Figures 3b and c), suggesting an involvement of G
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proteins in the activation of outward but not inward currents
evoked by 2-methylthio ATP. Pretreatment of microglial cells
with pertussis toxin (50 ng ml') for 12 h abolished the out-
ward current response to 2-methylthio-ATP (300 nM) (Figure
3c). In addition, the adenosine- (1 jtM) evoked current was
also abolished after pretreatment with pertussis toxin (50 ng
ml-') for 12 h (4.7 ± 1.0 pA; n = 7; P< 0.01).

Discussion

The present results confirm previous findings that ATP
activates a rapidly desensitizing non-selective cationic con-
ductance followed by a non-desensitizing K+ conductance in
rat microglia (Kettenmann et al., 1993; Walz et al., 1993;
Ndrenberg et al., 1994b). The two current components could
be studied separately, by holding the cells at - 70 mV close
to the reversal potential of the outward current or at 0 mV
near the reversal potential of the inward current. In accor-
dance with previous results (N6renberg et al., 1994b),
replacement of intracellular K+ by Cs' abolished the out-
ward current.
ATP and some of its structural analogues (2-methylthio

ATP, ATP-y-S) evoked outward currents. These compounds
appear to increase the permeability of the membrane by
receptor stimulation, rather than by phosphorylation of ex-
tracellular proteins. ATP-induced phosphorylation depends
on extracellular Mg2" (see e.g. Christie et al., 1992) and,
therefore, the similar current amplitudes induced by 2-
methylthio ATP both in the presence and absence of extracel-
lular Mg2" (1 mM) suggest a receptor-mediated effect. Micro-
glial cells appear to possess two classes of purinoceptor, a
P2-type activated by ATP and a P,-type activated by
adenosine. Suramin is a P2-purinoceptor antagonist, without
any preference for the P2X- or P2y-subtypes (Kennedy, 1990).
8-(p-Sulphophenyl)-theophylline is a P,-purinoceptor antago-
nist; it is a polar compound which penetrates cells only to a
limited extent and, therefore, does not inhibit the cellular
enzyme phosphodiesterase (Bruns et al., 1980). 8-(p-Sulpho-
phenyl)-theophylline also fails to differentiate between further
subtypes of P,-purinoceptors named A, and A2 (Burnstock &
Buckley, 1985). The antagonism of the 2-methylthio ATP
effect by suramin, but not 8-(p-sulphophenyl)-theophylline
strongly suggests that 2-methylthio ATP activates P2-purino-
ceptors only. The rank order of agonist potencies (2-
methylthio ATP > ATP >> x,43-MeATP) classifies this
receptor as a P2Y-purinoceptor (Burnstock & Kennedy, 1985;
Kennedy, 1990). On the other hand, the antagonism of the
adenosine effect by 8-(p-sulphophenyl)-theophylline, but not
by suramine documents the additional presence of a PI-
purinoceptor in microglia.

Hence, P2Y-purinoceptors may be involved both in inward
current-activation at a holding potential of - 70 mV (Noren-
berg et al., 1994b) and outward current-activation at a hol-
ding potential of 0 mV (present study). It is important to
note that much lower concentrations of ATP were needed to
activate the outward conductance. This may be due to the
presence of two different subtypes of P2Y-purinoceptor. It is
suggested that one subtype (P2Ya) is a ligand-activated cation
channel, while the other (P2YP) is a G protein-coupled recep-
tor (Illes & N6renberg, 1993). In both cases Hill coefficients
of about 1 were obtained indicating that one agonist
molecule was required to open both non-selective cationic
channels and potassium channels. In sensory neurones (Bean,

1990) and smooth muscle cells (Friel, 1988) the Hill
coefficient was larger than 1 suggesting a 3:1 or 2:1
stoichiometry, respectively (Bean, 1992). We do not know the
reason for this discrepancy. Finally, in contrast to ATP and
its analogues, adenosine evoked an outward, but not an
inward current.

It is interesting to note that 2-methylthio ATP at OmV
induced a larger outward current in proliferating than in
non-proliferating microglial cells. This is in contradiction to
the similar inward current amplitudes evoked by 2-methyl-
thio ATP in proliferating and non-proliferating cells at
- 70 mV (Norenberg et al., 1994b).
In search for a possible coupling of P2y-purinoceptors to G

proteins, the cells were microdialysed with an enzymatically
stable GDP analogue. GDP-3-S is known to block G
protein-mediated effects of agonists (Dunlap et al., 1987). In
fact, GDP-,-S markedly decreased the outward current
evoked by 2-methylthio ATP, while leaving the inward cur-
rent uninfluenced. Another means of proving the involvement
of G proteins in receptor-coupling is the use of pertussis
toxin which selectively ADP-ribosylates a-subunits of G pro-
teins (Dolphin, 1987). Incubation of microglial cells with
pertussis toxin abolished the 2-methylthio ATP- and adeno-
sine-induced outward currents. Hence, both P2Y- and PI-
purinoceptors are probably coupled to a G protein which
mediates opening of K+ channels with or without the
involvement of further protein kinases (Pfaffinger & Siegel-
baum, 1990).
ATP has been reported to cause a long-lasting depolariza-

tion in proliferating rat microglia (Kettenmann et al., 1993).
In these cells the outwardly rectifying K+ conductance
activated by ATP apparently is not able to repolarize the
membrane efficiently. Cellular damage may both activate
microglia (Dickson et al., 1991) and allow leakage of ATP
from neurones and glia cells into the extracellular space
(White & Hoehn, 1991). ATP has been shown to produce a
much shorter depolarization in non-proliferating microglia
than in their proliferating counterparts (Norenberg et al.,
1994b). This is due to the LPS-induced expression of out-
wardly rectifying K+ channels.

In conclusion, rat microglia possess both ATP-sensitive
P2y- and adenosine-sensitive P,-purinoceptors. Early inward
currents are mediated by P2y-purinoceptors, while late out-
ward currents are mediated either by P2Y- or P,-purinocep-
tors. Microglial cells have two suitable membrane potentials,
one at - 70 mV and another at - 35 mV (N6renberg et al.,
1994a). Hence, ATP may cause depolarization at the higher
and hyperpolarization at the lower membrane potential,
whereas adenosine elicits hyperpolarization only.

Note added in proof
Our classification of P2-purinoceptors into P2Y.- and P2yrsubtypes is
based on the rank order of agonist potencies (Illes & Norenberg,
1993). Recently, it was proposed to name all P2-purinoceptors utiliz-
ing ligand-gated cation channels P2X-, and all P2-purinoceptors utiliz-
ing G proteins P2y-, irrespective of their sensitivities to the presently
known agonist (Abbracchio et al., 1993; Drug Develop. Res., 28,
207-213).
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ported by grants of the Deutsche Forschungsgemeinschaft to P.I.
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Investigation of the endogenous chemoattractants involved in
11In-eosinophil accumulation in passive cutaneous anaphylactic
reactions in the guinea-pig
'Vivian B. Weg, 2Malcolm L. Watson, 3Lucia H. Faccioli & Timothy J. Williams

Department of Applied Pharmacology, National Heart & Lung Institute, Dovehouse Street, London SW3 6LY

1 Eosinophil accumulation and plasma extravasation are features of type I allergic responses. In an

attempt to characterize the mediators of these responses, we have examined the local accumulation of
"'In-eosinophils and leakage of '25I-human serum albumin ('251-HSA) during passive cutaneous
anaphylaxis (PCA) reactions and in response to defined inflammatory mediators in the guinea-pig.
Animals were passively sensitized by intradermal injection of anti-bovine gamma globulin antibody
(50 fil, 1/50 dilution). After 20-24 h, animals were injected intravenously with '11In-eosinophils and
'25I-HSA for the measurement of cell accumulation and plasma leakage, respectively.
2 When injected into sensitized sites, antigen caused a dose-related increase in the accumulation of
"'In-eosinophils and plasma leakage in guinea-pig skin. Time course experiments over 24 h revealed that
the maximal rate of "'In-eosinophil accumulation occurred over the first 90 min, with little accumulation
at later time points. Plasma leakage was completed within the first 30 min after challenge. Responses to
the mast cell degranulator, compound 48/80, exhibited very similar responses to the PCA reaction.
3 Co-injection of antigen with the PAF antagonist, WEB 2086 (10-1 mol/site) or the 5-lipoxygenase
inhibitor, PF 5901 (10-7mol/site) did not significantly alter the accumulation of "'In-eosinophils or

plasma leakage, whereas these drug doses abolished responses to exogenous PAF (10-1 mol/site) and
arachidonic acid (AA, 3 x I0- mol/site), respectively. The H, receptor antagonist chlorpheniramine
(2.5 x 10-8 mol/site) did not reduce antigen-induced "'In-eosinophil accumulation. Drug combinations
were also injected with antigen into sensitized sites, but were unable to reduce "'In-eosinophil accumula-
tion.
4 These results indicate that anaphylactic eosinophil accumulation in this model involves mediators
other than histamine, PAF or lipoxygenase products. This is in contrast to plasma leakage in this
reaction, which can be abolished by a combination of antagonists blocking these mediators.

Keywords: Passive cutaneous anaphylaxis (PCA); compound 48/80; eosinophils; PAF; leukotriene B4 (LTB4); histamine

Introduction

Type I hypersensitivity responses are conveniently studied in
the form of the passive cutaneous anaphylaxis (PCA) reac-
tion, as coined by Ovary in 1950 (Ovary, 1950). In the
guinea-pig, both IgE and IgG, antibodies are capable of
evoking anaphylactic reactions (Perini & Mota, 1972; Ovary
et al., 1976). Upon challenge with specific antigen the release
of inflammatory mediators from sensitized mast cells leads to
an increase in vascular permeability and consequently plasma
extravasation into tissues. Infiltration of inflammatory cells
such as neutrophils and eosinophils is also observed at PCA
sites in different species (Kay, 1970; Nourshargh et al., 1989;
Wershil et al., 1991). This type of response contributes to the
pathology of several diseases such as extrinsic asthma, atopic
eczema and allergic rhinitis (reviewed in Samter, 1978).

Eosinophil accumulation is a hallmark of the inflammation
associated with infection with helminthic parasites and aller-
gic disorders. Allergic patients have elevated levels of cir-
culating eosinophils and these cells accumulate after antigenic
challenge in the skin and airways (de Monchy et al., 1985;
Henocq & Vargaftig, 1988; Lozewicz et al., 1991). There is
now considerable evidence implicating the eosinophil in the
pathophysiology of asthma. Following activation, eosinophils
release a variety of preformed and newly synthesized
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ton Down, Bath BA2 7AY and 3Fac Medicina de Ribeirao Preto,
Departamento de Parasitologia, Microbiologia e Imunologia, Av.
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Brazil.

mediators (reviewed in Kay & Corrigan, 1992) which are
thought to contribute to the development of this disease.
Indeed, several studies show the presence of eosinophils and
their products in bronchoalveolar fluid from asthmatics (de
Monchy et al., 1985; Kay et al., 1986; Diaz et al., 1989). In
addition, it has been shown recently in an Ascaris-challenge
primate model that an antibody to intercellular adhesion
molecule 1 that inhibited lung eosinophil accumulation also
reduced bronchial hyper-reactivity (Wegner et al., 1990).
An increased understanding of the basic mechanisms

underlying the recruitment of eosinophils in vivo may there-
fore have important therapeutic consequences. Nevertheless,
despite much progress, the mechanisms that mediate and
regulate the accumulation of this cell type in sites of allergic
inflammation remain unclear. Several mediators such as
platelet activating factor (PAF) (Wardlaw et al., 1986),
leukotriene B4 (LTB4) (Czarnetzki & Mertensmeier, 1985)
and C5a (Ogawa et al., 1981) have been described as
chemotactic for eosinophils in vitro. However, results obtain-
ed with in vitro chemotaxis cannot be safely extrapolated in
the in vivo situation since such test systems do not mimic all
the requirements for cell adhesion and transmigration across
the endothelial cell barrier. For this reason, it was important
to establish an animal model that allowed detailed investiga-
tion of eosinophil accumulation in defined allergic inflamma-
tory reactions. In a previous study, we developed a system for
measuring the accumulation of "'In-eosinophils in vivo and
showed that guinea-pig C5a des Arg, human recombinant
C5a, PAF and LTB4 are able to induce eosinophil accumula-
tion in guinea-pig skin (Faccioli et al., 1991). Subsequently,
we demonstrated that a monoclonal antibody to very late

'." Macmillan Press Ltd, 1994
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activation antigen-4 inhibits the accumulation of "'In-eosino-
phils in response to inflammatory mediators and during a
PCA reaction (Weg et al., 1993). In the present study, in
order to elucidate further the nature of the inflammatory
mediators involved in eosinophil accumulation in vivo, we
have used this method to examine eosinophil infiltration
during PCA reactions in the guinea-pig. In addition, com-
pound 48/80, was used in comparison to study non-immun-
ological activation and degranulation of mast cells.

Methods

Animals

Ex-breeder Dunkin-Hartley cell donor guinea-pigs (800-
900 g) and Dunkin-Hartley test guinea-pigs (300-500 g) of
either sex were purchased from Harlan-Olac, Oxon.

Preparation ofguinea-pig PCA serum

Guinea-pigs were immunised by subcutaneous injection of
0.2 mg BGG in 0.2 ml Freund's complete adjuvant, divided
between the rear footpads and the nape of the neck. Animals
were boosted by similar injections of antigen in incomplete
adjuvant on day 21. Animals were exsanguinated and serum
prepared on day 30. Aliquots were stored frozen at - 20TC.
The fixation time course and heat stability of this antibody
are consistent with IgG,-like activity (Weg et al., 1991).

Separation and "'In-labelling ofperitoneal guinea-pig
eosinophils

This technique has been described previously in detail by
Faccioli et al. (1991). Briefly, ex-breeder guinea-pigs received
4 injections of horse serum at 2-3 days intervals. Peritoneal
cells were collected by lavage 24 h after the last injection and
purified over a discontinuous Percoll gradient. The cell
population was used only when the eosinophil purity was
above 90%. The predominant contaminating cell type was
mononuclear and a major exclusion criterion was the
presence of neutrophils. The cells were then incubated with
"'InC3 (approximately 100 pCi in 10 fil) chelated with 2-
mercaptopyridine-N-oxide (40 fig in 0.1 ml of 50 mM PBS,
pH 7.4) for 15 min at room temperature. The labelled
eosinophils were washed twice and resuspended in Hanks'
solution (107 eosinophils ml-') pH 7.3 containing cell-free
citrated guinea-pig plasma to a final concentration of 10%.

Induction and measurement ofplasma leakage and
eosinophil accumulation in guinea-pig skin

Eosinophil infiltration and plasma leakage in the guinea-pig
skin were simultaneously measured using the local accumula-
tion of i.v. injected "'In-labelled eosinophils and '25I-HSA
(Faccioli et al., 1991).
PCA was prepared as previously described (Weg et al.,

1991). Guinea-pigs were sedated with Hypnorm and their
dorsal skin shaved. Diluted antiserum (1/50) or purified IgG,
(2 jig) were then injected i.d. in 50 gd volumes into the dorsal
skin. After a fixation period of 20-24 h 1 ml of Hanks'
solution containing 1 x 107 eosinophils mixed with '25I-HSA
(2.5 fiCi/animal) was injected i.v. via an ear vein. Five
minutes later antigen (BGG or OA) was injected i.d. into
serum-pretreated sites. This protocol was modified in time
course experiments so that sites were challenged at specified
time points prior to the injection of "'In-eosinophils and
'251-HSA.

In experiments performed to determine mediator involve-
ment in the PCA response, antigen was injected locally in a
mixture with antagonists. In each of these experiments
exogenous agonists (histamine, PAF and AA) were injected
into naive sites in the presence and absence of their respective

antagonist or in the case of AA, inhibitor of 5-lipoxygenase
metabolism. Each test was performed in duplicate sites ac-
cording to a balanced site injection plan with an injection
volume of 100 gd/site. Except in certain time course experi-
ments, a cardiac blood sample was collected after 2 h and
animals were killed by an overdose of sodium pentobar-
bitone. The dorsal skin was then removed, skin sites were
punched out with a 17 mm diameter punch and samples were
counted together with plasma samples in an automatic
gamma counter (Canberra, Berks.). The "'In counts per
eosinophil were determined and used to express eosinophil
accumulation in each skin site in terms of number of labelled
leukocytes. Leakage at each site was expressed as gld of
plasma by dividing skin sample 125I counts by 1251 counts in
1 fil of plasma.

Materials

Pentobarbitone sodium (Sagatal, 60 mg ml-') was purchased
from May and Baker, Dagenham, Essex. Hypnorm (0.315
mg ml-' fentanyl citrate and 10 mg ml-' fluanisone) was pur-
chased from Janssen Pharmaceutical Ltd, Grove, Oxford,
"'Indium chloride ("'InCl3; 10mCi ml-' in pyrogen-free
0.04 N hydrochloric acid) and 251I-human serum albumin
('251-HSA; 20 mg albumin per ml of sterile isotonic saline,
50 pCi ml) were purchased from Amersham International,
Amersham, Bucks. Histamine, bovine gamma globulin
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Figure 1 Effect of antigen dose on "'In-eosinophil accumulation (a)
and plasma leakage (b) during passive cutaneous anaphylaxis res-
ponses in guinea-pig skin. Skin sites were sensitized by i.d. injection
of a fixed dose of antiserum (1/50 dilution, 50 gli/site) and challenged
with the indicated dose of BGG 24 h later. The open symbols
represent responses detected at naive sites injected with the highest
dose (25 1Lg) of BGG. Dashed lines indicate control responses to
saline. Points indicate mean ± s.e.mean for n = 6 animals. Asterisks
indicate a significant difference from the BGG responses: **P<0.01.
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(BGG), bovine serum albumin (BSA), ovalbumin (OA), 2-
mercaptopyridine-N-oxide, dimethyl sulphoxide (DMSO),
arachidonic acid (AA), were purchased from Sigma Chemical
Company, Dorset. Horse serum, sterile Hanks' Balanced Salt
solution (Hanks' solution 10 x ) and HEPES (1 M) were
purchased from Gibco Limited, Paisley, Renfrewshire. Per-
coll was purchased from Pharmacia Fine Chemicals, Upp-
sala, Sweden. Pyrogen- and preservative-free heparin sodium
(5000 u ml- ) was purchased from Pabyrn Laboratories,
Greenford, Middlesex. Chlorpheniramine maleate (Piriton
10mgml-') was purchased from Allen and Hanburys Ltd.,
Middlesex. PAF (1-O-hexadecyl-2-acetyl-sn-glycero-3-phos-
phorylcholine) was purchased from Bachem, Bubendorf,
Switzerland. Stock solutions of PAF (3.6 x 10-3 M) and AA
(3.3 x 10-2 M) in ethanol were stored at - 20'C and diluted
in saline containing 0.1% bovine serum albumin (BSA)
immediately before injection. The following substances were
obtained as gifts: WEB 2086 (3-[4-(2-chlorphenyl)-9-methyl-
6H-thieno [3,2-fl [1,-2,4]-triazolo-[4,3,a] [1,4]-diazepin-2yl]-1-
(4-morpholinyl)-l-propanone) from Boeringher-Ingelheim
AG, Ingelheim am Rhein, Germany; and PF 5901 (a-Pentyl-
3-(2-quinolinylmethoxy) benzenemethanol) from Purdue
Frederick, CT, U.S.A. WEB 2086 and chlorpheniramine were
dissolved in saline. PF 5901 was dissolved in DMSO before
dilution in saline. The final DMSO concentration injected
was 3% v/v. Purified guinea-pig anti-ovalbumin IgG, was a

0

x

4)

._
0

a,._

0

a
12

10

8

6

4

2-

0

l*

gift from Dr H.J. Showell, Pfizer Central Research, CT,
U.S.A.

Statistical analysis

Results are expressed as the means ± s.e.mean for n animals
where each datum unit is the average of responses in dup-
licate sites. Data were analyzed by two-way analysis of
variance (ANOVA) of log transformed data and statistical
significance determined with the Neuman-Keuls procedure
for repeated comparisons (Snedecor & Cochran, 1967).

Results

Antigen-induced plasma leakage and eosinophil
accumulation during PCA reactions

Injection of antigen into guinea-pig skin sites previously sen-
sitized with 1/50 dilution of anti-BGG antiserum led to a
marked and dose-dependent eosinophil accumulation meas-
ured over 2 h (Figure la). Even at the lowest antigen dose
tested (0.04 ,g/site) there was a 10 fold increase in "'In-
eosinophil accumulation compared with control sites. Oede-
ma formation was also dose-related, although with a flatter
dose-response curve (Figure lb). In the same experiments the
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Figure 2 Long time course of "'In-eosinophil accumulation (a) and
plasma leakage (b) during passive cutaneous anaphylaxis responses
in guinea-pig skin. Sites were injected with antisera (1/50 dilution,
50 jd/site) before injection of BGG (I pLg/site, solid columns) or
saline (open columns). Responses obtained in sites pretreated with
saline before injection of BGG are also shown (cross-hatched col-
umns). BGG or saline was injected at intervals (as shown on the
abscissa scale). "'In-eosinophils and "I5I-HSA were injected i.v. and
responses measured over a period of 2 h. Results are the
mean ± s.e.mean for n = 6-11 animals. Asterisks indicate a signifi-
cant difference from the BGG responses: **P<0.01.
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Figure 3 Short time course of "'In-eosinophil accumulation (a) and
plasma leakage (b) during passive cutaneous anaphylaxis responses
in guinea-pig skin. Sites were injected with antisera (1/50 dilution,
50 il/site) 24 h before injection of BGG (I pg/site, solid columns).
BGG was injected at intervals (as shown on the abscissa scale).
Responses obtained in sites pretreated with saline before injection of
BGG are also shown (open columns). Dashed lines indicate control
responses to saline. "'In-eosinophils and "I5I-HSA were injected i.v.
and responses measured over a period of 30 min. Results are the
mean ± s.e.mean for n = 5 animals. Asterisks indicate a significant
difference from the BGG responses: *P<0.05; **P< 0.01.
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highest dose of antigen (25 jig) did not cause exudation or
cell accumulation at naive sites. The submaximal dose of 1 pg
of BGG was used for subsequent experiments.
The temporal development of the PCA response was then

studied in two stages, using a long and a short time course
(Figures 2 and 3, respectively). For the long time course
sensitized sites were challenged at different time points (22, 5,
2 and 0 h) prior to i.v. administration of "'In-eosinophils and
'25I-HSA and the reaction was then measured over a period
of 2 h. Using this technique, eosinophil accumulation was
detected only during the period after injection of radio-
labelled cells, allowing the examination of rates of accumula-
tion at different periods during the reaction. A pronounced
eosinophil accumulation was observed at sites challenged at
the time of "'1In-eosinophil injection (t = 0-2 h, Figure 2a).
In contrast, no accumulation of "'In-eosinophils was observ-
ed at sites challenged 2, 5 or 22 h before injection of
radiolabel. Increased plasma leakage was also only apparent
during the first measurement period (t = 0-2 h, Figure 2b).
In short time course experiments we modified this protocol to
examine "'In-eosinophil and plasma leakage over 30 min
time intervals during the first 2 h of the PCA reaction. Sen-
sitized sites were challenged at 90, 60, 30 or 0 min prior to
the i.v. injection of "'In-eosinophils and '25I-HSA. Figure 3
shows that while the leakage of plasma was almost complete
during the first 30 min (Figure 3b), "IIn-eosinophil continued
to accumulate throughout the 2h period (Figure 3a).
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Therefore, in subsequent experiments measurements were
made over the first 2 h of the reaction.

Study of the mediators involved in the PCA reaction

The effects of chlorpheniramine (2.5 x 10-8 mol/site), an Hj-
receptor antagonist; WEB 2086 (10-' mol/site), a PAF recep-
tor antagonist; and PF 5901 (10-7 mol/site), a 5-lipoxygenase
inhibitor; were tested against cutaneous anaphylactic res-
ponses elicited by 1 jig of BGG. It was observed that none of
these drugs, when given alone, was capable of significantly
reducing "'In-eosinophil accumulation (Figure 4a) during the
PCA reaction. Plasma leakage in response to this dose of
antigen was partially inhibited by chlorpheniramine, but not
by WEB 2086 or PF 5901 (Figure 4b). At control sites in the
same experiments PAF (10-9mol/site) and AA (3 x 10-8
mol/site) caused the accumulation of "'In-eosinophils and
these responses were abolished by WEB 2086 or PF 5901
respectively. The inhibition of AA by PF 5901 indicates that
the effect of AA is probably mediated by metabolism to
chemotactic 5-lipoxygenase products such as LTB4. Hista-
mine (2.5 x 10-8 mol/site) was unable to induce "' In-
eosinophil accumulation (Figure 4c).
The effect of a combination of the three drugs (chlor-

pheniramine, WEB 2086 and PF 5901) was then tested
against the PCA response. As shown in Figure 4b the com-
bined treatment virtually abolished oedema formation, but
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Figure 5 Effect of chlorpheniramine on "'In-eosinophil accumula-
tion (a) and plasma leakage (b) during 48/80-induced reactions. The
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ponses to saline. Results are the mean ± s.e.mean for n = 4 animals.
*P<0.05; **P<0.01.

had no significant effect on cell accumulation (Figure 4a). In
further experiments, purified anti-ovalbumin IgG1 (2 ptg/site)
was used to sensitize the guinea-pig skin. Challenge of sites
sensitized with IgG1 elicited similar "'In-eosinophil responses
to those occurring at sites sensitized with unfractionated sera.

Again a combination of chlorpheniramine, WEB 2086 and
PF 5901 had no effect on the accumulation of "'In-

eosinophils, i.e. PCA = 21.45 ± 6.27 x 103 "'In-eosinophils/
site and PCA + drug combination = 17.02 ± 7.80 x 10' "'In-
eosinophils/site, for n = 5 animals.

"'In-eosinophil accumulation and oedema formation
induced by compound 48/80 in the guinea-pig skin

Figure 5 shows that the local injection of compound 48/80
(1-100 pLg/site) led to a dose-related increase in "'In-
eosinophil accumulation (Figure Sa) and oedema formation
(Figure 5b) over 2 h in guinea-pig skin. The kinetics of this
reaction are illustrated in Figure 6. As with the responses
observed during the PCA reaction, the plasma leakage
induced by 100 jig of compound 48/80 was almost complete
during the first 30 min (Figure 6b) while "'In-eosinophils
continued to accumulate throughout the 2 h period (Figure
6a). Since compound 48/80 is a potent mast cell de-
granulating agent, one likely mediator to be involved in these
reactions is histamine. The role of histamine was investigated
by co-injecting different doses of compound 48/80 with the
HI antagonist, chlorpheniramine. It was observed that chlor-
pheniramine significantly inhibited the oedema formation
(Figure 5b) without significantly reducing cell accumulation
in all 48/80 doses used (Figure 5a). In addition, as observed

Figure 6 Time course of "'In-eosinophil accumulation (a) and
plasma leakage (b) induced by 48/80 in guinea-pig skin. Compound
48/80 (100 jig/site) was injected at intervals (as shown on the abscissa
scale). Dashed lines indicate control responses to saline. "'In-
eosinophils and "'I-HSA were injected i.v. and responses measured
over a period of 30 min. Results are the mean ± s.e.mean for n = 4
animals. Asterisks indicate a significant difference from the saline
responses: P< 0.01.

with the PCA reaction, the combination of these drugs failed
to inhibit significantly eosinophil accumulation induced by
100 fig of compound 48/80, i.e. 48/80 = 27 ± 13.68 x 10'

"'In-eosinophils/site and 48/80 +drug combination= 16.85+
5.79 "'In-eosinophils/site, for n = 5 animals.

Discussion

The present results show that antigen challenge at sensitized
sites induced a dose-dependent "'In-eosinophil accumulation
and oedema formation in guinea-pig skin. Time course

experiments over 24 h revealed that the maximal rate of
"'In-eosinophil accumulation occurred over the first 90 min
while odema formation was mainly completed within the first
30 min after antigen challenge. Thus, no evidence of a late
response was found as far as these parameters were con-
cerned. Although eosinophil accumulation is often considered
a feature of the late phase response to antigen in both the
skin and the airways, several investigators have also observed
eosinophil infiltration within an hour of antigen challenge.
Atkins et al. (1973) noted perivascular eosinophils in skin
biopsies following ragweed challenge of sensitive patients
which began at about 20 min and continued to increase over

4 h. Extracellular deposition of eosinophil granule contents
such as eosinophil derived neurotoxin and major basic pro-
tein, can be detected within 15 min of challenge and are

deposited throughout the dermis by 3 h (Leiferman et al.,
1990). An early phase influx of eosinophils (30min after
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challenge) was also observed in the nasal mucous membrane
of patients with allergic rhinitis (Lozewicz et al., 1991). It is
also possible that in the present study the sensitization proce-
dure employed accounts for the absence of a more prolonged
"'In-eosinophil accumulation. In models of actively, as
opposed to passively sensitized guinea-pigs, two peaks of
eosinophil recruitment were observed in the lungs and con-
junctiva (Chan et al., 1990; Makino et al., 1991).

Although some attempts have been made to determine the
chemical mediators involved in tissue eosinophilia in cutan-
eous anaphylaxis (Kay, 1970; Hirashima et al., 1983) this
reaction has not yet been fully characterized. Histamine is a
well-established mediator of mast cell-dependent responses
and is partly responsible for the oedema formation observed
in the PCA reactions in the guinea-pigs (Weg et al., 1991).
Since histamine was reported to be chemotactic for human
eosinophils in vitro (Clark et al., 1975) we investigated the
potential role of this mediator in causing eosinophil accumu-
lation in the PCA response. We observed that the intrader-
mal administration of histamine while inducing plasma
leakage caused little cell accumulation and that treatment of
PCA sites with the HI antagonist, chlorpheniramine, failed to
affect "'In-eosinophil infiltration in this reaction. It is there-
fore unlikely that endogenous histamine can account for the
"'In-eosinophil accumulation in guinea-pig PCA reactions.

Other possible contributors to the accumulation of "'In-
eosinophils in the present model may include lipid mediators
such as LTB4 and PAF. LTB4, in addition to its potent
effects on neutrophils (Ford-Hutchinson et al., 1980), is also
chemotactic for eosinophils in vitro (Czarnetzki & Mertens-
meier, 1985). The intradermal injection of LTB4 is. also
potent in inducing the accumulation of "'In-eosinophils in
the guinea-pig (Faccioli et al., 1991). The eosinophil chemo-
attractant activity produced by challenged-sensitized guinea-
pig lung fragments, formerly thought to reside in small pep-
tides, was later identified as LTB4 and 8,15-di-HETE (Sehmi
et al., 1991). Further, aerosolized LTB4 administered by
inhalation to guinea-pigs was shown to induce eosinophil
accumulation (Silbaugh et al., 1987) and a selective LTB4
antagonist to inhibit eosinophil accumulation induced by
antigen challenge (Richards et al., 1989). PAF has been
shown to be a potent mediator in stimulating human
eosinophil chemotaxis in vitro (Wardlaw et al., 1986) and
induces the accumulation of eosinophils when administered
to a skin window chamber in man (Henocq & Vargaftig,
1988). Furthermore, the ability of PAF to mimic several
aspects of antigen challenge including bronchoconstriction,
increased bronchial reactivity and tissue oedema formation
(reviewed in Braquet et al., 1987) suggests a potential role for
PAF in the mediation of allergic responses.

In the present study, the local administration of a PAF
antagonist, WEB 2086, had no significant effect on local
eosinophil accumulation in the PCA suggesting that endoge-
nous PAF is unlikely to be involved in attracting eosinophils.
There was no evidence for the generation of chemotactic
5-lipoxygenase products since PF 5901 was without effect.
However, PF 5901 is not a potent inhibitor and it is possible
that other 5-lipoxygenase inhibitors may be active in this
model. In addition, contrary to the effect on oedema forma-
tion, the combination of WEB 2086, PF 5901 and chlor-
pheniramine did not significantly affect the accumulation of
radiolabelled eosinophils. Experiments were also performed
with purified IgG,. Results from such experiments gave very
similar results to those obtained with unfractionated sera,
further indicating that IgG, is likely to be the predominant
antibody type responsible for the anaphylactic reactions
investigated in these experiments. The apparent lack of
involvement of PAF and LTB4 in the present system differs
from other reports where these mediators appear to be im-
plicated in the eosinophil accumulation observed in models
of lung anaphylaxis in the guinea-pig (Silbaugh et al., 1987;
Lellough-Tubiana et al., 1988; Richards et al., 1989; Gulben-
kian et al., 1990). Several Factors could account for diff-

erences between cutaneous and lung anaphylaxis. Among
those is the fact that subpopulations of mast cells show
functional heterogeneity in their ability to respond to
immunological (IgE/IgG,-dependent) or non-immunological
(e.g. substance P, compound 48/80) stimuli (Church et al.,
1991).
Mast cells from guinea-pig lung and mesentery are almost

totally unresponsive to non-cytotoxic concentrations of 48/80
(Ennis & Pearce, 1980; Barrett et al., 1982). Similarly,
dispersed human lung mast cells (Ennis, 1982), failed to
release histamine on incubation with low doses of 48/80. In
contrast, 48/80 injected intradermally in the guinea-pig
liberates local histamine which is accompanied by mast cell
degranulation (Kay, 1970). In the same way human skin
mast cells are able to respond to non-immunological stimuli
such as compound 48/80 (Atkins et al., 1973; Dor et al.,
1983). Thus guinea-pig lung and cutaneous mast cells appear
to respond similarly to the corresponding human cells when
challenged with 48/80. Furthermore, the fact that guinea-pig
skin, but not lung mast cells, respond to 48/80 indicates
functional heterogeneity between mast cell populations within
this species. These observations were further extended in this
study. The local administration of 48/80 in guinea-pig skin
led to a dose-related oedema formation which was accom-
panied by the accumulation of radiolabelled-eosinophils at
doses ranging from 1-1I00 g/skin site of the secretagogue.
Furthermore, the co-injection of 48/80 with the HI antagonist
chlorpheniramine markedly inhibited the oedema formation
induced by all doses of 48/80. In addition, like the results
observed with the PCA responses, the PAF antagonist
WEB 2086 and the 5-lipoxygenase inhibitor PF5901 alone or
in combination failed to inhibit the local infiltration of "'In-
eosinophils.
Taken together these results suggest that mast cell products

can be chemotactic for eosinophils and that these mediators
can be released after immunological and non-immunological
stimulation. From the results presented in this paper it seems
unlikely that PAF, LTB4 or histamine account for the
eosinophil accumulation observed during guinea-pig PCA.
Recently, it has been demonstrated that mast cells are able to
produce a group of cytokines including interleukin-3 (IL-3),
IL-4, IL-5 and GM-CSF (Plaut et al., 1989; Wodnar-
Filipowicz et al., 1989), all of which have been implicated in
the process of leukocyte accumulation (reviewed in Nours-
hargh, 1993). Furthermore, normal mast cells contain sub-
stantial stores of preformed tumour necrosis factor-a (TNFx)
that are available for immediate release upon appropriate
stimulation of the cell (Gordon et al., 1990). Some evidence
suggests that TNF (Watson et al., 1993) may play a role in
eosinophil accumulation, perhaps because of its action in
inducing adhesion molecule expression on the endothelium,
or alternatively it may be an intermediate in triggering the
release of eosinophil chemoattractants. Recently, two mem-
bers of the C-C chemokine family, namely RANTES and
MIP-1a, have been shown to induce the migration and
activation of eosinophils in vitro (Kameyoshi et al., 1992; Rot
et al., 1992). Neither RANTES nor MIP-la exhibit neutro-
phil activating properties (Rot et al., 1992; Kameyoshi et al.,
1992). Furthermore, intradermal injection of IL-8 in the
guinea-pig caused significant accumulation of radiolabelled
eosinophils in vivo (Collins et al., 1993). It is possible that
these and/or other unidentified factors are contributing for
the eosinophil accumulation observed in the present study
and the generation and activity of such mediators are cur-
rently under investigation.

In summary, the present study indicates that eosinophil
accumulation in this model of allergic inflammation involves
mediators other than histamine, PAF or 5-lipoxygenase prod-
ucts. This is in contrast with the plasma leakage in this
reaction, which can be abolished by a combination of
antagonists blocking the effects of these mediators (Weg et
al., 1991). The characterization of novel eosinophil attrac-
tants may allow the development of anti-inflammatory drugs
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which inhibit eosinophil-mediated tissue damage in allergic
disease.

This work was supported by the National Asthma Campaign, British
Biotechnology Ltd and CAPES, Brazil.
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Inhibition by KF17837 of adenosine A2A receptor-mediated
modulation of striatal GABA and ACh release
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& '*Peter J. Richardson
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1 The effect of the A2A adenosine receptor agonist, 2-p-(-2-carboxyethyl)phenethyl-amino-5'-N-
ethylcarboxamidoadenosine (CGS 21680) on the potassium evoked release of [3H]-y-aminobutyric acid
([3H]-GABA) from nerve terminals derived from the caudate-putamen and the globus pallidus of the rat
was compared. In both preparations CGS 21680 (1 nM) inhibited the [3H]-GABA release evoked by
15 mM KCI but had no effect on that evoked by 30 mM KCl.
2 The ability of CGS 21680 (1 nM) to inhibit the release of [3H]-GABA from striatal nerve terminals
was unaffected by the presence of the GABA receptor antagonists, bicuculline (10 gM), phaclofen
(1001iM) and 2-hydroxysaclofen (100ZtM). Similarly the opioid receptor antagonist, naloxone (10 fiM),
the adenosine Al receptor antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, 40 nM), and the
cholinoceptor antagonists, mecamylamine (10lM) and atropine (100 nM) had no effect on this inhibi-
tion.
3 The ability of CGS 21680 (0.1 nM) to stimulate the release of [3H]-acetylcholine ([3H]-ACh) from
striatal nerve terminals was unaffected by the presence of bicuculline (10 iM), 2-hydroxysaclofen
(10011M), phaclofen (100 AM), naloxone (1Op1M) and DPCPX (4nM).
4 The novel A2A receptor antagonist, (E)-8-(3,4-dimethoxystyryl)-1,3-dipropyl-7-methylxanthine (KF
17837), blocked the CGS 21680 (1 nM)-induced inhibition of [3H]-GABA efflux with an EC5 of approx-
imately 30 nM and also antagonized the CGS 21680 (0.1 nM)-induced stimulation of [3H]-ACh release
with an EC50 of approximately 0.3 nM.
5 It is concluded that the A2A adenosine receptor is present on both GABAergic and cholinergic nerve
terminals of the rat striatum and that in both the caudate-putamen and the globus pallidus this receptor
inhibits [3H]-GABA release. No evidence was seen for a difference in the ligand binding sites of this
receptor in the two groups of nerve terminals.

Keywords: Acetylcholine release; GABA release; CGS 21680; A2A adenosine receptor; rat striatum; globus pallidus; KF17837

Introduction

The adenosine A2A receptor has been reported to have a
number of effects in the CNS, including the modulation of
transmitter release (Simpson et al., 1992; Kirkpatrick &
Richardson, 1993; Kirk & Richardson, 1994), the regulation
of dopamine D2 receptor affinity (Ferre et al., 1991a) and the
control of motor behaviour (Green et al., 1982; Brown et al.,
1991; Barraco et al., 1993; Vellucci et al., 1993). This recep-
tor, whose mRNA has been localised by in situ hybridisation
to the GABAergic striato-pallidal medium-spiny neurones
(Schiffman et al., 1991), has been shown to inhibit y-amino
butyric acid (GABA) release from striatal nerve terminals
(Kirk & Richardson, 1993; 1994). There is also considerable
evidence for the presence of A2A receptors on striatal
cholinergic nerve terminals (Brown et al., 1990; James &
Richardson, 1993; Kirk & Richardson, 1993; 1994; Kirkpat-
rick & Richardson, 1993), despite the fact that in situ hy-
bridisation, using probes derived from the cloned A2A recep-
tor sequence (Maenhaut et al., 1990) failed to detect any
expression of A2A receptor mRNA in striatal cholinergic
neurones (Schiffman et al., 1991). Although this may have
been because the levels of mRNA expression in these cells
was below the limit of detection, it is also possible that the
receptors present on the two nerve terminal populations are
significantly different in their primary sequences.
The density of the A2A receptor is between 4 and 10 fold

greater in the striatum than other regions of the CNS (Bruns
et al., 1987), even though some A2A like receptor effects have
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been observed in other areas of the brain (Barraco & Phillis;
1991; Simpson et al., 1992; Sebastiao & Ribeiro, 1992). Since
the A2A receptor is present on the striato-pallidal neurones
which are overactive in Parkinson's disease (Mitchell et al.,
1990), and because the A2A receptor tends to oppose the
influence of dopamine D2 receptors in vitro and in vivo,
(Brown et al., 1990; Ferre et al., 1991b; 1993; Vellucci et al.,
1993; Schiffman & Vanderhaghen, 1993) there has been some
interest in the use of A2A receptor antagonists as therapies for
Parkinsons disease (e.g. Ferre & Fuxe, 1992). It is therefore
important to characterize fully the effects of A2A receptor
stimulation. In this context it is interesting to note that in
contrast to our results describing an inhibition of [3H]-GABA
release by the A2A receptor, it has been reported that this
receptor stimulates GABA release from slices of the globus
pallidus (Mayfield et al., 1993). There are a number of possi-
ble explanations for these conflicting results, including the
possibility that the effects of A2A receptor stimulation may
differ in the caudate-putamen and the globus pallidus. We
therefore set out to determine whether any significant
difference can be observed in the effect of the A2A receptor on
GABA release in these two areas of the striatum. Since there
is also a discrepancy between the localization of the A2A
receptor mRNA and its observed effects on the striatal
cholinergic nerve terminal, we have also further characterized
the effects on acetylcholine (ACh) release. In particular we
have checked that they were not simply a consequence of an
inhibition of endogenous GABA release, which could have
reduced the inhibitory action of endogenous GABA on
labelled ACh release.

(9" Macmillan Press Ltd, 1994
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Recently a novel A2A receptor antagonist, (E)-8-(3,4-dime-
thoxystyryl)-1 ,3-dipropyl-7-methylxanthine (KF17837), has
been synthesized which shows much greater selectivity for
this receptor than those previously available (Nonaka et al.,
1994). This therefore could provide an opportunity for deter-
mining whether the adenosine receptor(s) responsible for
modulating both ACh and GABA release are of the A2A
subtype, and whether or not they can be distinguished by this
ligand.

Methods

Subcellular fractionation

Nerve terminals were prepared from the striatum of adult
Wistar rats of either sex. In most experiments the whole
striatum, including both caudate-putamen and globus pal-
lidus, was used but in experiments where the differences
between the two areas of the striatum were being inves-
tigated, great care was taken to dissect each area free of the
other. After dissection the tissue was homogenized in 0.32 M
sucrose, 10 mM HEPES (pH 7.4) with a motor driven (640
r.p.m.), loose fitting Teflon-glass homogenizer. After centri-
fugation (1,000 g, 10 min, 4'C) the terminals were purified on
a Percoll gradient (Verhage et al., 1989) and resuspended in a
balanced salt solution (pH 7.4) of the following composition
(mM): NaCl 126.4, KCI 3.6, NaH2PO4 0.4, NaHCO3 5, HEPES
20, MgCl2 1, glucose 10 and CaCl22. After centrifugation
(15,000 g, 20 min, 4C) the nerve terminals were stored on ice
for up to 3 h prior to use.

[3H]-GABA release assays

The nerve terminals were resuspended in the balanced salt
solution containing 0.1 mM aminoxyacetic acid to give a final
protein concentration of 0.5-1.5 mg ml-' and then incubated
at 37°C for 10 min, after which [3H]-GABA was added to
give a final concentration of 0.0 14 14M (1 pCi ml-') in the
presence of 0.1 JiM unlabelled GABA. After incubation at
37°C for 60 min the nerve terminals were diluted 1:4 with
perfusion buffer of the following composition (mM): NaCl
125, KCl 3, NaH2PO4 1, NaHCO3 22, MgCl2 1.3, glucose 10,
CaCI2 1.3 containing 0.05 mM aminooxyacetic acid; 1 u ml-'
adenosine deaminase and 1 JiM nipecotic acid. The terminals
were then drawn into perfusion chambers containing What-
man GF/B filters where they were superfused at 37°C at a
rate between 0.4 and 0.5 ml min-' and constantly aerated
with 95% 02/5% CO2. A series of 8 parallel perfusion
chambers were used. Control and test conditions were per-
formed in duplicate, thereby allowing a maximum of three
drug concentrations plus controls to be tested with any one
set of stimuli. After an equilibration period of 36 min, sam-
ples were collected at 2 min intervals and counted for
radioactivity. Release of [3H]-GABA was evoked by inclusion
of elevated KCI (15 mM) for 90s in the perfusion buffer.
Isotonicity was maintained by a corresponding reduction in
the NaCl concentration. The evoked release for each stimulus
was expressed as a percentage of the total amount of
radiolabel present in the synaptosomes at the point at which
release was evoked. Evoked release was calculated by sub-
tracting basal release from total release for each stimulus.

Modulation of release was assessed by changes in the ratio
of the 3H-label released between two stimuli spaced 12 min
apart (i.e. S2/S1 ratio). The individual test ratios were then
expressed as a percentage of the mean ratio in the control
perfusions in order to normalize the data. Experimental con-
trols were run in parallel, i.e. both stimuli contained elevated
KCI alone, while test experiments included putative modu-
lators in the second stimulation. Agonists were added during
the depolarizing stimulus only, whereas antagonists were per-
fused 6min prior to, and during depolarization. Using this
system it was possible to carry out a total of four stimuli on

any one run, thus enabling a second set of release ratios to
be calculated.

[3H]-acetylcholine release assays

Two methods were used to assess the effect of A2A receptor
stimulation on the release of [3H]-ACh. In the perfusion
method a similar system to that described above was used
except 1.OIM [3H]-choline was used to label the terminals
and physostigmine (100 tIM) was included in the loading
buffer (pH 7.4) which had the following composition (mM):
NaCI 125, KCI 4.75, MgCl2 1.4, CaC12 2.0, HEPES 20.0 and
glucose 10.0 and the synaptosomes incubated for 30 min at
37°C. The identity of the 3H label released by elevated KCI
concentrations in this system has been shown to be greater
than 75% ACh (Kirk & Richardson, 1994). In the second
method, after a 2 min preincubation at 37'C the release of
ACh was evoked from the nerve terminals by the addition of
75tiM veratridine in the presence of 100pM physostigmine.
After a further 2 min the reaction was stopped by centrifuga-
tion at 10,000 g for 2 min at 0'C. The release of [3H]-ACh
into the supernatant was then measured by the choline kinase
extraction method (Pittel et al., 1990), as modified by Kirk-
patrick & Richardson (1993).

Drugs and chemicals

[3H]-GABA (60 Ci mmol ') and [3H]-choline (75 Ci mmol ')
were obtained from Amersham International. Phaclofen, 2-
hydroxysaclofen, naloxone, physostigmine, bicuculline, atro-
pine, mecamylamine, nipecotic acid, Percoll, amino-oxyacetic
acid and adenosine deaminase were all from Sigma Chemi-
cals. 2-p-(-2-Carboxyethyl)phenethylamino 5'-N-ethylcarbox-
amidoadenosine (CGS 21680) and 8-cyclopentyl-1,3-dipropyl-
xanthine (DPCPX) were from Research Biochemicals Incor-
porated. (E)- 1,3-dipropyl-7-methyl-8-(3,4-dimethoxystyryl)
xanthine (KF17837) was from Kyowa Hakko Kogyo Co.
Ltd., Shinzuoka-Ken, Japan. DPCPX and KF17837 were
dissolved in dimethylsulphoxide, the final concentration of
this solvent being 0.02%. KF17837 is stereoselective, the E
isomer exhibiting a higher affinity for the A2A receptor than
the Z isomer. Exposure of the E isomer to visible light results
in a photo-isomerization which finally results in a stable
mixture of the two isomers. Such a mixture was used in these
experiments, in which the ratio of the E to Z isomers was 2:8
(Nonaka et al., 1994). All other chemicals were of the highest
available purity and were obtained from BDH Chemicals.

Statistics

Statistical analysis of the normalized data (derived from each
individual determination) was evaluated using either a one
way analysis of variance (ANOVA) followed by a Dunnett's
test, when making multiple comparisons from the same set of
data with control values. Alternatively, Student's t test was
used for comparing individual treatments with their respec-
tive controls. In both cases a probability of P<0.05 was
accepted as denoting a statistically significant difference.

Results

In order to determine if there was a difference in the effect of
adenosine A2A receptor stimulation in two areas of the
striatum, the effect of the A2A selective agonist, CGS 21680
(Jarvis et al., 1989; Lupica et al., 1990) on [3H]-GABA
release was measured separately in nerve terminals derived
from the caudate-putamen and the globus pallidus. CGS
21680, 1 nM, was used as this concentration of the A2A
agonist has previously been shown to have a maximal effect
on [3H]-GABA release from nerve terminals derived from the
whole striatum (Kirk & Richardson, 1994). Figure 1 shows
that CGS 21680 (1 nM) inhibited the release of [3H]-GABA
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from both areas of the rat striatum when the stimulus was
15 mM KCl but not when the efflux of [3H]-GABA was
evoked by 30 mM KCI (Figure la,b). In the globus pallidus
the inhibition of [3H]-GABA release was 22.2 ± 3.8% (n = 4,
Figure la) while the same concentration of CGS 21680
reduced the efflux of tritiated GABA from the caudate-
putamen by 23.1 ± 3.2% (n= 11, Figure lb). Figure 1 also
shows that the selective A2A antagonist, KF17837, greatly
impaired the CGS 21680-mediated inhibition of [3H]-GABA
release. In the presence of KF17387 (100 nM), CGS 21680
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Figure 1 A2A receptor-mediated inhibition of [3H]-GABA release
from nerve terminals of either (a) the globus pallidus or (b) caudate-
putamen. Nerve terminals were perfused as described and the release
of [3H]-GABA evoked by 15 mm KCl (open columns), 15 mm KCI
with 100 nm KF17837, (hatched columns) or 30mM KCl (solid
columns); all in the presence of I nM CGS 21680. The results are
expressed as % inhibition of the control release of [3H]-GABA, i.e.
that evoked by elevated KCI in the absence of CGS 21680, and are
means ± s.e.mean of 3 experiments, each experiment containing trip-
licate determinations. *Indicates significantly different from the
inhibition of release induced in the presence of 15 mM KCI
(P< 0.05).

(1 nM) inhibited the efflux of [3H]-GABA by only 8.9 ± 2.0%
(n = 4) in the globus pallidus (Figure la) and by 8.0 ± 0.5%
(n = 3) in the caudate-putamen (Figure lb). Since A2A recep-
tor stimulation had similar effects in both areas of the
striatum subsequent experiments were performed using nerve
terminals derived from the whole striatum.

Table 1 illustrates that neither the GABAA antagonist,
bicuculline (10 gM) nor the GABAB antagonist, 2-hydroxy-
saclofen (100 gM), had any effect on the potassium-evoked
release, nor on the ability of CGS 21680 (1 nM) to inhibit
evoked [3H]-GABA release. Similarly, the potassium-evoked
release of [3H]-GABA, and its inhibition by CGS 21680, were
unaffected by the presence of the cholinoceptor (muscarinic
and nicotinic) antagonists atropine (100 nM) and mecamyl-
amine (1OIM). Since the striato-pallidal neurone bearing A2A
receptors also express Met-enkephalin (Schiffman et al.,
1991), the effect of the opioid receptor antagonist, naloxone
(10 gM), on the inhibition of [3H]-GABA release was also
assessed, as was the Al receptor antagonist, DPCPX (40 nM).
Once again no effect was observed. None of the antagonists
used had a significant effect on the basal efflux of [3H]-GABA
(data not shown).

Table 2 demonstrates that the ability of CGS 21680
(0.1 nM) to enhance the release of [3H]-ACh from rat striatal
synaptosomes is also unimpaired by the presence of GABA,
opioid or Al adenosine receptor antagonists. The concentra-
tion of CGS 21680 (0.1 nM) was chosen because it was
previously shown to affect the evoked efflux of [3H]-ACh
maximally (Kirkpatrick & Richardson, 1993). The antago-
nists used were: bicuculline (10 IM), 2-hydroxysaclofen (100
sM), phaclofen (100 AM) and DPCPX (4 nM). None of the
antagonists used had any effect on the evoked release of
[3H]-ACh (see Table 2) nor on the basal efflux (data not
shown).

In a previous study, we reported that increasing concentra-
tions of CGS 21680 enhanced the veratridine-evoked efflux of
[3H]-ACh (Kirkpatrick & Richardson, 1993) but in these
experiments [3H]-ACh release was measured by a batch
analysis method. When using this particular method it is
more likely that the continued presence of endogenous
released neurotransmitter(s) could affect the release of other
(labelled) transmitters. Therefore, we investigated the effect
of GABA receptor antagonists and naloxone on the ability of
CGS 21680 to increase the veratridine (75 AM)-evoked release
of [3H]-ACh. Table 2 shows that under these conditions
CGS 21680 (0.1 nM) enhanced the release of [3H]-ACh by
22.7 ± 6.4% (n = 3). This augmentation was unaffected by
the presence of the GABA receptor antagonists, bicuculline
(10 tM) and phaclofen (100 PM), and naloxone (10 rM). No
effects on either the veratridine-evoked release of [3H]-ACh
(see Table 2) nor the basal efflux were seen with any of the
antagonists used.
Having established that there are adenosine A2A-like recep-

tors on both cholinergic and GABAergic nerve terminals, we
assessed further the ability of the novel A2A antagonist,
KF17837, to inhibit the modulation of transmitter release.

Table 1 The effects of various antagonists on the evoked release of [3H]-GABA from rat striatal synaptosomes in the presence and
absence of CGS 21680 (1 nM)

Antagonists
alone

None
Bicuculline (10IM) plus
2-hydroxysaclofen (100 nM)
Atropine (100 nM) plus
mecamylamine (10 gM)
Naloxone (10 gM)
DPCPX (40 nM)

100.0 ± 3.0 (14)

100.0 ± 4.G (4)

97.4 ± 8.3 (3)
93.6 ± 6.6 (4)
92.1 ± 1.3 (3)

Antagonists plus
CGS 21680

75.5 ± 3.2 (14)

75.9 ± 7.2 (4)*

73.0 ± 3.7 (3)*
79.8 ± 5.0 (4)*
67.7 ± 6.4 (3)*

Results are expressed as a percentage of the release observed in the controls (i.e. 15 mm KC1 alone) and are means ± s.e.mean from the
number of experiments indicated in parentheses, each experiment containing duplicate determinations. In the control experiment the
S2/S I ratios were 1.180 ± 0.033. *Indicates significantly different from antagonists alone.
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Table 2 The effect of various antagonists on the 15 mM KCI-evokeda and veratridine (75 pM)-evokedb release of [3H]-ACh from rat
striatal synaptosomes, in the presence and absence of CGS 21680 (0.1 nM)

Antagonists
alone

None'
Bicuculline (10 juM) plus
2-hydroxysaclofen (100liM)4
DPCPX (4 nM)4
Noneb
Bicuculline (10 fiM) plus
phaclofen (100 jM)b
Naloxone (1O jLM)b

100.0±2.7 (6)

113.3 ± 7.8 (3)
98.2 ± 4.6 (3)
100.0 ± 3.3 (3)

100.0± 11.8 (3)
100.0 ± 2.6 (3)

Antagonists plus
CGS 21680

155 ± 8.1 (6)

146.7 ± 0.3 (3)*
153.4 ± 6.2 (3)*
122.7 ± 6.4 (3)

121.9 ± 0.3 (3)*
118.7 ± 6.3 (3)*

Results are expressed as a percentage of the release observed in the controls (i.e. 15 mm KCl alone or veratridine alone) and are
means ± s.e.mean from the number of experiments indicated in parentheses, each experiment containing duplicate determinations. In
the perfusion experiments the S2/S I ratios were 1.090 ± 0.036. *Indicates significantly different from antagonists alone (P <0.05).

Figure 2 demonstrates that increasing concentrations of
KF17837 (0.1-100 nM) inhibited A2A receptor-mediated
modulation of [3H]-ACh and [3H]-GABA release. Figure 2a
illustrates that in these experiments CGS 21680 (1 nM) alone
decreased the release of [3H]-GABA by 30.1 ± 3.2% (n = 8)
and that this effect was antagonized in a dose-dependent
manner by increasing concentrations of KF17837; the IC50
being approximately 30 nM with a maximal inhibition of the
effect of CGS 21680 occurring at 100 nM. This maximal con-
centration of KFI7837 alone had no significant effect on
either the evoked (an inhibition of 5.7 ± 8.2%, n = 4) or
basal release of [3H]-GABA. The effects of increasing concen-
trations of KFI7837 on [3H]-ACh release, evoked by 15 mM
potassium in perfusion experiments, are shown in Figure 2b.
In the absence of KF17837, CGS 21680 (0.1 nM) increased
the efflux of [3H]-ACh by 55.5 ± 6.9% (n = 4). KF17837
(0.1-1O nM) inhibited the action of CGS 21680 in a dose-
dependent manner with an apparent IC50 of approximately
0.3 nM and its effects appeared maximal at 1 nM (Figure 2b).
In the absence of CGS 21680, KF17837 (10 nM) had no effect
on the evoked (an inhibition of 5.8 ± 2.7%, n = 3) or basal
(data not shown) release of [3H]-ACh.

Discussion

The A'A receptor-mediated inhibition of labelled GABA
release from striatal nerve terminals has already been des-
cribed, and shown to be due to a reduction in calcium-
dependent release (Kirk & Richardson, 1993; 1994). The
experiments described in this paper were undertaken in order
to clarify the effects of the adenosine A2A receptor on trans-
mitter release in the striatum. The recent report that this
receptor stimulated the release of GABA from globus pal-
lidus slices (Mayfield et al., 1993), contradicted our previous
observations that stimulation of A2A receptors inhibited the
release of [3H]-GABA (Kirk & Richardson, 1993; 1994). This
could have been because the overwhelming majority of the
terminals in our preparation were derived from the caudate-
putamen and were not derived from the striato-pallidal
neurones, or that this receptor stimulated release at the
axonal terminals of these neurones in the globus pallidus but
inhibited release at the recurrent collaterals in the caudate-
putamen. The results in Figure 1 clearly demonstrate that
A2A receptor stimulation inhibits [3H]-GABA release from
nerve terminals derived from both the caudate-putamen and
the globus pallidus, and that this inhibition is antagonized in
both regions by the novel A2A antagonist, KF17837. There
are a number of differences between our methodology and
that of Mayfield et al. (1993) including the use of high
potassium concentrations rather than electrical stimulation.
Although it is possible that their results are a consequence of
an inhibition of GABA release by the A2A receptor, resulting
in a reduction of an endogenous tonic (GABA mediated)
inhibition of [3H]-GABA release, the methodology used by
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Figure 2 A2A receptor-mediated inhibition of striatal [3H]-GABA
and [3H]-ACh release by KF17837. Striatal nerve terminals were
perfused as described, and the release of [3H]-GABA (a) or [3H]-ACh
(b) evoked by 15 mM KCI, in the presence of either 1 nm (a) or
0.1 nM (b) CGS 21680 and various concentrations of KF17837. The
results are expressed as % inhibition (GABA) or % stimulation
(ACh) of the control release (i.e. that evoked by 15 mM KCI alone)
and are means ± s.e.mean of experiments each containing duplicate
determinations. *Indicates significantly different from the modulation
of release observed in the absence of KF17837 (P<0.05).

Mayfield et al. (1993) permitted the observation of two A2A
receptor mediated effects, inhibition as well as stimulation.
Since, under the stimulation conditions used in this paper

I =
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(i.e. elevated potassium concentrations), any effect arising
from receptor-mediated modulation of potassium channels
would be negated (McMahon & Nicholls, 1991), it may be
that the stimulation of GABA release observed by Mayfield
et al. (1993) was a consequence of A2A receptor-mediated
inhibition of such a channel.
The results in this paper provide yet more evidence that

the A2A receptor is present on striatal cholinergic nerve ter-
minals. The inability of the GABA receptor and cholinocep-
tor (and other) antagonists to affect A2A receptor-mediated
modulation of transmitter release clearly demonstrates that
the effect of adenosine agonists on acetylcholine release is not
a consequence of a secondary effect mediated by changes in
GABA release in our experimental system. Given the absence
of detectable A2A receptor mRNA in cholinergic neurones
and since A2A agonists inhibit the release of GABA but
stimulate that of ACh (Kirkpatrick & Richardson, 1993;
Kirk & Richardson, 1994), it is possible that more than one
type of A2A receptor exits. Indeed, two A2A-like binding sites
have been reported in human brain (James et al., 1992) and
rat brain (Johansson et al., 1993). It is not however possible
to determine from the data presented whether the ligand
binding sites of the receptors on these two nerve terminals

are the same or different. The concentrations of the
antagonists and agonists affecting the release of ACh and
GABA are different in the two systems, while the relative
potencies of the agonists CGS 21680, N-ethylcarboxamido-
adenosine and R-phenylisopropyladenosine are similar. Inter-
estingly the antagonist KF17837 appeared to be more
effective in blocking the modulation of ACh release than that
of GABA, although it would be necessary to determine the
pA2 value of KF17837 at the A2A receptor on the two nerve
terminals in order to determine whether or not these are
indeed two different receptors.

In summary KF17837, the most A2A-selective antagonist
synthesized to date, is a potent inhibitor of CGS 21680-
mediated modulation of both striatal GABA and ACh
release. Under the conditions described in this paper the A2A
receptor inhibits potassium-evoked release of GABA in both
the caudate-putamen and globus pallidus, while stimulating
the release of ACh.
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Group Research Training Award. We are grateful to Kyowa Hakko
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Vasoconstrictor endothelin receptors characterized in human
renal artery and vein in vitro

'Janet J. Maguire, Rhoda E. Kuc, Gillian O'Reilly & Anthony P. Davenport

Clinical Pharmacology Unit, University of Cambridge, Box 110, Addenbrooke's Hospital, Cambridge CB2 2QQ

1 We have identified the endothelin receptors present in the media of human main stem renal artery
and vein and characterized the subtypes mediating vasoconstriction in these blood vessels in vitro.
2 Messenger RNA encoding both ETA and ETB receptors was identified in the smooth muscle layer of
human renal artery and vein by reverse transcriptase-polymerase chain reaction assay. In cryostat-cut
cross-sections of both vessels autoradiographical visualisation suggested a majority of ETA receptors.
Intense binding was obtained to the non-selective ligand ['25I]-ET-l and the ETA-selective ['25I]-PD151242
but only weak labelling of sites by the ETB-selective ['25I]-BQ3020.
3 ET-1 potently constricted renal artery and vein preparations with EC50 values of 4.06nM and
1.00nM, respectively. Sarafotoxin 6b was approximately ten times less potent than ET-1 with EC%
values of 36.3 nM and 13.8 nM respectively. In the renal artery, ET-3 and sarafotoxin 6c showed little or
no activity up to 300 nM. Responses to these peptides were more variable in the renal vein. Preparations
from three individuals did not respond to ET-3 but in three further cases, although ET-3 was much less
potent than ET-1, full dose-response curves were obtained. S6c elicited dose-related contractions in vein
preparations from 5/6 individuals and although more potent than ET-1, the maximum response was
30-60% of that obtained to ET-1.
4 ET-l-induced vasoconstriction of renal artery and vein was antagonized by the ETA-selective, BQ123
(3-101JM). The dose-response curves to ET-1 were displaced in a parallel rightward fashion with no
attenuation of the maximum responses. pA2 values were estimated to be 6.8 ± 0.1 and 6.8 ± 0.4 for
artery and vein respectively.
5 These data suggest that mRNA encoding both ETA and ETB receptors is present in the media of
human main stem renal artery and vein. However, autoradiographical studies indicate that the majority
of ET receptors expressed are of the ETA subtype. The relative potencies of ET-1 and ET-3 as
vasoconstrictors of renal blood vessels in vitro is consistent with this being an ETA-mediated response,
and therefore whilst responses to S6c indicate that constrictor ETB receptors may be present in renal
veins from some individuals these are likely to be of less importance in these blood vessels.

Keywords: Endothelin; ETA receptor; ETB receptor; human renal artery; human renal vein; vasoconstriction; mRNA detection;
in vitro pharmacology

Introduction

The precise role of the endothelin (ET) peptides in human
renal vascular disease remains to be elucidated, but elevated
plasma ET levels have been reported in conditions of acute
renal failure (Tomita et al., 1989), chronic renal failure
(Stockenhuber et al., 1992), cyclosporine-induced nephrotoxi-
city (DeRay et al., 1991) and following haemodialysis of
uraemic patients (Koyama et al., 1989; Totsune et al., 1989;
Suzuki et al., 1990). Cyclosporine treatment in rats is also
associated with an increase in the density of renal endothelin
binding sites (Nambi et al., 1990).

Subtypes of endothelin receptors have been proposed,
characterized according to the relative potencies of the three
endogenous endothelin isoforms. ET-1 and ET-2 are more
potent than ET-3 at the ETA receptor whereas all three have
equal affinity for the ETB receptors (Sakurai et al., 1992;
Watson & Girdlestone, 1993). The endothelin receptors
which mediate the pathophysiological effects of ET in the
human kidney have not yet been defined; indeed the physio-
logical role of the endothelins and their receptors in the
kidney remains to be clarified. In human kidney, subtype-
selective ligands have identified the presence of both ETA and
ETg receptors. Although ETB receptors comprise 70% of the
total ET receptor population, microautoradiographical
studies indicate that it is the ETA receptors which localize to
the media of the renal resistance vessels (Karet et al., 1993).

Author for correspondence.

This contrasts with findings in the rat, in which renal vaso-
constriction in vivo may be mediated via activation of both
receptor subtypes. This has been determined not only by the
profound pressor effects of selective ETB agonists (Davis et
al., 1991; Clozel et al., 1992; Gardiner et al., 1993) but also
by the inability of selective ETA antagonists to antagonize
completely the vasoconstrictor response to ET-l (Bigaud &
Pelton, 1992; Cristol et al., 1993; Pollock & Opgenorth,
1993). Similar data have been obtained in the rat isolated
perfused kidney (Battistini et al., 1993; Wellings et al., 1994).
The relative density of vasoconstrictor ETA to ETB recep-

tors appears to be dependent on both the vascular bed and
the species studied (Davenport & Maguire, 1994), therefore it
is important to determine the relative contribution made by
each receptor subtype to the regulation of blood flow
through the human kidney. We have obtained segments of
human main stem renal artery and vein and as an initial step
to characterizing vasoconstrictor ET receptors in the human
kidney, we have identified those endothelin receptors present
in these vessels using reverse transcriptase polymerase chain
reaction (RT-PCR) assays and autoradiographical visualisa-
tion. Endothelin-induced vasoconstriction in rings of isolated
renal artery and vein was characterized by use of the non-
selective agonists, ET-l and sarafotoxin 6B (S6b), the ETB-
selective agonists, ET-3 and sarafotoxin 6c (S6c) and the
ETA-selective antagonist, BQ123 (cyclo-(D-Trp-D-Asp-L-Pro-
D-Val-L-Leu)).

12" Macmillan Press Ltd, 1994
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Methods

Tissue collection

Histologically normal sections of main branch renal artery
and vein were obtained from nine individuals (6 male and 3
female aged 29-73 years) undergoing nephrectomy for non-
obstructive carcinoma, and were immediately transferred to
cold oxygenated Krebs solution. Excised kidneys were func-
tional and of normal size. Biochemical functions were normal
and renal ultrasound showed no evidence of hydronephrosis.

Reverse-transcriptase polymerase chain reaction assays

The media of renal arteries and veins from three individuals
was separated from the intima and the endothelial layer
removed by scraping. Extraction of total RNA, cDNA syn-
thesis and RT-PCR assays were carried out using previously
described methods (O'Reilly et al., 1992; 1993a,b; Davenport
et al., 1993; Molenaar et al., 1993). Briefly, RNA was ex-
tracted by the guanidinium isothiocyanate method and
cDNA synthesized using avian myoblastosis virus reverse
transcriptase enzyme. The following nested oligonucleotide
primers were designed from published nucleotide sequences:

(A) ETA, ETB forward TATCACAGAAACTGAAAGTGC-
TATG (Bases 379-396)

(B) ETA, ETB reverse CAAGCAAGCAAGCAACGTAAG-
AGCA (Bases 1214-1198)

(C) ETA forward CCTTTTGATCACAATGACTTT (Bases
439-459)

(D) ETA reverse TTTGATGTGGCATTGAGCATACAG
(Bases 737-714)

(E) ETB forward ACTGGCCATTTGGAGCTGAGAT
(Bases 497-519)

(F) ETB reverse CTGCATGCCACTTTTCTTTCTCAA
(Bases 924-901)

PCR amplification was carried out using 1 AlI cDNA, 5 fl
reaction buffer (100mM Tris-HCl, pH8.3 at 25°C, 500mM
KCl and 15 mM MgCl2), Sl1 deoxyNTPs (2 mM), S gfl of
each oligonucleotide primer A and B (10 gM) and 2.5 u Taq
polymerase in a Techne PHC-3 programmable thermocycler
(Techne, Cambridge). One gl4 of this reaction mixture was
used in the second round of amplification using the internal
primer pairs C and D and E and F. PCR products were
separated by agarose gel electrophoresis and the bands
stained with ethidium bromide. These PCR products have
been previously cloned and sequenced and show 100%
homology with published sequences for ETA and ETB recep-
tor mRNA respectively.

Autoradiography

ETA and ETB receptors were visualized using published
autoradiographical techniques (Molenaar et al., 1992). Con-
secutive 10 pm thick cross-sections of renal artery and vein
from three individuals were cut on a cryostat microtome
(Bright Instruments, Huntingdon) and thaw mounted onto
gelatine subbed slides. Sections were pre-incubated for
15 min at room temperature (23°C) in incubation buffer
(50 mM HEPES containing 5 mM MgCl2, bovine serum
albumin, 0.3% w/v). The sections were then incubated in the
same buffer for 2 h containing either 0.1 nM [125I]-ET-1
(-2000 Ci mmol-') to detect all ET receptors or the ETA-
selective ['25I]-PD151242 (-2000 Ci mmol ') (Davenport et
al., 1994) or ETB-selective ['251I]-BQ3020 (-2000 Ci mmol ')
(Molenaar et al., 1992). Non-specific binding was determined
by incubating adjacent sections in the presence of 1 ;M of the
corresponding unlabelled peptide. At the end of the incuba-
tion period, sections were rinsed in three successive 5 min
washes of ice cold Tris buffer (pH 7.4) and dried under a

stream of cold air. Sections were exposed to radiation sen-
sitive film (Hyperfilm fimax).

In vitro pharmacology experiments

Segments of vessels (n = 9) were cut into rings, 2 mm in
width, and the endothelium removed by gently rubbing with
a metal seeker. Verification of this procedure was made
histologically (see Figure 1). Rings were attached to isometric
transducers (Swema, Stockholm, Sweden) and mounted
under an initial resting tension of 1-2 g in 25 ml organ baths
containing Krebs solution. The bathing medium was con-
tinuously gassed with 95% 02:5% CO2 and maintained at
37°C. Contractile responses were recorded on a Graphtec
chart recorder (Linton Instruments, Diss, Norfolk). The
preparations were allowed to equilibrate for 90 minutes
before control responses were obtained to a maximal concen-
tration of KCI (50 mM). After washing, cumulative dose-
response curves (DRCs) were constructed to ET-1, ET-3, S6b
and S6c (I010 M-3 x 10-M) with only one agonist tested
per preparation. The experiments were terminated by addi-
tion of 50 mM KCI to the organ bath to determine the
maximum contractile response possible, and agonist contrac-
tions were subsequently expressed as a percentage of this. In
a further series of experiments the effect of BQ123 (3 and
1I0 1M) on ET-l-mediated contractions was determined. ET-1
DRCs were constructed in the absence (control) and presence
of BQ123 added to the bathing medium 30 min prior to
ET-1.

Materials

Reagents for RT-PCR were purchased from Pharmacia
Biotech (St. Albans, Herts.) and H.T. Biotechnology Ltd.
(Cambridge). ['251]-ET-1, ['251]-PD151242 and ['251]-BQ3020
were from Amersham International (Amersham, Bucks.),
BQ3020 ([Ala""5]Ac-ET-1(6-2j)), BQ123 (Davenport et al.,
1993) and PD1 51242 (N-[(hexahydro-1-azepinyl) carbonyl])L-
Leu(l-me)D-Trp-D-Tyr; Davenport et al., 1994) were syn-
thesized using solid phase t-Boc chemistry. ET-1, ET-3, S6b,
S6c and BQ123 were purchased from Novabiochem, (Notting-
ham). Stock solutions (10-4 M) of ET-1, ET-3, S6b and S6c
were dissolved in 0.1% acetic acid; BQ123 (10-3 M) was
dissolved in dimethylsulphoxide (DMSO) and used directly
or diluted in distilled water. The concentration of unlabelled
peptides was determined by u.v. spectrophotometry. All
other reagents were purchased from Sigma Chemical Co.
(Poole, Dorset) or BDH (Lutterworth, Leics.), and were of
analar grade or better. Krebs solution had the following
composition (mM): NaCl 90, KCI 5, MgSO4.7H20 0.5,
Na2HPO4 1, NaCO3 45, CaC12 2.25, glucose 10, Na pyruvate 5,
fumarate 5.

1 2 3 4 5 6

-- 428 ETB
299 ETA

Figure 1 Agarose gel showing cDNA from the media of renal
arteries and veins amplified with ETA and ETB specific primers. In
lane 1, the marker is a 100 base pair ladder: in lane 2, the DNA
template has been omitted as the negative control. The results show
the presence of bands corresponding to size predicted for ETA (299
base pairs) and ETB (428 base pairs) in lanes 3 and 4 (renal arteries
from two individuals) and 5 and 6 (renal veins from two individuals).
These results are typical of arteries and veins from four individuals.
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Figure 2 Autoradiographical localization of ET receptors in cross-sections of human renal artery following incubation with
ligands for 2 h, washing and apposition to radiation sensitive film. (a) Total ['25I]-ET-1 binding showing the distribution of all ET
receptors. (c) ETA receptors localized using ['25l]-PD151242. (e) ETB receptors localised with ['25I]-BQ3020. Non-specific binding
determined by incubating adjacent sections in the presence of 1 fiM of unlabelled ET-1 (b), PD151242 (d), or BQ3020 (f). Scale
bar = 2 mm.

Results 100

Detection of ETA and ET, receptor mRNA

The amplified products of cDNA from the media of human
renal artery and vein taken from four individuals, separated
on an agarose gel (Figure 1), were of the size predicted for
ETA (299 base pairs) and ETB (428 base pairs) receptors.

C
0Localization of ETA and ETB receptors

50-
In sections of renal artery and vein from three individuals,
intense staining was obtained to both ['251]-ET-1, binding to
both receptor subtypes, and the ETA-selective [I25I]_ B 0 /
PD1 51242. In contrast lower levels of binding were detected
with the ETB agonist, ['251I]-BQ3020 (Figure 2).

Figure 3 Dose-response curves to ET-1 in rings of human isolated
renal artery (-) and vein (0). Cumulative dose-response curves
were constructed to ET-1 (I010 M-3 x 10-7M) with each response lol 10,.
expressed as a % of the maximal contraction elicited by 50 mM KCI.
Data are the mean ± s.e.mean from 8-10 experiments. ET-1 [Ml
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Relative potencies of ET/sarafotoxin peptides

Maximum contractions elicited by 50 mM KCI were
1.36 ± 0.25 g tension in renal artery and 1.46 ± 0.32 g tension
in renal vein (mean ± s.e.mean, n = 9). ET-1 produced dose-
dependent long lasting contractions of renal artery and vein
with ECO values of 4.06 (1.84-8.95)nM (n =9) and 1.00
(0.56-2.04)nM (n = 8, geometric mean ± 95% confidence
interval), respectively. The DRCs to ET-l in each prepara-
tion were monophasic (Figure 3). The structurally related
S6b was approximately ten times less potent with EC50 values
in artery of 36.3 (18.8-70.3)nM (n = 5) and in vein of 13.8
(2.36-81.07)nM (n = 3). The maximum responses to both
ET-1 and S6b were comparable, approximately 50-60% of
that to 50 mM KCI in the renal artery and 90-100% in the
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0
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renal vein. ET-3 was inactive in 6/6 and S6c in 5/6 artery
preparations at concentrations up to 300 nM (Figure 4a).
Responses in veins were more variable. ET-3 failed to elicit
any contractile response in veins from three individuals at
concentrations up to 300 nM whereas three further prepara-
tions did respond. In these cases ET-3 was much less potent
than ET-1 (EC" 51.9 (25.8-104.5)nM). S6c potently con-
tracted 3/4 veins (EC500.2(0.07-0.54)nM) but the maximum
response obtained was always less than 60% of that to ET-l
in the same experiment (Figure 4b).

Effect ofBQ123

BQ123 (3 or 10 gM) produced parallel dose-related rightward
shifts of the ET-l DRC in the renal artery (Figure 5a). The
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Figure 4 Cumulative dose-response curves to ET-1 (0), S6b (U),
ET-3 (0) and S6c (*) in (a) renal artery and (b) renal vein in vitro.
Agonist responses were expressed as a % of the maximal contraction
to 50 mM KCI. Only one agonist dose-response curve was construc-
ted per preparation and data are the mean ± s.e.mean from 3-10
experiments per agonist. For ET-3 and S6c in renal vein only data
from those preparations which responded are included.

10-10 10-8 10-6
ET-1 [Ml

Figure 5 The effect of 3 gM BQ123 on the vasoconstrictor responses
to ET- I in human renal artery (a) and vein (b) in vitro. ET-1
dose-response curves were constructed in the absence (0) and
presence (U) of 3 j6M BQ123 added to the bathing medium 30 min
prior to ET-1. ET-1 responses are expressed as a % of the maximal
contraction to 50 mM KCL. Data are the mean ± s.e.mean from 3-10
experiments.
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pA2 value estimated from the Gaddum-Schild equation was
6.8 ± 0.1 (n = 6). Similar results were obtained using 3 jiM
BQ123 against ET-1 in renal vein with the pA2 estimated as
6.8 ± 0.4 (n = 3) (Figure 5b). In all cases no attenuation of
the maximum response to ET-1 was observed.

Discussion

We have shown that ETA and ETB mRNA can be detected in
the media of renal arteries and veins in concordance with
previous results in other human blood vessels including
aorta, pulmonary and coronary arteries (Davenport et al.,
1993; Davenport & Maguire, 1994). In situ hybridization has
confirmed the localization ofmRNA encoding both receptors
to the media of these vessels (Davenport et al., 1993).
Autoradiography using [125I]-ET-1 identified ET receptors

localized to the media and intima of renal vessels. Use of the
ETA-selective [125I]-PD151242 confirmed the presence of the
ETA sub-type, with a lower density of ETB receptors detected
using the ETB-selective ['25I]-BQ3020. These results are in
agreement with previous studies which showed that ETA and
ETB selective compounds competed for iodinated ET-1 in a
biphasic manner, suggesting the expression of both endo-
thelin receptor sub-types, for example in the media of cor-
onary arteries (Davenport et al., 1993), with ETA receptors
comprising more than 80% of the total. The relative potency
of the endogenous endothelins, ET-I and ET-3, in both
artery and vein are consistent with the presence of constrictor
ETA receptors. This was particularly striking in the renal
artery in which ET-3 was without effect. As expected the
non-selective compound S6b produced similar responses to
ET-1 although it was ten times less potent. In agreement with
these observations was the lack of effect of the ETB-selective
agonist, S6c in the renal artery confirming that vasoconstric-
tion in this blood vessel, at least in vitro, is exclusively an
ETA-mediated phenomena. In common with other human
blood vessels such as the coronary artery, mammary artery
and saphenous vein (Maguire & Davenport, 1993) S6c did,
on occasion, elicit small responses in the renal vein. These
were variable and the magnitude of the responses were
always considerably less than those to ET-1. However, these
data do suggest that constrictor ETB receptors are present in
human renal vein although vasoconstriction by the endo-
thelin peptides appears to be via ETA receptors. BQ123
antagonized the effect of ET-1 in both preparations with
estimated pA2 values comparable with those obtained for
blockade of ET-1 responses in the rat aorta (exclusively
ETA). This serves to confirm the involvement of ETA recep-
tors in ET-1-mediated vasoconstriction of human renal vas-
cular smooth muscle. The apparent lack of ETB response to
either ET-1 or ET-3 may reflect the relatively small number
of ETB receptors in these vessels and suggests that the snake
venom toxin S6c exhibits higher efficacy for this receptor
subtype than either of the naturally occurring mammalian
ET peptides. As far as is possible to determine in this limited
study, there was no obvious correlation between the age or
sex of an individual and whether or not responses to S6c
were obtained.
A recent study of ET-1 and ET-3 vasoconstriction in rat

main branch artery in vitro reported ET-3 to be 12 times less
potent than ET-1 (Pierre & Clark, 1994). In agreement with

our own findings this suggests the presence of vasoconstrictor
ETA receptors in large diameter renal blood vessels. In con-
trast to our own observations, the effect of ET-1 could not be
antagonized by 3 gM BQ123, although they were able to
antagonize responses to ET-3 with a low concentration
(0.3 pM) of this peptide. The authors suggested the additional
presence of a vasoconstrictor BQ123-insensitive receptor for
which we have no supporting evidence in human renal blood
vessels.

Regulation of blood flow through the normal and diseased
human kidney is determined by the small resistance blood
vessels rather than the large capacitance vessels used in this
study. It is possible that these smaller diameter vessels ex-
press both ETA and ETB receptors as predicted, for example,
from in vivo experiments in rats. Further experiments on
human renal resistance vessels are required to confirm or
refute this. However, microautoradiographical visualisation
of sections of human kidney using the ETA-selective ['25I]-
BQ123 and the ETB-selective ['25I]-BQ3020 clearly indicate
that intrarenal vascular endothelin receptors are labelled only
by the ETA-selective ['25I]-BQ123 but not by the ETB-selective
['231]-BQ3020 (Karet et al., 1993). Whilst data obtained for
one vascular bed cannot be extrapolated to another, it is
interesting that experiments carried out using human small
resistance arteries and veins in vitro suggest that endothelin-
induced vasoconstriction in the resistance vessels of the heart
(Godfraind, 1993) and omentum (Riezebos et al., 1994), as in
the larger human blood vessels, is mediated via the ETA
receptor.

If human renal vasoconstriction is an ETA-mediated event
then antagonism of this receptor may provide a novel thera-
peutic target in a number of pathophysiological conditions.
Even if some of the constrictor effects of endothelin intra-
renally are mediated via ETB receptors, ETA-selective
compounds have already proved effective not only in antag-
onizing the haemodynamic responses in rats to infused ET-1
and big ET-1 (Pollock & Opgenorth, 1994) but also in
limiting tissue necrosis and biochemical changes in at least
two rat models; a cyclosporine-induced model of nephrotoxi-
city (Fogo et al., 1992) and a model of chronic renal failure
associated with reduced renal mass (Benigni et al., 1993).
This is despite reports that, in rats at least, some part of
renal vasoconstriction is ETB-mediated. It would be very
interesting to know whether non-selective endothelin antag-
onists are more effective than ETA-selective antagonists such
as BQ123 in either of these models. If not, selective blockade
of ETA receptors in the kidney would have the beneficial 'side
effects' of leaving unapposed ETB-mediated vasodilatation
and those non-vascular ETB receptors whose function re-
mains to be determined.

In summary we have demonstrated the presence of both
ETA and ETB receptors in the media of human renal artery
and vein but endothelin-mediated vasoconstriction in vitro is
due to ETA receptor activation.

We thank the staff of Addenbrooke's and Hinchingbrooke Hospitals
and Dr Fiona Karet for their co-operation in collecting renal tissue
and Dr A.M. Doherty (Parke-Davis Pharmaceutical Research
Division) for synthesizing PD151242. Supported by grants from
British Heart Foundation, Wellcome Trust, Royal Society and New-
ton Trust.
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Phorbol ester-induced M-current suppression in bull-frog
sympathetic ganglion cells: insensitivity to kinase inhibitors

'Hsinyo Chen, Balvinder S. Jassar, 2Dmitry E. Kurenny & 3Peter A. Smith

Department of Pharmacology, University of Alberta, Edmonton, Alberta, Canada T6G 2H7

1 The effects of l-oleoyl-2-acetyl-sn-glycerol (OAG), phorbol 12-myristate 13-acetate (PMA), 4--
phorbol and muscarine on B-neurones from bull-frog sympathetic ganglion were studied by means of
whole-cell patch-clamp recording. With the exception of 4-x-phorbol, all of these agonists reduced the
steady-state outward current recorded at -30 mV as a result of suppression of a voltage-dependent,
non-inactivating K+-current, the M-current, (IM).
2 Of the cells tested, 34% displayed bona fide responses to OAG (20 fLM). The chance of recording a

response was not decreased when the protein kinase inhibitor, l-(5-isoquinolinylsulphonyl)-2-methyl-
piperazine (H-7; 50 or 75 tLM) was included simultaneously in the extracellular solution and in the
pipette solution.
3 The presence of 50 pM H-7 on both sides of the membrane or 500 nM staurosporine in the pipette
solution did not prevent responses to brief (1-2 min) or prolonged (>20 min) applications of PMA.
4 Brief (1-2min) extracellular application of H-7 (300t9M) suppressed IM by about 29%.
5 The most likely explanation of these data is that PMA and OAG modulate IM via a mechanism that
is independent of protein kinase C (PKC). The availability of such a mechanism poses new questions as

to the mechanism of muscarine-induced IM suppression.
Keywords: Potassium channel; muscarinic receptor; autonomic ganglia; M-current; protein kinase; G-protein; phorbol ester

Introduction

Many types of autonomic ganglion cells, including the B-cells
in bull-frog sympathetic ganglia (BFSG), are depolarized
following activation of muscarinic and/or peptide receptors
(for review see Smith, 1993). This effect is attributed, at least
in part, to suppression of a voltage-dependent, non-activating
K+-current termed the M-currrent (IM; Brown & Adams,
1980, Adams et al., 1982a,b). Although it is well-established
that the response of both mammalian and amphibian sym-
pathetic ganglia to muscarinic receptor stimulation is effected
by a G-protein (Pfaffinger, 1988; Brown et al., 1989; Lopez,
1992), it remains to be established whether other second
messengers are involved in the transduction mechanism
(Smith et al., 1992; Selyanko et al., 1992; Marrion, 1993). In
amphibian paravertebral sympathetic ganglia, responses to
G-protein-coupled agonists, such as muscarinic and luteiniz-
ing hormone releasing hormone (LHRH), are insensitive
to protein kinase inhibitors such as staurosporine, H-7 (1-
(5-isoquinolinylsulphonyl)-2-methyl-piperazine), gold sodium
thiomalate, or protein kinase C pseudosubstrate peptide
(Bosma & Hille, 1989; Selyanko et al., 1990). This observa-
tion, as well as the probable lack of involvement of
phosphorylation/dephosphorylation processes (Chen & Smith,
1992) argues against a role for protein kinases in agonist-
induced IM suppression.

Unlike muscarine and peptides, it has been suggested that
phorbol esters exert an effect on IM which is mediated via
activation of protein kinase C (PKC). This idea is supported
by the observation that phorbol esters suppress IM in both
mammalian (Brown & Adams, 1987; Brown et al., 1989) and
amphibian sympathetic ganglia and that these responses, as
well as those to the DAG analogue, dioctanoylglycerol, are
antagonized by PKC inhibitors such as H-7 or staurosporine
(Bosma & Hille, 1989; Grove et al., 1990). Experiments in

our laboratory, however, failed to demonstrate antagonism
of phorbol ester responses by H-7 (Selyanko et al., 1990).
The present paper therefore describes our re-examination of
the effect of H-7 on the response of BFSG neurones to
phorbol 12-myristate 13-acetate (PMA). We have also exam-
ined the effect of H-7 on responses to the DAG analogue,
l-oleoyl-2-acetyl-sn-glycerol (OAG) as well as the effect of
staurosporine on PMA responses. A preliminary account of
some of this work has appeared (Chen et al., 1992).

Methods

Small bull-frogs (Rana catesbeiana, body-length < 10 cm)
were purchased from a biological supply house and stored in
running water at room temperature (20'C). Each animal was
killed by pithing. Neurones in the VIth to Xth paravertebral
sympathetic ganglia were dissociated with trypsin and col-
lagenase and their electrophysiological properties examined
by whole-cell patch-clamp recording as described previously
(Selyanko et al., 1990). All experiments were carried out at
room temperature (20°C). Recordings were made using an
Axopatch 1B amplifier, a Labmaster TMA interface con-
nected to an IBM-compatible computer. Data were acquired
and analysed with 'Pclamp' software (Axon Instruments,
Foster City, CA, U.S.A.) and stored on a hard disk prior to
off-line analysis. Permanent records were obtained from an
x-y plotter or a d.c. rectilinear pen recorder (Gould-Brush
2400; pen rise time <8ms). The corner frequency of the
filter on the Axopatch amplifier was set to 200 Hz for
voltage-ramp experiments and to 500 Hz for voltage-jumps.
Current was set to zero at resting membrane potential
(r.m.p.) which was usually -50 to -55 mV. The holding
potential for all experiments was -30 mV. An estimate of
the cell size was obtained from the input capacitance (Cin)
and experiments were only done on the 'large' cells
(Ci.> 30 pF) in which muscarine suppressed steady-state out-
ward current at -30 mV ([K+]J = 6 mM). Since the currents
to be recorded were usually <0.5 nA, no corrections were
made for the voltage-drop across the series resistance, which
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varied between 10 and 20 MC. Although this means that the
maximum possible voltage error due to series resistance could
be as much as 10 mV, errors of this magnitude would only
have been encountered in the few cells which exhibited excep-
tionally large currents whilst being studied with relatively
high resistance pipettes. Whole-cell M-channel conductance
(GM) was examined using a 5 s ramp command from the
holding potential of -30 mV to -110 mV (16 mV s' see
Figures 2 and 5). The high conductance part of the resulting
I- V relationship (i.e. above -75 mV) represents current
through M-channels plus leak current (Selyanko et al., 1990).
Total IM at -30 mV was estimated after digitally-subtracting
the leak current predicted by the slope between -75 mV and
-90 mV. The percentage suppression of IM induced by
agonists was calculated using the equation

% IM suppression= IMc -Ma X 100
IM.C 1

where IM.c = control, leak-subtracted IM at -30 mV prior to
the application of agonist and IM.a is the leak-subtracted IM at
-30 mV recorded in the presence of the agonist. This pro-
cedure allowed separation of agonist-induced changes in IM
from changes in voltage-independent leak current which
occurred in a few cells.
The physiological salt solution contained (in mM): NaCl

113, KCl 6, MgCl2 2, CaCI, 2, HEPES/NaOH (pH 7.2) and
D-glucose 10. Patch pipettes were prepared with tip diameters
that yielded d.c resistances of about 10 Mi (range 7-15
MCI). Pipette tips were coated with Sylgard elastomer. The
solution used to fill the pipettes contained (in mM): KCl 110,
NaCl 10, MgCl, 2, CaCl, 0.4, EGTA 4.4, HEPES/KOH
(pH 6.7) 5, D-glucose 10, cyclic AMP Na' salt 0.1. The pCa
of this solution, measured with a Ca2'-electrode, was about
7. In some experiments, staurosporine (500 nM) or H-7
(50fMM) was added to the solution in the patch-pipette. The
time constant (T) for diffusion of H-7 into an averaged-sized
BFSG B-cell (Ci, = 40 pF) is about 45 min and that for
staurosporine is 53 min. These values were obtained using the
empirical equations of Pusch & Neher (1988) assuming an
access resistance of 20 MQ, which corresponds to the max-
imum value read from the amplifier series resistance compen-
sation control. The values of t have therefore been calculated
to reflect the minimum rates of diffusion of drugs into BFSG
B-cells. The theoretical change in intracellular concentration
of H-7 and staurosporine with time can be read from the
graphs in Figure la and b, which are plots of the equation

[D]i, = [D]p (1 -expt 'T)
where [D]., = intracellular concentration of drug D at time t,
[D]p = concentration of drug D in the pipette (50 AM for H-7,
500 nM for staurosporine), t = time in min and T is the time
constant for equilibration of drug D in the pipette with the
intracellular fluid (= 45 min for H-7 and 53 min for stauro-
sporine). The horizontal lines on the graphs represent the Ki
value for inhibition of PKC by H-7 (6 jiM; Hidaka et al.,
1984) and the IC50 value for staurosporine inhibition (2.7 nM;
Tamaoki et al., 1986). The graphs show that these concentra-
tions should be attained after about 6 min with 50 MM H-7
and in less than 1 min with 500 nM staurosporine.

Drugs were applied to the extracellular surface of the
membrane by bath superfusion or by using the U-tube tech-
nique (Selyanko et al., 1990). The fluid exchange time for the
U-tube was about 0.2 s. Experiments involving phorbol esters
or staurosporine were carried out under subdued lighting
conditions. l-oleoyl-2-acetyl-sn-glycerol (OAG), phorbol 12-
myristate 13-acetate (PMA) and 4-a-phorbol were prepared
as 1O mm stock solutions in ethanol and diluted in external
solution as required. Appropriate control experiments were
done to verify the lack of effect of the vehicle on IM. All
drugs and chemicals were purchased from Sigma, St. Louis,
MO, U.S.A. except for staurosporine which was from Cal-
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Figure 1 Graphs showing the theoretical rate of change of intracel-
lular concentration of (a) H-7 and (b) staurosporine (Ssn) in a 40 pF
cell during recording with a patch-pipette containing 50 Mm H-7 or
500 nM staurosporine. The dotted horizontal lines represent the KX
for protein kinase C (PKC) inhibition by H-7 and the IC5o value for
PKC inhibition by staurosporine.

biochem, LaJolla, CA, U.S.A. H-7 from Sigma was from lot
Nos 62H5810 or 122H5805.
Data are expressed as mean ± s.e.mean and significance of

differences estimated by Student's two-tailed, unpaired t test.

Results

Responses to the DAG analogue,
I-oleoyl-2-acetyl-sn-glycerol (OAG)
Eight out of 23 control cells (34.1%) exhibited obvious res-
ponses to 20 MM OAG in which steady-state outward current
at -30 mV (IM) was depressed by more than 10%. In these
cells, the response was small and slow in onset. Most of the
cells exhibited a rapid decline in sensitivity to OAG such that
it was not possible to elicit a response to a second applica-
tion of agonist. Another 24 cells were studied using an
internal solution containing 50 or 75 MM H-7; 50 MM H-7 was
also present in the extracellular solution. Despite the likely
inhibition of most isoforms of PKC under these conditions, 8
out of these 24 cells (33.3%) still responded to 20 MiM OAG.
Although OAG was applied at various time intervals
(2.5-40 min) following initiation of recording with H-7-filled
pipettes, there was no obvious correlation between the time
of application and the presence or absence of a response.
Thus, the presence of H-7 did not decrease the chance of
recording an OAG response.
An experiment in which the patch pipette contained 50 tiM

11-7 for 40 min prior to the application of OAG is illlustrated
in Figure 2. The steady-state current-voltage characteristics
of the cell were determined by using a slow, hyperpolarizing
voltage-ramp command from the holding potential of
-30 mV to -110 mV (Selyanko et al., 1990). Application of
20 MM OAG with 50 MM H-7 in the extracellular solution
suppresses steady-state outward current at -30 mV (Figure

/ Ki
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Figure 2 Effects of (a) OAG (20 pM) and (b) muscarine (Musc, I tim) on M-current. Pipette contained 501M H-7. All records
from the same cell. Extracellular solution contained 50 pM H-7 for 10 min prior to application of OAG from a U-tube. This was
washed out before application of muscarine (also from a U-tube). (a, and b1) Voltage protocols: 5 s ramp command from holding
potential of -30 mV to -110 mV followed by single step to -50 mV. (a2 and b2) Suppression of steady-state outward current by
OAG and muscarine. OAG was applied 40 min after initiation of recording with an H-7 filled pipette. (a3 and b3) Steady-state
current-voltage plots obtained from current response to voltage ramps before, during and after application of OAG and during and
after muscarine. Note that both agonists decrease conductance above about -70 mV, i.e. in the IM range with some slight increase
in leak conductance. Insets in (a3) and (b3) are current responses to voltage steps (from -30 to -50 mV). The characteristic IM
relaxations which are evident at the start and end of each trace are suppressed by OAG and almost eliminated by muscarine. The
traces are aligned to show the reduction in steady-state outward current produced by each agonist. 50 pA, 0.7 s calibration refers to
insets in both (a3) and (b3). Calibrations 0.2 nA, I min refer to records in (a2) and (b2). Records in (a2) and (b2) from rectilinear pen
recorder and records in (a3) and (b3) from x-y plotter. For abbreviations, see text.

2a,) and decreases conductance at potentials positive to
about -70 mV as would be expected for IM suppression
(Figure 2a3). IM relaxations recorded following a step from
-30 mV to -50 mV are also reduced by OAG (see Brown
& Adams, 1980; Adams et al., 1982a). In the same cell,
muscarine (1 ItM) produces a robust response (Figure 2b2)
which is associated with obvious IM suppression (Figure 2b3).

Responses to brief applications ofphorbol 12-myristate
13-acetate (PMA)

Because phorbol esters consistently produce IM suppression
in amphibian sympathetic ganglion cells (Bosma & Hille,
1989; Selyanko et al., 1990), we studied the effects of H-7 on
responses to PMA. Since it produces irreversible IM suppres-
sion, it was necessary to study responses to PMA in one
group of cells and responses to PMA in the presence of
kinase inhibitors in another group of cells. A log con-
centration-response curve was constructed by averaging the
response of several cells to three different concentrations of
PMA with 50 p1M H-7 on both sides of the membrane. So as
to allow the intracellular concentration of H-7 to reach a
level which would be expected to inhibit protein kinase
activity (see Figure 1), responses to the phorbol ester were
evoked at least 30 min after initiating recording with an H-7
filled pipette. All cells were also exposed to extracellular H-7

for at least 10 min before the effects of PMA were examined.
The data are shown in Figure 3a. The figure also illustrates
the log concentration-response curve to muscarine (obtained
by averaging data from several cells for each concentration)
and a single point which represents the mean amplitude of
the response to five control cells to 200 nM PMA. Since the
response to 200 nM PMA in the presence of the kinase
inhibitor is larger that in its absence, H-7 does not
antagonize phorbol ester responses. These data also confirm
that the maximal IM suppression which can be attained fol-
lowing brief (1-2 min) applications of PMA is less than that
which can be attained with muscarine (Bosma & Hille, 1989;
Selyanko et al., 1990).

Responses to long-term application ofphorbol
12-myristate 13-acetate (PMA)
By contrast with the effects of brief applications of PMA,
long-term applications were at least as effective as muscarine
in promoting IM suppression. In these experiments, PMA was
ejected from the U-tube for 20 min or more until IM reached
a steady-state value. Little or no response to muscarine could
be evoked after the full effect of PMA had developed. A
typical experiment in the presence of H-7 is illustrated in
Figure 4a. Muscarine (I gM) produces a marked suppression
of steady-state outward current (at -30 mV) followed by an

a1 H-71, H-70 bi H-71
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Figure 3 (a) Log-concentration response relationships for acute (1-2 min) applications of muscarine (@) and PMA + H-7 (0,
50 gtM H-7 in pipette, 50 JLM H-7 in extracellular solution). In some cases, error bars (for s.e.mean) are smaller than the symbols to

designate the data points. Data are mean suppression of control IM from different cells for different concentrations of agonists. For
muscarine; lOnM n= 8, 20nM n =8, 100aM n=9, 200aM n =6, 1 IM n = 38, 2gM n = 7, 10gM n = 6. For PMA/H-7; 20nM
n = 5, 200 nM n = 6, 2 gAM n = 4. (M) Designates mean amplitude of response of 5 control cells to 200 nM PMA. (b) Time course of
effects of (A) 2 nm and (0) 200 nM PMA on IM. Individual data points were collected at various time intervals from 7 cells for
2 nm and 8 cells for 200 nM PMA and normalized to the initial (100%) value of IM obtained before exposure to phorbol ester. Note
that both 2 and 200nM PMA suppress IM to about 20% of its initial value. (c) Normalized, mean value of IM (± s.e.mean)
recorded after 10-20 min in 20 nM PMA in the absence (6 measurements on 6 cells) and presence of H-7 (50 M on both sides of
the membrane, 6 measurements on 4 cells). (d) Normalized, mean value of IM during 10-20 min exposure to 200 nm PMA in the
absence (11 measurements on 8 cells) and presence (11 measurements on 5 cells) of 500 nM staurosporine (Ssn). Note that
PMA-induced IM suppression is neither prevented by staurosporine (P>0.3) nor by H-7 (P>0.4). For abbreviations, see text.

obvious 'over-recovery' (Pfaffinger, 1988; Chen et al., 1993).
Long-term application of 20 nM PMA slowly suppresses IM
to almost the same level as seen with muscarine. Subsequent
application of muscarine is almost without effect. Some nor-

malized IM values recorded from 7 cells studied for 20 min or

more in the presence of 2 nM PMA and from 8 cells studied
in the presence of 200 nM PMA are plotted against time in
Figure 3b. Two points clearly emerge from these data; the
effect of PMA is quite variable and both 2 and 200 nM
suppress IM to about 20% of its initial value after about
25 min. Although it was not possible to fit lines to these data
points and thereby derive rate constants for the change in IM,
PMA clearly produces more suppression of IM than would be
predicted by 'run-down'. This is because under the conditions
of experiments, IM usually retains about 70% of its initial
value after 25 min of recording (see Figure 2d Chen et al.,
1985). A possible explanation for the absence of a clear-cut
concentration-dependence may be that the partition co-
efficient for PMA for cell membranes compared to aqueous
solutions is so large that the concentration achieved within
the membrane exceeds that in the external solution. Thus, the
concentration of PMA achieved in the membrane following
extracellular application of a 2 nM solution may eventually
equal that achieved in a shorter time period with 200 nM.
As with acute responses, the presence of 50 JM H-7 on

both sides of the membrane had no obvious effect on the
response to the long-term application of PMA. Figure 3c
compares the amount of IM remaining after 10-20min in
20nM PMA (data points were collected from 6 cells) with

that remaining in the presence of PMA plus H-7 (data from
4 cells; 50 JM H-7 on both sides of the membrane). This
treatment failed to protect IM from suppression by PMA. In
another 4 cells, H-7 failed to attenuate the effect of a long-
term exposure to 200 nM PMA (data not shown).

Figure 3d shows that similar results were obtained in cells
that were studied after 20-28 min recording with 500 nM
staurosporine in the pipette. Data for this figure were col-
lected from 8 control cells exposed for 10-20 min to 200 nM
PMA and from 5 other cells exposed to PMA but studied
with pipettes which contained staurosporine. A typical
experiment is illustrated in Figure 4b. Even after 21 min of
recording using a pipette containing 500 nM staurosporine,
PMA reduced the steady-state outward current at -30 mV
as a result of IM suppression. The full effect of PMA, which
took at least 20 min to develop, was comparable to that
produced by 1 jAM muscarine.

Lack of effect of 4-a-phorbol

There are two possible explanations for the insensitivity of
PMA responses to H-7 and staurosporine. Either these res-

ponses are mediated by isoforms of PKC which are resistant
to inhibition by these compounds or the responses are
mediated by a mechanism which is completely independent of
PKC. In an attempt to distinguish between these possibilities,
we examined the effect of 4-m-phorbol which is unable to
stimulate protein kinases (Higashida & Brown, 1986). Pro-
longed application of this substance (> 20 min; 200 nM) had
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Figure 4 Pen recorder tracings showing acute effect of I gM muscarine and effect of long-term exposure to PMA or 4-a-phorbol
on steady-state current recorded at -30 mV. Voltage command traces omitted for clarity. (a) Initial response to muscarine (Musc)
obtained 4min after initiating recording with a pipette containing 50 gM H-7. PMA, 20 nM, was applied 10 min after initiating
extracellular superfusion with 501M H-7 and 23 min after initiating recording with H-7 in the pipette. Note slow decrease in
steady-state outward current produced by the phorbol ester and very small response to muscarine following removal of PMA.
Dashed lines depict predicted amount of steady-state outward current expected to remain had PMA not been applied. About 1 min
of recording is omitted between the end of the upper trace and the start of the lower trace. (b) Effect of 1 gAM muscarine and 200 nm
PMA on a cell which was studied with a pipette that contained 500 nM staurosporine. PMA was applied 21 min after initiation of
recording. Note slow time course of effect of PMA. Dotted line reflects predicted 'run-down' of IM had PMA not been applied. (c)
Data from another experiment showing the lack of effect of long-term exposure to 4-m-phorbol. Steady decline in outward current
presumably reflects IM 'run-down'. Note that 1 gAM muscarine reduces IM to the same absolute level prior to and after exposure to
4-a-phorbol. Downward deflections on traces reflect current responses to voltage steps and ramps which were applied from the
holding potential of -30 mV to measure IM during the course of the experiment (see Figures 2 and 5). Calibration I nA/3 min
refers to records in (b) and (c). Note very slow time scale for these records and difference in time scale for the experiment shown in
(a).

no obvious effect on IM in any of 4 cells treated. Application
of muscarine after 4-x-phorbol was able to suppress IM to the
same level seen with muscarine alone. A typical experiment is
illustrated in Figure 4c; 20 min superfusion of 200 nM 4-a-
phorbol failed to produce any more IM suppression than
might have been predicted by IM 'run-down' (see Selyanko et
al., 1990). After removal of 4-a-phorbol, 1 jAM muscarine
suppressed IM to the same level as was seen at the start of the
experiment.

Agonist effects of H-7

Whereas our experiments, in which 50 tiM H-7 was applied to
both sides of the membrane, failed to demonstrate anta-
gonism of phorbol ester responses, Bosma & Hille (1989)
reported antagonism of PMA responses following extracel-
lular application of 300 laM H-7. Since H-7 is structurally-
related to adenosine nucleotides and substances such as ATP

are able to promote IM suppression by interaction with an
extracellular receptor (Groul et al., 1981; Adams et al.,
1982b), it is possible that H-7 may suppress IM and thereby
occlude responses to phorbol esters. H-7 (300 fAM) was
therefore tested on 9 cells and was found to suppress IM by
29.1 ± 4.4%. A typical experiment illustrating the response to
a brief application of H-7 is shown in Figure 5. IM recorded
following the action of H-7 is almost identical to control
whereas an obvious over-recovery is observed following the
removal of muscarine (Pfaffinger, 1988; Chen et al., 1993).
The effect of H-7 is associated with a marked increase in
noise which may reflect activation of 'spontaneous miniature
outward currents' as a result of activation of Ca2"-dependent
K'-currents (Satin & Adams, 1987; Selyanko et al., 1990).
Any alteration of steady-state IM following long-term

exposure to 50 or 75 gM H-7, as used in the present
experiments, was difficult to distinguish from 'run-down' of
IM
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Figure 5 Effect of brief extracellular application of 300 I4M H-7 on IM: comparison with the action of muscarine (Musc). (a, and
b1) Voltage protocols; (a, and b2) suppression of steady-state outward current by application of H-7 (300 JAM) or muscarine (1 AM);
(a3 and b3) steady-state current-voltage plots obtained from current responses to voltage ramps before during and after application
of H-7 and muscarine. Insets are current responses to voltage steps (from - 30 to -50 mV) recorded before and during the action
of drugs. Note suppression of IM by both drugs. Calibration 200 pA, 0.7 s refers to insets in both (a3) and (b3). Records in (a2) and
(b,) from rectilinear pen recorder and records in (a3) and (b3) from x-y plotter. Calibration 0.4 nA, 60 s refers to records in (a2) and
(b2).

Discussion

Like the inhibition of neuronal Ca2" currents (ICa) by phor-
bol esters (Hockberger et al., 1989; Plummer et al., 1991;
Abrahams & Scholfield, 1992), inhibition of IM in BFSG by
OAG and PMA seems resistant to the action of PKC
inhibitors. This finding confirms and extends our previous
data (Selyanko et al., 1990) yet differs from the results of
Bosma & Hille (1989) who reported that suppression of IM in
frog sympathetic ganglion by phorbol esters or dioctanoyl-
glycerol could be prevented by H-7 or staurosporine. A
similar type of result was obtained by Grove et al. (1990)
who used extracellular recording to study phorbol ester res-

ponses in rat superior cervical ganglion. The differences
between our data and those of Bosma & Hille (1989) may be
attributable to (i) the inconsistency and lack of repro-
ducibility of responses to DAG analogues such as OAG
which was used in our experiments and perhaps to
dioctanoylglycerol which was used in their experiments, (ii)
the slow rate of onset and the irreversible nature of responses
to phorbol esters and (iii) differences between the effects of
intracellularly and extracellularly applied H-7.
The concentration of H-7 (50 or 75 JAM) used in our

experiments is about 10 times the Ki for inhibition of PKC
(6 JAM; Hidaka et al., 1984) and that of staurosporine
(500 nM) is almost 200 times the IC50 (2.7 nM; Tamaoki et al.,
1986). Since the intracellular concentration of either sub-
stance should, in theory, exceed these values in less than

5 min of whole-cell recording (see Figure 1), it is likely that
PKC is exposed to potentially effective concentrations of
inhibitors during the time course of our experiments. This
conclusion is supported by the observation that substances
such as staurosporine, ATP---S (adenosine-5'-0-[3-thiotri-
phosphate]) and GTP-y-S (guanosine-5'-0-[3-thiotriphos-
phate]), which have similar molecular weights to H-7, diffuse
readily from patch pipettes and evoke obvious phar-
macological responses in BFSG cells (Pfaffinger, 1988;
Selyanko et al., 1990; Simmons et al., 1990; Chen & Smith,
1992; Werz et al., 1993). Furthermore, because H-7 acts
competitively at the ATP binding site on protein kinase
(Hidaka et al., 1984), the intracellular method of application
used in our experiments should have been effective in deliver-
ing the inhibitor to its site of action. Bosma & Hille (1989)
did not examine the effect of intracellularly-applied H-7 but
reported that extracellularly applied H-7 (300 JAM) effectively
antagonized responses to dioctanoglycerol and PMA. It is
possible that this effect resulted from occlusion of the res-

ponses as a result of the direct suppression of IM by 300 JAM

H-7 (see Figure 4). Also, because responses to DAG
analogues such as OAG are weak and inconsistent and only
occur in 34% of the cells tested, the absence of a response in
the presence of H-7 does not necessarily imply that blockade
has occurred.
One explanation for the lack of effect of PKC inhibitors on

PMA- and OAG-induced IM suppression is that those
isoforms of PKC which might be involved in IM suppression
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of BFSG may be resistant to H-7 and staurosporine. This
would seem unlikely because Werz et al. (1993) recently
demonstrated that 1 pLM staurosporine, applied simul-
taneously to both the outer and inner surface of the mem-
brane, can attenuate okadaic acid-induced enhancement of
ICa inactivation in this tissue, suggesting that at least some of
the isoforms of the enzyme present in BFSG are stauro-
sporine-sensitive. Another possibility is that the effects of
phorbol esters are generated by a kinase-independent
mechanism. For example, they may interact directly with the
M-channel or a closely related structure. This possibility has
been discussed by Clapp et al. (1992) for phorbol ester-
induced IM suppression in smooth muscle cells. If this
mechanism were available, a novel transduction mechanism
for muscarinic agonists might be proposed whereby DAG,
which is produced in amphibian sympathetic neurones fol-
lowing activation of muscarinic receptors (Pfaffinger et al.,
1988), suppresses IM via direct interaction with the M-
channel. Kinase-independent actions of phorbol esters and
OAG would then reflect their interaction with the site which
is normally activated by DAG. Our data suggest that this site
would not be activated by 4-a-phorbol.
The observation that phosphorylation/dephosphorylation

reactions do not seem to be involved agonist-induced IM
suppression (Chen & Smith, 1992) is consistent with the
possible involvement of a direct DAG-M-channel pathway.
Furthermore, the opening probability of putative M-
channels, recorded in the cell-attached mode, is reduced when
muscarine is applied outside the recording pipette (Selyanko
et al., 1992; Marrion, 1993). This effect requires the produc-
tion of a second messenger which is capable of diffusion from

the site of G-protein activation to the M-channels which are
under the recording pipette. According to our speculation,
DAG could play the role of diffusible yet membrane-
delimited second messenger. Additional support for this pos-
sibility comes from the observation that, at least in rat
superior cervical ganglion neurones, the a- subunit of Gq, the
G-protein responsible for phospholipase C activation and
DAG production, seems to play a role in the transduction
mechanism for oxotremorine-M-induced IM suppression
(Jones et al., 1993).
Although the idea that ion channels may be controlled by

membrane lipids is not without precedent (Ordway et al.,
1989), preliminary attempts to test the 'direct-DAG' hypo-
thesis by limiting DAG catabolism have yielded inconclusive
results (Chen et al., 1992). Also 'kinase-independent' actions
of phorbol esters on Ca2+ channel currents seem to involve
different effects on activation kinetics from those produced
by G-protein-coupled agonists (Plummer et al., 1991;
Abrahams & Schofield, 1992). This implies that the transduc-
tion mechanism used by agonists to alter ICa does not involve
the site which is activated by phorbol esters. If a similar
situation obtains for agonist-induced IM suppression, this
would argue against the 'direct DAG' hypothesis.

Supported by grants from the Medical Research Council of Canada
and the University of Alberta Central Research Fund. Certain items
of major equipment were provided by the Alberta Heritage Found-
ation for Medical Research. P.A.S. was an Alberta Heritage Medical
Scholar. We thank Dr W.F. Dryden for his comments on an early
version of this manuscript.

References

ABRAHAMS, T.P. & SCHOLFIELD, G.G. (1992). Norepinephrine-
induced Ca2' current inhibition in adult rat sympathetic neurons
does not require protein kinase C activation. Eur. J. Pharmacol.,
227, 189-197.

ADAMS, P.R., BROWN, D.A. & CONSTANTI, A. (1982a). M-currents
and other potassium currents in bullfrog sympathetic neurones. J.
Phy)siol., 330, 537-572.

ADAMS, P.R., BROWN, D.A. & CONSTANTI, A. (1982b). Phar-
macological inhibition of the M-current. J. Physiol., 332,
232-262.

BOSMA, M.M. & HILLE, B. (1989). Protein kinase C is not necessary
for peptide-induced suppression of M-current or for desensitiza-
tion of the peptide receptors. Proc. Natl. Acad. Sci. U.S.A., 86,
2943 -2947.

BROWN, D.A. & ADAMS, P.R. (1980). Muscarinic suppression of a
novel voltage-sensitive K+-current in a vertebrate neurone.
Nature, 283, 673-676.

BROWN, D.A. & ADAMS, P.R. (1987). Effects of phorbol dibutyrate
on M-currents and M-current inhibition in bullfrog sympathetic
neurones. Cell. Mol. Neurobiol., 7, 255-269.

BROWN, D.A., MARRION, N.V. & SMART, T.G. (1989). On the trans-
duction mechanism for muscarine-induced suppression of the
M-current in cultures of rat sympathetic ganglion neurones. J.
Physiol., 413, 469-488.

CHEN, H., KURENNY, D.E. & SMITH, P.A. (1992). Is diacylglycerol
involved in the effect of muscarine on sympathetic ganglion cells?
Soc. Neurosci. Abstr., 18, 1341.

CHEN, H., KURENNY, D.E. & SMITH, P.A. (1993). Heparin prevents
M-current over-recovery but not M-current suppression in bull-
frog sympathetic ganglion cells. Brain Res., 625, 323-327.

CHEN, H. & SMITH, P.A. (1992). M-current suppression in frog sym-
pathetic ganglion following manipulation of membrane phos-
phorylation. Br. J. Pharmacol., 105, 329-334.

CLAPP, L.H., SIMS, S.M. & WALSH, J.V. (1992). Role of diacylglycerol
in mediating the actions of ACh on M-current in gastric smooth
muscle cells. Am. J. Physiol. (Cell Physiol.)., 321, C1274-C1281.

GROVE, E.A., CAULFIELD, M.P. & EVANS, F.J. (1990). Inhibition of
protein kinase C prevents phorbol ester- but not muscarine-
induced depolarizations in the rat superior cervical ganglion.
Neurosci. Lett., 110, 162-166.

GROUL, D.L., SIGGINS, G.R., PADJEN, A. & FORMAN, D.S. (1981).
Explant cultures of adult amphibian sympathetic ganglia:
electrophysiological and pharmacological investigation of neuro-
transmitter and nucleotide action. Brain Res., 223, 81-106.

HIDAKA, H., INAGAKI, M., KAWAMOTO, S. & SASAKI, Y. (1984).
Isoquinoline sulphonamides, novel and potent inhibitors of cyclic
nucleotide dependent protein kinase and protein kinase C.
Biochemistry, 23, 5036- 5041.

HIGASHIDA, H. & BROWN, D.A. (1986). Two polyphosphatidyl-
inositol metabolites control two K+ currents in a neuronal cell.
Nature, 323, 332-335.

HOCKBERGER, P., TOSSELLI, M., SWANDULLA, H. & LUX, H.D.
(1989). A diacylglycerol analogue reduces neuronal calcium cur-
rents independently of protein kinase C activation. Nature, 338,
340-342.

JONES, S., CAULFIELD, M.P., BROWN, D.A. & BUCKLEY, N.J. (1993).
Ga 11 and Gaq antisense oligonucleotides reduce muscarinic
receptor mediated inhibition of M-current in rat sympathetic
neurones. Soc. Neurosci. Abstr., 19, 710.

LOPEZ, H.S. (1992). Kinetics of G-protein mediated modulation of
the potassium M-current in bullfrog sympathetic neurons.
Neuron, 8, 725-736.

MARRION, N.V. (1993). Selective reduction of one mode of M-
channel gating by muscarine in sympathetic neurones. Neuron,
11, 77-84.

ORDWAY, R.W., WALSH, J.V. & SINGER, J.J. (1989). Arachidonic
acid and other fatty acids directly activate potassium channels in
smooth muscle cells. Science, 244, 1176-1179.

PFAFFINGER, P.J. (1988). Muscarine and LHRH suppress M-current
by activating an IAP-insensitive G-protein. J. Neurosci., 8,
3343-3353.

PFAFFINGER, P.J., LEIBOWITZ, M.D., SUBERS, E.M., NATHANSON,
N.M., ALMERS, W. & HILLE, B. (1988). Agonists that suppress
M-current elicit phosphoinositide turnover and Ca2+ transients,
but these events do not explain M-current suppression. Neuron, 1,
477-484.

PLUMMER, M.R., RITTENHOUSE, A., KANAEVSKY, M. & HESS, P.
(1991). Neurotransmitter modulation of calcium channels in rat
sympathetic neurons. J. Neurosci., 11, 2339-2348.



62 H. CHEN et al.

PUSCH, M. & NEHER, E. (1988). Rates of diffusional exchange
between small cells and a measuring patch pipette. Pfluger's
Arch., 411, 204-211.

SATIN, L.S. & ADAMS, P.R. (1987). Spontaneous miniature outward
currents in cultured bullfrog neurons. Brain Res., 401, 331-339.

SELYANKO, A.A., SMITH, P.A. & ZIDICHOUSKI, J.A. (1990). Effects
of muscarine and adrenaline on neurones from Rana pipiens
sympathetic ganglion. J. Physiol., 425, 471-500.

SELYANKO, A.A., STANSFIELD, C.E. & BROWN, D.A. (1992). Closure
of potassium M-channels by muscarinic acetylcholine-receptor
stimulants requires a diffusible messenger. Proc. Soc. B, 250,
119-125.

SIMMONS, M.A., BECKER, J.B. & MATHER, R.J. (1990). Desensitiza-
tion of the M-current in sympathetic neurones; effect of ATP
analogs, polyanions and multiple agonist applications. Neuron, 4,
557-562.

SMITH, P.A. (1993). The autonomic ganglia and the modulation of
ganglionic transmission. In Advances in Structural Biology, Vol.
2. ed. Malhotra, S.K. pp. 245-316. Greenwich: JAI press.

SMITH, P.A., CHEN, H., KURENNY, D.E., SELYANKO, A.A. &
ZIDICHOUSKI, J.A. (1992). Regulation of the M-current: trans-
duction mechanism and role in ganglionic transmission. Can. J.
Physiol. Pharmacol. (Suppl)., 70, S12-S 18.

TAMAOKI, T., NOMOTO, H., TAKAHASHI, I., KATO, Y., MORIMOTO,
M. & TOMITA, F. (1986). Staurosporine, a potent inhibitor of
phospholipid/Ca2' dependent protein kinase. Biochem. Biophyjs.
Res. Commun., 135, 397-402.

WERZ, M.A., ELMSLIE, K.S. & JONES, S.W. (1993). Phosphorylation
enhances inactivation of N-type calcium channel current in bull-
frog sympathetic neurones. Pfluger's Arch., 424, 538-545.

(Received December 23, 1993
Revised April 19, 1994

Accepted Mayt 11, 1994)



Br. J. Pharmacol. (1994), 113, 63-68

The involvement of bradykinin B1 and B2 receptor mechanisms
in cytokine-induced mechanical hyperalgesia in the rat

A.J. Davis & 'M.N. Perkins

Sandoz Institute for Medical Research, 5 Gower Place, London WC1E 6BN

1 Interleukin-lp (IL-113), IL-2 and IL-8 induced a mechanical hyperalgesia following intra-articular
(i.artic.) injection into rat knee joints, whereas IL-6 and tumour necrosis factor a (TNF-x) were without
effect.
2 Co-administration of IL-I receptor antagonist (0.1 sg) with IL-IP (1 u), IL-2 (10 u) or IL-8 (0.1 u)
prevented the subsequent development of the hyperalgesia.
3 Co-administration of desArg9Leu8BK (0.5-5 nmol) with IL-1I3 (1 u), IL-2 (10 u) or IL-8 (0.1 u)
reduced the level of hyperalgesia at 1, 4 and 6 h post administration, whereas Hoe 140 (5 pmol)
antagonized the hyperalgesia only at the 1 h time point.
4 Intravenous administration of desArg9Leu8BK (10 nmol kg-') or Hoe 140 (100 pmol kg-') following
IL-1P (1 u), IL-2 (10 u), or IL-8 (0.1 u) reversed the subsequent hyperalgesia.
5 Administration of desArg9BK into joints 24 h after pre-treatment with IL-1P (1 u) produced
analgesia at low doses (50 pmol) and hyperalgesia at a higher dose (0.5 nmol). Both these effects were
blocked by desArg9Leu8BK (0.5 nmol).
6 Administration of desArg9BK (0.5 nmol i.artic.) to animals 24 h after pre-treatment with IL-2
(I-100 u) or IL-8 (0.1 -10 u) had no effect on the load tolerated by the treated joint.
7 Administration of indomethacin (1 mg kg-', s.c.) prior to IL-1P (1 u i.artic.) prevented the develop-
ment of hyperalgesia. Administration of desArg9BK (5 pmol-0.5 nmol, i.artic.) to animals 24 h after
indomethacin and IL-1P pretreatment had no effect on the load tolerated by the treated joint.
8 These data suggest that both bradykinin B, and B2 receptors are involved in the induction and
maintenance of cytokine-induced hyperalgesia. They also show that the induction of B, receptor-
mediated hyperalgesia requires both cyclo-oxygenase products and IL-1 in vivo.

Keywords: Cytokines; hyperalgesia; interleukin-1 receptor antagonist; bradykinin; desArg9 bradykinin; prostaglandins

Introduction

Cytokines have been implicated in the mechanisms of both
inflammation and hyperalgesia. In inflammatory diseases
such as rheumatoid arthritis increased levels of interleukin-1
(IL-1) tumour necrosis factor a (TNF-a), IL-6 and IL-8 have
been measured in the joint (Hirano et al., 1988; Yocum et al.,
1989; Brennan et al., 1990; Remick et al., 1992). These
cytokines have also been shown, to varying degrees, to cause
cellular infiltration and plasma extravasation in several
animal models of inflammation (Colditz & Watson, 1992;
Cooper et al., 1992; Forrest et al., 1992). Additionally IL-1,
IL-6, IL-8 and TNF-a may contribute to the hyperalgesia
accompanying inflammation since they can induce mechani-
cal hyperalgesia following local administration in rats (Fer-
reira et al., 1988; Follenfant et at., 1989; Cunha et al., 1992).
The role of kinins in inflammation and hyperalgesia has

been extensively studied. Bradykinin is known to excite
nociceptors via activation of B2 receptors (Steranka et al.,
1988; Haley et al., 1989; Dray et al., 1992; Heapy et al.,
1993) and can cause inflammation, extravasation and cellular
migration (McFadden & Vickers, 1989; Damas & Remacle-
Volon, 1992; Green et al., 1993). Recently we have shown
that, subsequent to an inflammatory insult, the B, receptor
plays an important role in mechanisms of mechanical (Per-
kins et al., 1992; 1993; Davis & Perkins, 1994) and thermal
(Perkins & Kelly, 1993) hyperalgesia.

Interactions between cytokines and kinins have been
shown in several systems. IL-l and IL-2 have been shown to
induce bradykinin B, receptors in vitro (Deblois et al., 1988),
and synergistic interactions have been demonstrated in
human fibroblasts between bradykinin, desArg9BK and IL-1
(Lerner & Modeer, 1991; Bathon et al., 1992; Lerner et al.,
1992).

' Author for correspondence.

In this study we have investigated the hyperalgesic action
of inflammatory cytokines after intra-articular injection into
rat knee joint and the possible involvement of B, and B2
receptors.

Methods

The method used in this study for assessment of mechanical
hyperalgesia has been described previously (Perkins et al.,
1992; 1993; Davis & Perkins, 1993; 1994) and entailed intra-
articular (i.artic.) injections of inflammatory or hyperalgesic
agents into one knee joint of female Sprague-Dawley rats
(80-100 g Charles-Rivers, kept at 21 ± 2'C, 12 h light/dark,
food and water ad libitum) and subsequently measuring the
load tolerated by the injected leg. For assessment of the load
tolerated by the treated leg, animals were placed with their
hind paws on separate balanced force transducers and a
downward force applied such that the load tolerated by the
untreated joint was 100 g. At this point the injected leg
would tolerate less load and this reduction in load was used
as a measure of hyperalgesia (Perkins et al., 1992). The load
of 100 g was chosen as it gave a sufficient reduction in
tolerated load subsequent to intra-articular injections of
inflammatory or hyperalgesic agents such that the dose-
response relationships to test compounds could be properly
assessed. All injections into the joint were made under brief
enflurane anaesthesia.

Time course of cytokine-induced hyperalgesia

Animals received unilateral intra-articular injections (100fd,
phosphate buffered saline vehicle) of either IL-1P (0.1-100
u), IL-2 (1-100u), IL-6 (1-100u), IL-8 (0.01-10u) or

19" Macmillan Press Ltd, 1994
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TNF-a (1-500 u). The load tolerated by the treated joint was
then assessed at 1, 4, 6 and 24 h post injection. Control
animals received cytokines which had been heated to above
500C for 60 min, the highest dose of each cytokine being used
for this control. ANOVA and MANOVA followed by post
hoc analysis of means was used to establish a reduction in
tolerated load over the time course and to compare groups
with their heat-treated control at each time point.

Antagonism of cytokine-induced hyperalgesia

Animals were administered a sub-maximal dose of cytokine
(100 til, i.artic.) either alone or in combination with IL-1
receptor antagonist(ra) (0.1 jig), desArg9Leu8BK (0.5-5
nmol), desArg'J[Hoe 140] (5 pmol) or Hoe 140 (5 pmol). The
load tolerated by the treated leg was then assessed at 1, 4 and
6 h after administration. MANOVA followed by post hoc
analysis of means was used to compare treatments at each
time point.

Reversal of cytokine-induced hyperalgesia

Animals were injected with a sub-maximal dose of cytokine
(100 gil, i.artic.) and the load tolerated by the treated joint
was assessed 4 h later. Animals were injected with either
desArg9Leu8BK (10 nmol kg-'), Hoe 140 (100 pmol kg-') or
saline via their tail vein, under brief enflurane anaesthesia,
30 min before assessing the level of hyperalgesia. ANOVA
followed by post hoc analysis of means was used to compare
the saline and antagonist-treated groups.

Induction of B, receptor

Animals received unilateral intra-articular injections (100 gl)
of cytokine and then 24 h later the load tolerated by the
injected leg was assessed. Control readings were taken to
establish the baseline level of hyperalgesia, then 50 gil of
desArg9BK (5 pmol-1 nmol) was subsequently injected into
the cytokine-treated joint. The level of hyperalgesia was then
assessed at 30 min intervals for 2 h. Antagonists were co-
administered with desArg9BK. ANOVA followed by post hoc
analysis of mean was used to study the time course of
desArg9BK-induced hyperalgesia for each dose administered.

Separate groups of animals were injected with indometh-
acin 0.1-10 mg kg-1, s.c. or 2% Na2CO3 vehicle (buffered to
pH 7 with NaH2PO4) 30 min before administration of IL-1,B
(1 u, i.artic.). The load tolerated by the treated leg was
assessed at 1, 4 and 24 h after administration of IL-1P.
DesArg9BK (5 pmol-0.5 nmol, i.artic.) was also admini-
stered, as described above, 24 h after indomethacin and IL-1P
pre-treatment.

Drugs

All cytokines used in this study were human recombinant
type. IL-IP, IL-6, IL-8 (72 amino acids) and TNF-a were
obtained from The National Institute for Biological Stan-
dards and Controls (NIBSC), with specific activities of
1 x 108 (IL-1), 5 x 106 (IL-6), 1 x 106 (IL-8) and 4 x 107 u
mg-' (TNF-m) and code numbers 86/552, 88/514, 89/520 and
87/650 respectively. IL-2 was obtained from Sandoz Basel,
with a specific activity of 2 x 106 u mg-1. DesArg9Leu8BK
and IL-lra were obtained from Bachem A.G. and Hoe 140
(D-Arg [Hyp3, Thi5,D-Tic7,Oic8]BK) and desArg'"[Hoe 140]
were synthesized by Dr A. Hallett, Sandoz Institute for
Medical Research. Indomethacin was obtained from Sigma.

Results

IL- IP (I -100 u, i.artic.) induced a reduction in tolerated load
when injected into naive joints. This hyperalgesia was
significant at 1, 4, 6 and 24 h post-injection with 1-100 u,
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Figure 1 Load (g) tolerated by the ipsilateral leg after intra-articular
administration of interleukin-lp (IL-lp) (a) IL-2 (b) or IL-8 (c) into
naive joints, all injections were made after the first (0 h) reading: (a)
shows the time course of hyperalgesia after IL-IP 0.1 u (U), 1 u (0),
IOu (A), lOOu (A) and heat-treated lOOu (O, n= 16). (b) Shows
the time course of hyperalgesia after IL-2 1 u (0), 10 u (A), 100 u
(A) and heat-treated 100 u (O). (c) Shows the time course of
hyperalgesia after IL-8 0.01 u (0), 0.1 u (U), I u (0), lO u (A) and
heat-treated 10 u (O). All results are expressed as mean ± s.e.mean
(n = 8 animals per group, unless stated otherwise). *P<0.05 com-
pared to heat-treated control at each time point.

whereas 0.1 u and heat treated IL-1,B (100 u) had no effect
(Figure 1). The highest dose of IL-1P tested was 100 u which
caused a reduction in tolerated load from 94 ± 1 g to
49 ± 5 g at 6 h (n = 8, P<0.05). By 24 h post administration
only the animals which received 10 and 100 u IL-1IP showed a
reduction in tolerated load when compared to the heat-
treated control (60 ± 3 g and 75 ± 3 g, n = 8 respectively, vs
90± 4 g n = 16, P <0.05); however, the animals which
received 1 u IL-1P were still significantly hyperalgesic com-
pared to their pretreatment levels (82 ± 2 g vs 94 ± 1 g, n = 8,
P< 0.05).

IL-2 (1-100 u, i.artic.) produced a reduction in tolerated
load when injected into naive joints. The hyperalgesia was
significant at 1 and 4 h post-injection with 1-100 u, whereas
heat treated IL-2 (100 u) had no effect over the time course
(Figure 1). The maximum reduction in hyperalgesia occurred
1 h post-injection at all doses tested. With 100 u IL-2, the
tolerated load fell from 87 ± 1 g pre-treatment level, to
44 ± 2 g at I h (n = 8, P<0.05). By 6 h after all doses the
level of hyperalgesia was no longer significantly different
from the control group.

IL-8 (0.01-10 u) caused a reduction in tolerated load when
injected into naive joints, whereas heat-treated IL-8 (10 u)
had no effect (Figure 1). After 0.1-10 u IL-8 the hyperalgesia
was significant at 1, 4 and 6 h post-injection. By 24 h post-
injection only the group which received 10 u IL-8 were
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hyperalgesic, with a tolerated load of 80 ± 2 g compared to
their pretreatment level of 94 ± 1 g (n = 8, P <0.05).

IL-6 (1-100 u, i.artic.) and TNF-a (1-500 u, i.artic.) did
not induce hyperalgesia at 1, 4, 6 or 24 h (data not shown).

Antagonism of cytokine-induced hyperalgesia

Co-administration of desArg9Leu8BK (0.5 nmol) with IL-lI
(1 u) reduced the hyperalgesia over the entire time course
(Figure 2). After 1 h the load tolerated was 89 ± 2 g (n = 16)
compared to 67 ± 2 g (n = 24, P <0.05) in animals which
received IL-1p alone. The hyperalgesia was still reduced at
6 h with a tolerated load of 75 ± 3 g compared to 65 ± 2 g
(P<0.05) with IL-1Ip alone. Hoe 140 (5 pmol) only blocked
IL-1p-induced hyperalgesia at 1 h; animals tolerated 86 ± 5 g
(n = 8, P <0.05) at this time point. By 4 h post administra-
tion the hyperalgesia was the same as in animals which
received IL-11P alone (59 ± 3 g with Hoe 140 vs 60 ± 2 g with
IL-1P alone).

Co-administration of desArg9Leu8BK (5 nmol) with IL-2
(10 u) prevented the development of hyperalgesia at all time
points studied (Figure 2); animals tolerated 86± 2g and
91 ± 2g (n = 8) compared to 66 ± 2g and 63 ± 2g (n = 32,
P <0.05) in control animals at 1 and 4 h post injection. A
lower dose of desArg9Leu8BK (0.5 nmol) prevented the
hyperalgesia only at the 1 h time point, however desArg'°
[Hoe 140] 5 pmol prevented development of hyperalgesia over
the entire time course (Figure 2). Hoe 140 (5 pmol) blocked
the development of IL-2-induced hyperalgesia only at the 1 h
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expressed as mean ± s.e.mean (n = 8, unless stated otherwise).
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time point, when the tolerated load was 92 ± 3 g (n = 8)
compared to 66 ± 2 g (n = 32, P <0.05) in animals which
received IL-2 alone; by 4 h post injection the load tolerated
fell to 60 ± 3 g in animals which received Hoe 140 compared
to 63 ± 2 g in animals which received IL-2.

Co-administration of desArg9Leu8BK (0.5 nmol) with IL-8
(0.1 u) blocked the development of hyperalgesia over the
entire time course (Figure 2). After 1 h the load tolerated was
94 ± I g (n = 8) compared to 63 ± 2 g (n = 16, P< 0.05) in
animals which received IL-8 alone. The hyperalgesia was still
reduced at 6 h with a tolerated load of 94 ± 2 g compared to
70 ± 3 g (P<0.05) with IL-8 alone. Hoe 140 (5 pmol)
blocked IL-8-induced hyperalgesia only at 1 h; animals
tolerating 92 ± 2 g (n = 8, P< 0.05) at this time point. By 4 h
post administration the hyperalgesia was the same as in
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Arg9Leu8BK 10 nmolkg-' (open columns) or Hoe 140 100 pmol
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cytokine. All results are expressed as mean ± s.e.mean (n = 8, unless
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animals which received IL-8 alone (67 ± 4 g with Hoe 140 vs
66 ± 2 g with IL-8 alone).

Co-administration of IL-Ira (0.1 pg) with IL-1I3 (1 u), IL-2
(10 u) or IL-8 (0.1 u) blocked the development of hyperal-
gesia over the entire time course (Figure 2). A lower dose of
IL-Ira (0.01 jig) only partially blocked IL-lp-induced hyper-
algesia (data not shown) so 0.1 jg was used to antagonize
IL-2 and IL-8-induced hyperalgesia.
None of the doses of antagonists used had any effect when

administered alone to the naive joint over the dose-ranges
used in these experiments (data not shown).

Reversal of cytokine-induced hyperalgesia

When desArg9Leu8BK (1Onmol kg-') or Hoe 140 (100 pmol
kg-') were administered i.v. to animals 3.5 h after intra-
articular injection of IL-IP, IL-2 or IL-8 the hyperalgesia was
reversed when measured 30 min later (Figure 3). The load
tolerated after desArg9Leu8BK and Hoe 140 was 100+ 3 g
(n = 8) and 95 ± 4 g (n = 8) respectively compared to 66 3 g
after saline (n = 16, P <0.05) in IL-IP-treated animals;
93 ± 2 g (n = 8) and 88 ± 4 g (n = 8) respectively compared
to 62 ± 2 g after saline (n = 16, P <0.05) in IL-2-treated
animals; 91 ± 3 g (n = 8) and 88 ± 4 g (n 8) compared to
57 ± 3 g after saline (n = 16, P <0.05) in IL-8-treated ani-
mals (Figure 3).

Induction of B, receptors

When desArg9BK (I -100 nmol, i.artic.) was administered to
naive rats there was no effect on tolerated load. After I and
100 nmol the loads tolerated by the treated leg at I h post
injection were 94 ± 3 g and 92 ± 5 g respectively, compared
to pretreatment values of 93 ± 2 g and 93 ± 1 g respectively
(n = 8). Twenty four hours after administration of IL-1p (1 u)
into the knee joint, injection of desArg9BK into the same
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Figure 5 Load (g) tolerated by ipsilateral leg after intra-articular
administration of interleukin-lp (IL-IP) I u. (a) Time course of
hyperalgesia in animals pretreated with indomethacin 0.1 mg kg-'
(open columns), 1 mg kg-' (cross hatched columns), 1Omg kg-'
(horizontally hatched columns) or vehicle (solid columns) s.c., 30 min
prior to IL-IP. (b) DesArg9BK was administered into the ipsilateral
joint 24 h after ILIP. After pre-injection readings (solid columns),
desArg9BK was administered at 0.5 nmol (open columns), 50 pmol
(cross hatched columns), or 5 pmol (horizontally hatched columns).
All results are expressed as mean ± s.e.mean (n = 8, unless stated
otherwise). *P<0.05 compared to pre-injection reading.

joint produced opposite effects depending on the dose used.
With a low dose of desArg9BK (50 pmol) the load tolerated
increased from 83 ± 3 g to 96 ± 2 g (n= 8, P <0.05) after
1 h, whereas at higher doses (0.5 and 1 nmol) there was a
reduction in load tolerated (Figure 4). After 0.5 nmol
desArg9BK, the mean tolerated load fell from 82 ± 2 g to
66 ± 4 g at 1 h (n = 8, P< 0.05); this reduction was blocked
when desArg9BK was co-administered with desArg9Leu8BK
(0.5 nmol) or desArg'0[Hoe 140] (5 pmol), but Hoe 140 (5
pmol) had no effect (Figure 4).

There was no change in load tolerated when desArg9BK
(0.5 nmol) was injected into joints pretreated with IL-2
(l -O00 u), IL-6 (1-100 u), IL-8 (0.1 -lO u) or TNF-a (1-500
u), 24 h previously (data not shown).

Following indomethacin pretreatment (1 mg kg-', s.c.) 30
min before intra-articular injection of IL-IP (1 u) there was
no reduction in tolerated load when assessed 1, 4 or 24 h
later (Figure 5). At 24 h, the load tolerated by the treated
joint was 91 ± I g (n = 24) in animals which received
indomethacin and IL-1p, compared to 85 ± 2 g (n = 8,
P<0.05) in animals which received vehicle and IL-1p. Intra-
articular administration of desArg9BK (5 pmol-1 nmol) to
animals 24 h after indomethacin and IL-1P pretreatment had
no significant effect on the tolerated load (Figure 5).

Discussion

These data show that the cytokines IL-1p, IL-2 and IL-8 all
induce mechanical hyperalgesia when injected into the rat
knee joint, whereas IL-6 and TNF-a were without effect. The
blockade of IL-1p, IL-2 and IL-8-induced hyperalgesia by the
IL-I receptor antagonist, IL-Ira, (Eisenberg et al., 1990)
suggests the involvement of IL-I in the induction of
hyperalgesia by these cytokines. Furthermore, the antago-
nism of the cytokine-induced hyperalgesia by desArg9Leu8BK
and Hoe 140 also implicates bradykinin B, and B2 receptor
systems in this hyperalgesia. These data therefore further
suggests a possible role of IL-1P in hyperalgesia, and sup-
ports evidence in vitro (Deblois et al., 1989) and in vivo
(Perkins & Kelly, 1993) for a link between B, receptor ex-
pression and IL-1p.
The time course experiments did not show a clear dose-

response relationship for IL-1p, IL-2 or IL-8. However, in-
creasing the dose of IL-1,B and IL-8 did prolong the duration
of hyperalgesia. At the doses of cytokines used for the
antagonist work, there was no significant difference in the
magnitude of hyperalgesia.
When B, and B2 receptor antagonists, at doses previously

shown to be specific for their respective agonists (Davis &
Perkins, 1994), were co-administered with IL-1p, IL-2 or
IL-8, the B, receptor antagonist, desArg9Leu8BK, caused
significant antagonism of hyperalgesia over the time course
of study, whereas a B2 receptor antagonist, Hoe 140,
antagonized the hyperalgesia only at the 1 h time point. With
IL-2, higher doses of desArg9Leu8BK were required to block
the development of hyperalgesia, compared to the IL-IP or
IL-8 experiments. The reason for this reduced potency is
unclear; however, IL-2-induced hyperalgesia was blocked by
IL-Ira which suggests that IL-2 causes hyperalgesia via pro-
duction of IL-l. Any delay therefore in the endogenous
production of IL-l following IL-2 administration would
allow time for desArg9Leu8BK to be metabolically degraded
thereby reducing its effective concentration. This possibility is
supported by the blockade of IL-2-induced hyperalgesia by
desArg'°[Hoe 140], a metabolically protected B, receptor
antagonist (Wirth et al., 1992).
The shorter duration of Hoe 140-induced antagonism of

cytokine-induced hyperalgesia, compared to desArg9Leu8BK
seen in these experiments, was also observed in a previous
study where the hyperalgesia was induced by Freund's com-
plete adjuvant (Davis & Perkins, 1994). Since Hoe 140 has
been shown to be metabolically stable in synovial fluid (Bond
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et al., 1992) it is unlikely that the shorter duration of action,
compared to the B1 antagonist desArg9Leu8BK, is due to
more rapid metabolism. When administered systemically,
Hoe 140 has been shown to have a very long duration of
action with respect to antagonism of BK (Wirth et al., 1991)
so it is unlikely that kinetics favour desArg9Leu8BK in this
regard, particularly as desArg9Leu8BK is not metabolically
stable and would be expected to have a relatively short half
life. In addition, the fact that desArg'"[Hoe 140] another B1
receptor antagonist (Wirth et al., 1992) antagonized IL-2-
induced hyperalgesia with a duration of action similar to
desArg9Leu8BK supports the conclusion that B. but not B2
receptor blockade prevents the development of hyperalgesia.
Although the data presented here suggest a more impor-

tant role of B1 receptors in the initial development of
cytokine- induced hyperalgesia, both desArg9Leu8BK and
Hoe 140 were equally effective in reversing the hyperalgesia
after it had developed. We chose the 4 h time point to study
the role of the kinin system in maintenance of hyperalgesia
since IL-113, IL-2 and IL-8 all induced a similar level of
hyperalgesia at this time point. Administration of antagonists
30 min prior to testing was chosen since we have previously
shown that desArg9Leu8BK and Hoe 140 are most effective at
this time (Perkins et al., 1993; Davis & Perkins, 1994).

Since both B. and B2 receptor antagonists almost com-
pletely reverse the cytokine-induced hyperalgesia seen in this
model, this suggests a complex interaction between B1 and B2
receptors in the development and maintenance of this type of
hyperalgesia. There are several ways in which such interac-
tions could occur. Recently it has been shown that brady-
kinin and desArg9BK can up-regulate the expression of cell
specific receptors for high and low molecular weight
kininogen possibly leading to an enhanced production of
bradykinin (Zini et al., 1993). Interestingly, this effect of
bradykinin was not via a B2 receptor but was partially
blocked by desArg9Leu8BK. A B2 receptor antagonist would,
therefore, be expected to antagonize the action of BK but not
affect any such increase in its production. DesArg9Leu8BK,
however, would not only antagonize the action of desArg9BK
but may also reduce an increase in production of BK (Zini et
al., 1993). If this up-regulation of kininogen receptors under-
lies to any significant extent the development of hyperalgesia
in this model, then this may explain the prevention of the
hyperalgesia by B1 antagonists at the later time points.
Another possibility could be that desArg9BK may act at B.
receptors to produce co-factors, such as prostaglandins
(Cahill et al., 1988; Tiffany & Burch, 1989; Lerner & Modeer,
1991) which may be necessary to maintain the inflammatory
cascade leading to further BK production and sensitization
of the nociceptor to BK. In either case blockade of either B.
or B2 receptors would antagonize the hyperalgesia.
The initial antagonist studies suggested an involvement of

B. receptors in both the development and maintenance of
hyperalgesia; thus the latter set of experiments looked at the
effect of the B. receptor agonist desArg9BK when adminis-
tered to cytokine pretreated joints. These experiments were
conducted 24h after administration of IL-1p, IL-2 or IL-8
since the load tolerated by the cytokine pre-treated joint was
similar with all three cytokines at this time point. Mechanical
hyperalgesia was only induced by desArg9BK in joints pre-
treated with IL-1p, whereas desArg9BK has no effect when
administered alone into naive joints. A previous study from
this laboratory has also shown the induction of thermal
hyperalgesia following IL-lP administration (Perkins &
Kelly, 1993). The paradoxical increase in tolerated load seen

with low doses of desArg9BK is interesting but at present we
do not have an explanation for this, although it appears to
be a specific B. receptor-mediated effect since it was
antagonized by co-administration of desArg9Leu8BK. Experi-
ments are in progress to investigate further the pharmacology
of desArg9BK in IL-1Ip pretreated joints. The lack of effect of
desArg9BK in joints pre-treated with IL-2 or IL-8 suggests
that B. receptors are not present 24 h after administration of
these two cytokines. However, IL-2 and IL-8 showed diff-
erent time courses of action and dose-response relationships
from IL-1p, thus it is possible that functional expression of
the B. receptor has a finite life, requiring the continued
presence of inflammatory mediators such as IL-1 to remain
functional. Since our interest was mechanisms underlying the
induction of B. receptors, further experiments were not per-
formed with IL-2 and IL-8.
The effect of indomethacin on the induction of Bl-

mediated hyperalgesia suggests prostanoid production medi-
ates this response. Conflicting data exist in the literature
concerning the role of prostaglandins in IL-lp-induced
hyperalgesia (Ferreira et al., 1988; Follenfant et al., 1989).
Our experiments show that, at least in the knee joint, the
hyperalgesia induced by IL-1p is dependent on prostaglan-
dins, since indomethacin blocked the development of hyper-
algesia at a systemic dose sufficient to inhibit prostaglandin
biosynthesis completely (Salmon et al., 1983; Follenfant et
al., 1989). Furthermore, the lack of effect of desArg9BK
when administered to animals 24 h after indomethacin and
IL-IP pretreatment, suggests that prostaglandins are also
involved in the induction of the B. responses. This is interest-
ing since the spontaneous induction of B. receptors in vitro is
not inhibited by continuous exposure to indomethacin
(Regoli et al., 1978) or IL-Ira (Petitclerc et al., 1992). How-
ever IL-1ra does prevent the enhanced B. responses induced
by incubation with IL-1p, suggesting that the spontaneous
induction of B. receptors in isolated tissues and the IL-1-
induced B. responses could possibly occur via different
mechanisms (Petitclerc et al., 1992).

Although B2 receptors are known to be present on sensory
neurones (Sterenka et al., 1988), the location of B1 receptors
in these studies is not known. It is possible that the cytokines
induce or up-regulate B. receptors on the sensory neurone as
seen in smooth muscle studies (Bouthillier et al., 1987; Deb-
lois et al., 1988; 1989; Siebeck et al., 1989) but there is, as
yet, no evidence to support this. DesArg9BK has been shown
to increase the synthesis and release of inflammatory med-
iators such as IL-I and PGI2 from other cell types (Cahill et
al., 1988; Tiffany & Burch, 1989; Lerner & Modeer, 1991)
and such actions of desArg9BK c6uld indirectly increase the
excitability of the nociceptor. Whatever the site of the B.
receptor, B. receptor antagonists are not only effective in
preventing the development of hyperalgesia, but, along with
B2 receptors they can also reverse the hyperalgesia once
established.

In conclusion, the present paper suggests that subsequent
to a challenge of IL-lP desArg9BK can induce a B1 receptor-
mediated mechanical hyperalgesia. In addition the data
indicate that the cytokines IL-1P, IL-2 and IL-8 can induce
mechanical hyperalgesia in a rat knee joint model and this
involves both B1 and B2 receptors. B. receptors, however,
seem to have a greater role than B2 receptors in the develop-
ment of cytokine-induced mechanical hyperalgesia. There
could, therefore be potential therapeutic uses of both B1 and
B2 receptor antagonists in conditions of inflammatory hyper-
algesia.
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The electrophysiological effects of dicentrine on the conduction
system of rabbit heart

Ming-Lon Young, ',*Ming-Jai Su, **Mei-Hwan Wu & tChien-Chih Chen

Department of Pediatrics, University of Miami, *Department of Pharmacology and **Department of Pediatrics, National
Tawain University and tNational Institute of Chinese Medicine, Taipei, Taiwan

1 The electrophysiological effects of dicentrine, an aporphine alkaloid isolated from the root of Lindera
megaphylla, were examined in the Langendorff perfused rabbit heart and rabbit isolated cardiac cells.
2 Standard electrophysiological characters were measured in the Langendorff perfused rabbit heart
(control study) and after 5 min exposure to 1, 3 and 91M of dicentrine and during the subsequent
recovery phase sequentially (n = 7). The same study protocols were performed in 0.5 to 4.5 LM quinidine
(n = 7), 18 to 162 gM procainamide and N-acetylprocainamide (n = 7) for comparison.
3 The results showed that the spontaneously beating heart rate and the sinoatrial (SA) and atriovent-
ricular nodal (AH) conduction time were not significantly affected by dicentrine but were significantly
suppressed by the higher doses of quinidine (4.5 gM) and procainamide (162 PM).
4 The His-Purkinje conduction time was significantly increased by the higher dose of dicentrine,
quinidine and procainamide.

5 The ventricular repolarization time and its effective refractory period were significantly increased by
the higher dose of dicentrine and the other agents.
6 The effective refractory period of the atrium, AV node and His-Purkinje system were also
significantly increased by dicentrine and the other agents.
7 A voltage clamp study revealed that the prolongation of atrial action potential duration by
dicentrine (9 gLM) was associated with a significant inhibition of the transient potassium outward current.
As well as inhibition of the transient outward current, a significant inhibition of the sodium inward
current by dicentrine was found.
8 We conclude that (1) dicentrine is potentially a useful antiarrhythmic agent with type Ia and type III
antiarrhythmic action; (2) the relative potency of dicentrine on the electrophysiological function of
cardiac tissue is 10-20 times more than that of procainamide.

Keywords: Dicentrine; quinidine; procainamide; conduction time; refractory period; transient outward current; sodium inward
current; myocytes

Introduction

Medicinal plants have been used as traditional remedies in
Taiwan for over hundreds of years. Among them, several
aporphine alkaloids were isolated and reported to cause
bradycardia and exert antiarrhythmic activity (Li et al., 1984;
1989).

Dicentrine, a chemical principle isolated from the root of
Lindera megaphylla, is an aporphine alkaloid found to have
some antithrombotic activity and strong &x-adrenoceptor
blocking activity (Chen et al., 1991; Teng et al., 1991). In a
study of the hypotensive effect on dogs, dicentrine when
injected at 1 mg kg-' could effectively reverse the heart beats
to normal sinus rhythm in dogs with recurrent ventricular
tachycardia. In rat isolated ventricular cells, dicentrine pro-
longs the action potential duration (APD0), and reduces the
rate of action potential upstroke (Su et al., 1994). These
results indicate that dicentrine may possess antiarrhythmic
activity. The effects of dicentrine on the conduction system of
the rabbit heart were studied and compared with its effect on
membrane currents of rabbit cardiac cells. We conclude that
dicentrine is potentially a useful type I and type III antiar-
rhythmic agent.

Methods

Electrophysiological study of conduction in rabbit hearts

Hearts were removed from New Zealand white rabbits
() 2 kg) and retrogradely perfused with Tyrode solution at a

' Author for correspondence at: Department of Pharmacology, Col-
lege of Medicine, National Taiwan University, Taipei, Taiwan.

rate of 4 ml min'l g'- tissue. Tyrode solution was used, com-
position (mM): NaCl 120.3, NaH2PO4 1.2, NaHCO3 24.2,
KCI 5, MgCl2 1.3, CaCl2 1.2, and dextrose 5.5, which was
saturated with 95% 02 and 5% CO2 to give a pH of 7.4 and
warmed to 37°C.

For His bundle electrogram recording, a silver electrode
connected to a tungsten spring was placed on the endocar-
dium near the apex of the triangle of Koch. In order to
obtain a recognizable T wave and a ventricular depolariza-
tion wave simultaneously on the ventricular electrogram, the
tips of the ventricular recording electrode were separate and
placed on the opposite sides of the ventricular epicaridum
near the ventricular apex.
High right atrial and ventricular pacing electrodes were

placed near the junction of the superior vena cava and right
atrium and on the epicardium near the right ventricular apex
respectively. Pacing studies were performed utilizing a prog-
rammable stimulator (Bloom Ltd. DTU 215). A pacing
stimulus of 1 ms in duration and twice the diastolic threshold
voltage was applied to the preparation through the bipolar
atrial or ventricular electrodes. The signals were continuously
monitored on an oscilloscope (Hewlett Packard, 54503A) and
pertinent data recorded on a two-channel physiological
recorder (Gould, RS 3200) with a paper speed of 100 mm s '.

Electrophysiological studies were performed according to
standard methods described previously (Josephson & Seides,
1979; Klitzner & Roberts, 1983; Young et al., 1989).
The right atrium was paced at a constant rate that was

slightly faster than the spontaneous heart rate and the fol-
lowing electrophysiological measurements made:

Intra-atrial conduction time (SA): the conduction interval

'." Macmillan Press Ltd, 1994
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measured from the beginning of the stimulation artifact to
the first rapid deflection of the atrial depolarization wave.
AV nodal conduction time (AH): the conduction interval
measured from the first rapid deflection of the atrial
depolarization wave to the beginning of the His bundle
depolarization wave. His-Purkinje conduction time (HV): the
conduction interval measured from the beginning of the His
bundle depolarization to the earliest ventricular depolariza-
tion wave. Corrected ventricular repolarization time (QTc):
the Q-T interval was defined as the interval measured from
the beginning of the ventricular depolarization to the end of
the T wave and corrected (QTc) by dividing the Q-T interval
by the square root of the pacing cycle length.
The atrial pacing cycle length was then decrementally

decreased (every 5- 10 s) in steps of 10 or 20 ms, until a
stable 1:1 AV nodal conduction pattern was lost. The longest
pacing cycle length at which a 1:1 AV conduction pattern
could not be maintained (either 2:1 conduction or Wen-
ckebach cycle) was defined as the Wenckebach periodicity.

Refractory periods were determined using continuous
premature stimulation techniques. Refractory periods were
defined as follows: Atrial effective refractory period: the
longest SI -S2 interval that could not evoke an atrial
depolarization (A2) wave. AV nodal effective refractory
period: the longest SI-S2 interval in which the evoked A2
failed to evoke a His bundle depolarization wave (H2). His-
Purkinje effective refractory period: the longest HIH2 interval
(measured from the His bundle spike of the last beat of
constant rate pacing to the premature His bundle spike
evoked by the conducted S2 beat) that fails to evoke a
premature ventricular depolarization (V2).
The ventricular extrastimulation study protocol was similar

to the atrial extrastimulation study. The ventricular effective
refractory period was defined as the longest S -S2 interval in
which the S2 stimulation failed to evoke a premature ventri-
cular depolarization (V2).

Isolation of myocytes

Hearts were quickly removed from adult New Zealand white
rabbits () 2 kg) under anaesthesia (sodium pentobarbitone),
30 mg kg-' and systemic heparinization (300 iu kg-', i.v.).
The hearts were retrogradely perfused with a Langendorff
apparatus by using prewarmed (37°C) calcium-free Tyrode
solution for 3 min, followed by perfusing with the same
solution containing 0.5 mg ml-' collagenase (Type 1, Sigma
Chemical Co., St. Louis, MO, U.S.A.) and 0.075 mg ml-'
protease (Type VII, Sigma). The calcium paradox was
prevented by perfusion with Kraftbruhe (KB) medium for
5 min after the enzymatic digestion (Isenberg & Klockner,
1981). Thereafter, the left and right ventricles were separated
from the atria, dispersed and stored in KB medium at room
temperature (25-27°C) for later use.

Whole-cell recording

Ionic currents were studied by a whole cell voltage clamp
method (Hamill et al., 1981) and pipette electrodes with a tip
resistance of 2-5 MQ. A Dagon 8900 patch/whole cell clamp
amplifier fitted with a 100 MCI feedback resistor in the heads-
tage was used to voltage clamp the myocyte. The formation
of a high resistance seal was monitored by applying a 1 nA
current from a digital pulse generator. A high resistance seal
(5 to 10 gigaohm) was obtained before the disruption of the
membrane patch. The cells were dialyzed with the electrode
solution for 3-5 min to reach a state of equilibrium after
disruption of the membrane patch. The total series resistance
for the pathway between pipette interior and cell membrane
was estimated from the cell capacitance and capacitance
decay time constant. It was possible to compensate elect-
ronically for 60% of the voltage drop across the electode
produced by the current. The maximal sodium inward cur-
rent elicited from adult myocytes in normal Tyrode solution

was usually higher than 20 nA and would escape effective
voltage clamps. Therefore, Na currents were studied in low
Na' Tyrode solution (80 mM NaCI was substituted with
choline chloride) dialysis of the cell with Na containing
(10 mM) Cs' pipette solution to reduce the membrane Na'
concentration gradient and to prevent the contamination of
potassium outward current.

During measurement of the potassium outward current,
contamination by the calcium inward current (ICa) was
prevented by adding 0.5 to 1.0 mM Co2" to the bathing
medium. In this condition, 400 ms depolarization of the
membrane potential results in a generation of a fast inward
current followed by a transient outward current (I,.). Since
most of the INa inactivates within 5 to 10 ms after the start of
depolarizing pulses, the contamination of It, by this current
could be reduced if the magnitude of It, was measured at
10 ms after the start of the depolarizing pulse.
The effective refractory period (ERP) of rabbit ventricular

cells was determined by twin stimulation at 0.2 Hz. The
interval between the twin stimulation was decrementally
decreased in 20 ms steps until the action potential could not
be elicited by the second stimulation.

Solutions

Five basic solutions were used with the following composi-
tion in mM: (1) Ca2+-Tyrode: NaCl 137, KCI 5.4, MgCl2 1.1,
CaC12 1.8, HEPES 12, titrated with NaOH to pH 7.4; (2)
Calcium-free Tyrode: Tyrode solution without CaCl2; (3)
Cobalt containing Tyrode solution: Tyrode solution contain-
ing CoCl2 1 mM: (4) Internal solution for filling the suction

a
Control

Dicentrine

1 PM

3 pM

9 PM

Recovery

SA AH HV QTc

14 47 22 311

14 46 23 320

14 48 23 349

14 53 27 372

14 47 22 349

b

N

CH30'N ' CHH
H ,

OCH3

Dicentri ne Quinidine

Figure 1 (a) His bundle electrograms showing effects of 1, 3 and
9 pM dicentrine on the electrophysiological function of an adult
rabbit heart. The right atrium near the superior vena cava was paced
at a constant rate with a pacing cycle length of 350ms. A: atrial
depolarization. H: His bundle depolarization. S: stimulation artifact.
T: ventricular repolarization. V: ventricular depolarization. Paper
speed: 100 mm s-'. Calibration line: 10 ms. The measurements of
SA, AH, HV and QTc (see Text for definitions) are in ms. (b)
Chemical structures of dicentrine and quinidine.
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pipettes: KCI 120, NaCl 10, MgATP 5, K2EGTA 11, CaC12,
HEPES 10, titrated with KOH to pH 7.4. Internal solution
containing 120 mM Cs' instead of K+ was used for INa and
ICa studies; (5) KB medium: taurine 10, glutamic acid 70, KCl
25, KH2PO4 10, dextrose 22, EGTA 0.5, titrated with KOH
to pH 7.3

Drugs

Quinidine, procainamide and N-acetylprocainamide were
purchased from Sigma Chemical Company (St. Louis, MO,
U.S.A.). Dicentrine ((± )-form, 99% purity) was isolated by
column chromatography of the ethanol extract of the roots
of Lindera megaphylla on silica gel columns (Chen et al.,
1991). Both quinidine and dicentrine were dissolved in
dimethylsulphoxide (DMSO) as a 10 mM stock solution and
further dilutions made in Tyrode solution. Procainamide (18,
55 and 165 JiM) and N-acetylprocainamide (18, 55 and
165 tiM) were dissolved in Tyrode solution.

In each of the Langendorff preparations the entire elect-
rophysiological study protocol was performed before and
after each drug addition.

In order to test the stability of the preparations and the
reversibility of the agent, the same electrophysiological study
protocol was repeated after the heart was again perfused in
Tyrode solution for a period of at least 50 min. If the control
data suggested a dysfunction of the conduction system of the
preparation, or the recovery data deviated from that of the
control by 20% or more, the data were discarded.

Figure 1 shows example tracing of His bundle electrograms
taken from one experiment in which the atrium of an adult
rabbit heart was paced at a pacing cycle length of 350 ms.
The results obtained were expressed as mean ± s.e. for

each parameter. Student's t test was used for the comparison
of control data among drugs. A repeated-measures analysis
of variance was used for data comparison of different drugs
and doses. A value of P <0.05 was taken to indicate statis-
tical significance.

Results

Forty adult rabbit hearts divided into four groups (ten in
each group) were sequentially exposed to increasing concent-
rations of dicentrine, quinidine, procainamide and N-
acetylprocainamide respectively.
The control values for all parameters except the ventricular

effective refractory period were not significantly different
among drug testing groups. The recovery values for all
parameters were not significantly different from the control
values.

Basic cycle length

The results showed that there was a significant dose-
dependent increase (P<0.001) in the basic cycle length for
quinidine, procainamide and N-acetylprocainamide. Dicen-
trine exerted no significant effect on this parameter.

A trialfunction

Quinidine and procainamide both caused a significant degree
of lengthening (P<0.01) of the intra-atrial conduction time
(Figure 2). At the highest dose tested, the latter caused a
significantly higher degree of prolongation of the SA interval
(29%) than the former (13%) (P<0.01). On the other hand,
dicentrine and N-acetylprocainamide exerted no significant
effect on this parameter.

All 4 drugs produced a significant lengthening of the atrial
effective refractory period (P<0.01) (Figure 2). At the
highest dose tested, the lengthening of the atrial effective
refractory period for procainamide (54%) and quinidine
(43%) was much more than that for N-acetylprocainamide
(26%) and dicentrine (15%).
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Figure 2 Comparison of the effect of dicentrine (0), quinidine (0),
N-acetylprocainamide (A) and procainamide (A) on intra-atrial
conduction (S-A interval) and effective refractory period of atrial
tissue. The method for the measurement of S-A interval and AERP
was described in the text. *P<O.OO1.
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A V nodalfunction

Quinidine and procainamide both caused a significant degree
of lengthening (P<0.01) of the AV nodal conduction time
(Figure 3). At the highest dose tested, the former exerted
more effect (21%) than the latter (18%) (P = 0.01). Dicent-
rine and N-acetylprocainamide exerted no significant effect
on the AV nodal conduction.

All 4 drugs caused a significant lengthening of the Wen-
ckebach periodicity (P<0.001) (Figure 3). Significant leng-
thening of the Wenckebach periodicity over the control
values was observed at all doses of quinidine and pro-
cainamide, at medium and high doses of N-acetylprocain-
amide and at high dose dicentrine only.
The reason for the missing data in the AV nodal effective

refractory period measurement was that, in some
experiments, the atrial tissue became refractory to premature
atrial stimulation prior to the AV nodal tissue becoming
refractory, thus the AV nodal effective refractory period
could not be measured directly. In those experiments in
which this parameter could be measured, all drugs caused a
significant lengthening of the AV nodal effective refractory
period (P<0.001) (Figure 3). Significant lengthening of the
AV nodal effective refractory period was seen at all doses of
quinidine and at the 'high' dose of dicentrine, procainamide
and N-acetylprocainamide only. At the highest dose tested,
the degree of lengthening of the AV nodal effective refractory
period was significantly more with quinidine (59%) than with
N-acetylprocainamide (38%), dicentrine (36%) or pro-
cainamide (33%).

His-Purkinje function
Dicentrine, quinidine and procainamide all exerted a
significant lengthening effect on the His-Purkinje conduction
time in the highest doses tested (P<0.01) (Figure 4). At
these doses the degree of lengthening of this parameter with
procainamide (33%) was more than that with dicentrine
(13%) or quinidine (15%). N-acetylprocainamide exerted no
effect on the His-Purkinje conduction time.
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All 4 drugs caused a significant dose-dependent increase in
the His-Purkinje effective refractory period (P = 0.001)
(Figure 4). At the highest dose tested the degree of lengthen-
ing of this parameter with procainamide (36%) was more
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Figure 5 Comparison of the effect of dicentrine (0), quinidine (0),
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cular function. *P<(0.001.
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Figure 4 Comparison of the effect of dicentrine (0), quinidine (0),
N-acetylprocainamide (A) and procainamide (A) on rabbit His-
Purkinje function. *P<0.001.

0.1 S

Figure 6 Effect of dicentrine on action potential of the rabbit atrial
(a) and ventricular (b) cells. The cells were bathed in Ca2+-Tyrode
solution and stimulated at a frequency of 0.2 Hz. Superimposed
action potentials obtained before and 4 min after treatment (L) with
9 tiM dicentrine are shown. Note the atrial cells became inexcitable
after treatment with 9 jtM dicentrine. Therefore, the stimulation cur-
rent should be increased to elicit the action potential of the atrial
cell.
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than that with N-acetylprocainamide (33%), quinidine (29%)
or dicentrine (20%).

Ventricular function

All 4 drugs produced a significant dose-dependent increase in
the corrected QT interval and in the ventricular effective
refractory period (P = 0.001) (Figure 5). The degree of leng-
thening of the QTc interval with all 4 drugs was similar and
their dose-response curves were parallel. At the highest dose
tested the degree of prolongation of the ventricular effective
refractory period with procainamide (31%) was more than
that with quinidine (27%), dicentrine (22%) or N-acetyl-
procainamide (18%).

Effects of dicentrine on action potential of rabbit cardiac
myocytes

In rabbit atrial cells driven at 0.2 Hz, the action potential
duration measured at 50% and 90% repolarization was
9.7 ± 1.6 ms and 69.3 ± 7.8 ms (n = 7), respectively. After
treatment with 9 EM dicentrine, these values increased to
66.0 ± 5.1 ms and 137.2 ± 9.8 ms, respectively (Figure 6). In
rabbit ventricular cells exposed to 9 AM dicentrine, the APDmo
was unchanged but the APD90 was lengthened by

a

-40 mV [

b

r\K

0.2 s

a
c

a)

3

13.2 ± 1.4% (n = 6). It is noteworthy that the spontaneous
shortening of APDIo and APD90 due to the 'rundown' of
L-type Ca2" current with time (Belles et al., 1988) was
observed in rabbit ventricular cells in the absence of dicen-
trine. In our control study, APDI0 and APD90 measured at
8 min after disruption of the membrane patch was shortened
to 72.3 ± 2.7% (from 315.0 ± 6.1 ms to 227.5 ± 8.5 ms) and
78.4 ± 5.2% (from 337.5 ± 6.0 ms to 265.0 ± 17.5 ms) of that
measured at 4 min after disruption of the membrane patch.
When spontaneous shortening of APD was corrected, APDI0
and APD90 after exposure to 9 gM dicentrine were lengthened
by 14.1 ± 1.8% and 16.8 ± 1.8%, respectively.

In the absence of drugs, the effective refractory period
obtained at 8 min after disruption of the membrane patch
was shortened to 82.5% of (from 385 to 318 ms) that
measured at 4 min after disruption of the membrane patch.
When the spontaneous shortening of ERP was corrected,
ERP after exposure to 4.5 g.M was lengthened by 45.7 ± 2.3%
(n = 6, Figure 7). In cells treated with the same concentration
of quinidine, ERP was lengthened by 97.9 ± 4.8% (n = 6,
Figure 7).

Effect of dicentrine on sodium current and potassium
current of rabbit cardiac myocytes

Figure 8a shows the transient potassium outward current (It.)
elicited by depolarization from a holding potential of
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Figure 7 Effects of dicentrine and quinidine on recovery of memb-
rane excitability of rabbit ventricular cells. Following a conditioning
stimulation (TS, 4ms, 1 nA), the premature action potential was
elicited by test stimulation (TS, 4 ms, 1 nA) at different time interval.
Each twin stimulation was applied at 0.2 Hz. (a) Typical action
potentials in the absence of drug. (b) Action potentials obtained
from the cell after exposure to 4.5 gM dicentrine. (c) Action poten-
tials obtained from the cell treated with 4.5ytM quinidine.
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Figure 8 Effect of dicentrine on potassium outward current of the
rabbit atrial cell and ventricular cell. (a) Effect of 9 gM dicentrine on
transient outward current of the rabbit atrial cell. The cell was
bathed in Tyrode solution containing 0.5 gM nifedipine. Transient
outward currents were elicited by ms depolarization of membrane
potentials to - 40, - 20, 0, 20, 40 and 60 mV. Transient outward
current was defined as the peak outward current measured at 5 to
10 ms after the start of depolarizing step. Insets are typical current
obtained before and after exposure to dicentrine. (b) Effect of 9 LM
dicentrine on potassium current of rabbit ventricular cells. The cells
were bathed in Tyrode solution containing 0.5 ILM nifedipine. Insets
are typical inwardly rectifying current obtained before and after
exposure to 9 gM dicentrine.
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- 80 mV to different potentials between -40 to + 60 mV in
atrial and ventricular cells. Four minutes treatment with 9 1M
dicentrine reduced the amplitude of ItO by 67.7%. If the
integral of potassium outward current from the start of
depolarization to the end of the depolarization step was
measured, 86.6% reduction of potassium outward current
was obtained. ITO is less prominent in rabbit ventricular cells
than in rabbit atrial cells (Giles & Imaizumi, 1988) but the
magnitude of inward rectifying current is larger in ventricular
cells than in atrial cells. In Figure 8b, the relative amplitude
of outward current through K, channels was decreased to
nearly 40% after 4 min exposure to 9 jAM dicentrine but a
62.5% inward current through K1-channels remained. Figure
9a shows the effects of dicentrine on the current voltage
relationship for INa. INa was elicited by 15 ms depolarization
from - 80 mV to various potentials ranging between -60
and 0 mV. Under control conditions (in the presence of
0.5 pM nifedidipine), INa was activated at a threshold poten-
tial of around - 60 mV and attained a maximum value at
- 30 to - 20 mV. Dicentrine (9 JtM) blocked INa completely.
If the holding potential was changed from - 80 mV to
- 90 mV, a partial recovery of INa was obtained.
The effect of dicentrine on the steady state inactivation of

INa was studied by using a double pulse protocol. The supp-
ressive effect of dicentrine was accompanied by a shift of the
INa availability (h. - V) curve. The h,. - V curves were

(iv)a (i)
0

-:r-

obtained by normalizing the INa (induced by a test pulse to
- 20 mV) by taking the maximum value as unity. The curves
were fitted by the Boltzmann equation:

hat= l/[l + exp (E-Vh)/s]
Where E denotes the first conditioning potential, Vh the
potential at which h,0, is equal to 0.5, and s, the slope factor.
Dicentrine at 1.5, 4.5 and 15 JiM altered Vh from - 81.7 mV
to - 89 mV, - 99.4 mV and - 115.9 mV, respectively
(Figure 9). The maximal IN, induced by a test pulse to
- 20 mV from a holding potential of - 140 mV was reduced
from -5.6 nA to - 5.0 nA, -3.2 nA and - 1.3 nA, respec-
tively. In rabbit ventricular cells, similar exposure to 3 pM
dicentrine resulted in a change of Vh from - 82.6 ± 2.9 mV
to - 87.1 ± 3.5 mV (Figure 9). The maximal INa induced by
test pulse to - 20 mV from a holding potential of - 140 mV
was reduced from - 7.9 ± 1.2 nA to - 5.6 ± 1.2 nA (n = 5).
This result indicates that the sensitivity of rabbit ventricular
cells to dicentrine is similar to that of atrial cells.

Discussion

Several new antiarrhythmic drugs, previously available only
for investigative purposes have been approved for general
use, such as tocainide, mexiletine, flecainide, encainide and
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amiodarone. However, prompted by the need for more
effective and less toxic drugs, considerable interest in the
search for new antiarrhythmic agents exists.

In 1969, Vaughan Williams proposed a classification for
antiarrhythmic agents that has subsequently become widely
accepted (Vaughan Williams, 1972; Singh et al., 1972; Har-
rison, 1985; Hondeghen & Katzung, 1984). His classification,
based on the effect of such agents on cardiac action poten-
tials or intracardiac conduction intervals categorizes the
drugs into 4 classes (Hoffman, 1985; Vaughan Williams,
1984; Weld et al., 1982; Wettrel & Andersson, 1986).

In this study, dicentrine was found to inhibit action poten-
tial upstroke and prolong action potential duration. In a
perfused heart model, dicentrine was found to inhibit H-V
conduction but without significant inhibition of A-H conduc-
tion.
The inhibition of action potential upstroke and suppres-

sion of H-V conduction is correlated well with the inhibition
of sodium current. Use-dependent inhibition of INa, retarda-
tion of the recovery of Na+ channels from their inactivated
state and negative shift of the voltage-dependent inactivation
curve of INa are major mechanisms responsible for the action
of most group I antiarrhythmic agents (Chen et al., 1975; Lee
et al., 1981; Carmeliet & Saikawa, 1982; Sanchez-Chapula et
al., 1983; Clarkson & Hondeghem, 1985; Clarkson et al.,
1988; Su & Morad, 1987; Su et al., 1990). Since the inhibition
of INa by dicentrine is associated with a prominent leftward
shift of the voltage-dependent inactivation curve of INa, the
Na' channels available for activation may be markedly
decreased after treatment with dicentrine.
Our voltage clamp study proved that the prolongation of

rabbit atrial action potential duration by dicentrine is due to
its inhibition of the transient outward current. In rabbit
ventricular cells, the suppression of the transient outward
current and the suppression of the potassium outward cur-
rent through the inward rectifier both contributed to the
prolongation of action potential duration. Our data from the

voltage clamp, study correlated well with the data obtained
from the perfused heart model.

Early afterdepolarizations (EADs) and associated triggered
arrhythmias can be induced by interventions that either
depress outward (repolarizing) current or augment inward
(depolarizing) current. These include caesium and class III
antiarrhythmic agents which block potassium channels
(Isenberg 1976; Roden & Hoffman 1985; Quantz & Nattel
1986; Hondeghem & Snyder, 1990); the calcium channel
activator Bay K 8644 (January et al., 1988); and agents that
interfere with sodium channel inactivation such as aconitine
and anthopleurin-A (Craelius et al., 1988). EADs and
associated triggered activity occurring during APD prolonga-
tion can be blocked by sodium channel blockers such as
tocainide or mexiletine (Valois & Sasyniuk 1987; Roden &
Hoffman, 1987) or potassium channel openers such as
cromakalim and pinacidil (Fish et al., 1990).

In the present study, we found that dicentrine blocks both
Na' and K+ channels like procainamide, quinidine and
amiodarone (Carmeliet & Saikawa, 1982; Colatsky, 1982;
Sanchez-Chapula et al., 1983; Clarkson & Hondeghem, 1985;
Nattel 1986; Clarkson et al., 1988), which are broadly used in
treating supraventricular as well as ventricular arrhythmias.
The 'Na blocking action can antagonize the generation of
EADs which occur after inhibition of potassium outward
currents. Furthermore, a lesser degree of L-type calcium
current inhibition by dicentrine as compared to quinidine (Su
et al., 1994), along with its rapid onset in action in perfused
heart preparations and isolated cardiac myocytes, will make
dicentrine useful in treating acute cardiac arrhythmias.

This work was supported partially by a research grant of the
National Science Council of the Republic of China (NSC83-0425-
B002-001) and partially by a research grant of National Tawian
University Hospital (NTUH-78-032-A12).
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On the nature of the 5-HT receptor subtype inhibiting
acetylcholine release in the guinea-pig ileum

M.J. Ramirez, '*J. Del Rio, E. Cenarruzabeitia & B. Lasheras

Department of Pharmacology, Schools of Pharmacy and *Medicine, University of Navarra, 31080 Pamplona, Spain.

1 The nature of the 5-hydroxytryptamine (5-HT) receptor subtype controlling acetylcholine release and
contraction induced by stimulation of the neurokinin NK3 receptor has been studied in the longitudinal
muscle-myenteric plexus preparation from guinea-pig ileum.
2 In preparations preloaded with [3H]-choline, the selective NK3 agonist, senktide, produced a

concentration-dependent increase in tritium overflow, an index of [3H]-acetylcholine release. Low
concentrations of neurokinin B, also markedly increased tritium efflux.
3 The senktide-induced acetylcholine release was markedly increased by the same concentration of
methysergide and mesulergine. The 5-HT2A,2c agonist DOI (1 jtM) inhibited the tritium overflow while
8-OH-DPAT, sumatriptan and ketanserin (1 pM each) were without effect on the senktide-induced
tritium efflux.
4 The contractile response to senktide in the guinea-pig ileum was attenuated by atropine, 0.1 ZM.
Methysergide, a 5-HTI/2 receptor antagonist, and mesulergine, a 5-HT2A/2B/2C receptor antagonist, (1 fLM
each), enhanced the contractile effect of the NK3 receptor agonist.
5 It is concluded that the acetylcholine release induced by a NK3 receptor agonist is inhibited by
stimulation of a 5-HT receptor, possibly of the 5-HT2C or 5-HT2B subtype.

Keywords: 5-HT2 receptors; 5-HT4 receptors; acetylcholine release; neurokinins; senktide

Introduction Methods

Acetylcholine release is considered as the final event in the
action of many neurotransmitters, such as 5-hydroxytryp-
tamine (5-HT) and neurokinins in guinea-pig ileum (Yau &
Yougher, 1982; Featherstone et al., 1986; Fox & Morton,
1990; Eglen et al., 1990). The 5-HT agonist, 5-methoxy-
tryptamine, has been suggested to facilitate (via 5-HT4 recep-
tors) and to inhibit (via 5-HT, receptors) the release of
acetylcholine from guinea-pig ileum (Kilbinger & Wolf,
1992). In the absence of 5-HT, receptor antagonists, the
inhibitory effect of 5-methoxytryptamine on the electrically
evoked acetylcholine release predominates (Kilbinger &
Wolf, 1992). The nature of the 5-HT, receptor subtype
mediating the inhibition of acetylcholine release is uncertain
and it has been proposed that different 5-HT receptor sub-
types, in particular the 5-HTIA receptor (Kilbinger &
Pfeuffer-Friederich, 1985; Fozard & Kilbinger, 1985) are
involved in this inhibitory effect.

It has also been reported that 5-methoxytryptamine is not
able to enhance basal acetylcholine release from guinea-pig
myenteric neurones (Fox & Morton, 1990). However, the
contraction elicited by 5-methoxytryptamine in the guinea-
pig ileum is atropine-sensitive and it has been consequently
suggested that 5-HT4 receptor stimulation causes release of
acetylcholine (Craig & Clarke, 1990). We have recently
presented evidence suggesting the involvement of neurokinin
NK3 receptors in the acetylcholine release after 5-methoxy-
tryptamine (Ramirez et al., 1994). Selective NK3 receptor
agonists, such as senktide, release acetylcholine from tissues
preloaded with choline (Guard et al., 1991; Yau et al., 1991;
1992). Accordingly, we considered that senktide-induced
acetylcholine release might be a valid approach to analyse the
nature of the 5-HT receptor subtype inhibiting acetylcholine
release. Agonists and antagonists at different 5-HT receptor
subtypes were used to study their influence on the contractile
response to senktide in the longitudinal muscle-myenteric
plexus preparation from guinea-pig ileum and also on acetyl-
choline release from the same preparation.

' Author for correspondence at: Department of Pharmacology,
School of Medicine, University of Navarra, 31080 Pamplona, Spain.

Guinea-pigs of either sex weighing 300-400 g were killed by
cervical dislocation and exsanguinated. The ileum was ex-
cised approximately 10 cm from the ileo-caecal junction and
longitudinal muscle strips with the myenteric plexus attached
(LMMP) were prepared as described by Paton & Vizi (1969).

Contractility studies

LMMP strips were suspended in a 10 ml organ bath contain-
ing Tyrode solution (composition in mM: NaCl 136, KCI 2.7,
CaCI2 1.8, MgCl2 1.05, NaH2PO4 0.42, NaHCO3 11.9, glucose
5.5) aerated with 95% 02/5% CO2 and maintained at 37°C.
Contractile responses were recorded isometrically with a rest-
ing tension of 0.5 g. Before the experiments were started,
tissues were equilibrated for 30 min.

Concentration-response curves were constructed in a non-
cumulative fashion with an agonist exposure period of 30 s
during a 10 min dose-cycle. In studies with antagonists, each
strip was used to record two concentration-response curves:
the first for the agonist alone and the second for the agonist
in the presence of the antagonist, each strip serving as its
own control. Antagonists were allowed to pre-equilibrate for
15 min prior to the addition of the agonists.

Characterization of the concentration-response curves

Responses were measured as an increase in the isometric
tension and expressed as a percentage of the maximum res-
ponse. In the presence of an antagonist, results were ex-
pressed as a percentage of the maximal response obtained
with the agonist alone in the same tissue. Agonist potency
was expressed as the agonist concentration yielding a half-
maximal effect, EC50.

Release experiments

The method employed to measure the release of acetylcholine
was a modification of that described by Kilbinger & Wessler
(1980). Briefly, LMMP strips weighing approximately 30 mg
were suspended isometrically under a tension of 0.5 g in a

wMacmillan Press Ltd, 1994
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5 ml organ bath and superfused with Tyrode solution con-
taining 1 laM choline. After 30 min incubation with [methyl-
3H]-choline (8 pCi ml-') and continuous stimulation during
this time through platinum electrodes with square wave
pulses (0.2 Hz, 1 ms, 13.5 V), the strips were superfused with
Tyrode solution containing 10 JAM hemicholinium-3 to pre-
vent reuptake of choline. After a washout period of 60 min,
aliquots were collected in 3 min fractions. Strips were
stimulated twice (SI, S2) by field stimulation (1 Hz, 1 ms,
13.5 V), the two pulses being spaced 21 min apart. Neuro-
kinins or synthetic agonists were added to the superfusion
fluid 21 min after S2. 5-HT agents were left in contact with
the tissue for 15 min before the addition of senktide. The
spontaneous outflow was calculated by fitting a linear regres-
sion line based on the samples taken before and during SI
stimulation.
The tritium content of the superfused samples was

measured by liquid scintillation spectrometry. Under the
present experimental conditions, the validity of assuming
total tritium as a measure of [3H]-acetylcholine released has
been extensively documented (Szerb, 1976; Wikberg, 1977;
Yau et al., 1991).
The effect of the drugs (D) studied on the outflow of 3H

label was expressed as a percentage of the increase in the
output of 3H label evoked by the second electrical stimula-
tion (S2). The increase in the output of 3H label in response
to either the drug or the second electrical stimulation was
calculated by subtracting the output during the preceding
resting period of 3 min from the output during the stimula-
tion.

Data analysis
The significance of the difference between two groups was
assessed using Student's t test. To characterize the agonist
potency the log EC5o was calculated with GraphPAD, ISI
Software.

Drugs used

The following drugs were purchased from the suppliers
indicated: substance P acetate, atropine sulphate, choline
bromide, hemicholinium-3 bromide (Sigma, U.S.A.); neuro-
kinin B (Bachem, Switzerland); 8-hydroxy-2-(di-n-propyl-
amino) tetralin (8-OH-DPAT), (2,5-dimethoxy-I-
iodophenyl)-2-aminopropane (DOI), [Sar9,Met(O2)"]SP,
mesulergine chloride, senktide (RBI, U.S.A.); choline chlor-
ide[methyl-3H] (NEN-Du Pont, Boston, MA, U.S.A.).
Methysergide maleate, ketanserin and sumatriptan were
kindly provided by Sandoz, Janssen and Glaxo respectively.
Peptides were made up in a stock of 0.1 mM concentration in
0.1 N acetic acid; aliquots were stored frozen and diluted
before use. Ketanserin was dissolved in 50 mM ascorbic acid.
All other drugs were dissolved in distilled water.

Results

Contractility studies

The selective NK3 agonist, senktide, yielded a shallow
monophasic concentration-response curve (- log ECo=
8.3 ± 0. 1). Atropine 0.1 JAM markedly inhibited the response
to senktide, while methysergide, a 5-HT, 2 receptor antagonist
and mesulergine, a 5-HT2A,2B/2C receptor antagonist, both at a
1 JAM concentration, enhanced the contractile effect of this
NK3 receptor agonist (Figure 1). The concentration-response
curve to the NK3 receptor agonist was shifted to the left and
the maximum response was also augmented with both 5-HT
receptor antagonists. To study the specificity of this effect,
the selective NK, receptor agonist, [Sar9,met(02)"ISP, was
also used. The concentration-response curve to [Sar9,met
(02)"]SP was also monophasic (- log EC5s = 8.2 ± 0.1).
Neither atropine, 0.1 JAM, nor methysergide, 1 JM, was able
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Figure 1 Concentration-response curve to senktide (0) and the
effects of (a) atropine, 0.1 JAM (*); (b) methysergide, 1 JAM (*) and
mesulergine, 1I M (U). Values are means ± s.e.mean from 10-12
preparations and are expressed as percentage of the maximum res-
ponse obtained with senktide.
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Figure 2 Concentration-response curve to [Sar9,met(02)"]SP (0)
and the effects of atropine, 0.1 JAM (*) and methysergide, 1 JAM (U).
Values are means±s.e.mean from 10-12 preparations and are ex-
pressed as percentage of the maximum response obtained with
[Sar9,met(02)"JSP.
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to modify the contractile response to [Sar9,met(02)
(Figure 2).

Stimulation of [3H]-acetylcholine release by physiolog
neurokinins, senktide and [Sar9, met(O2)"]SP
The contractile response to NKB in the LMMP prepare
yielded a biphasic concentration-response curve (not sho
At low concentrations, corresponding to the first phase c
concentration-response curve, neurokinin B (NKB) was
to promote a marked 3H-overflow from the LMMP prey
tion preloaded with [3H]-choline. Substance P (SP) prod
a concentration-dependent increase in 3H-efflux, while
inverse relationship was found with NKB. Senktide incre
in a concentration-dependent manner the 3H-overflow.
- log EC50, relative to the efflux evoked by senktide, 0.1
obtained by interpolation was 9.1 ± 0.5 (n = 10). [Sar9
(02)"]SP, 0.1 JAM, slightly increased (30.8%) the tri
efflux, lower concentrations being ineffective (Figure 3)

Effect of different agents acting at 5-HT receptors or
the senktide-induced [3H]-acetylcholine release

The spontaneous outflow of tritium from preparations
loaded with [3H]-choline was not modified in the present

300-

200-

100-

0
SP NKB [....]SP Senktide

Figure 3 Effect of different concentrations of substance P
neurokinin B (NKB), senktide and [Sar9,met(02)"]SP ([....IS]
3H-overflow from LMMP preparations preloaded with [3H]-ch
open columns 0.5 nM; stippled columns 5 nm, solid columns, 0.
The effect is expressed as a percentage of the increase in the o
of 3H-label evoked by S2; D, drugs. Values are means ± s.e.
from ten preparations.

Table 1 Effect of different 5-HT agents on the 3H outflow
induced by senktide from longitudinal muscle-myenteric
plexus preparations of guinea-pig ileum

Senktide 0.5 nM
+ Methysergide I JAM

+ Mesulergine I AM
+ 8-OH-DPAT 1 AM
+ Sumatriptan 1 AM

+ DOI I AM

+ Ketanserin I AM

Acetylcholine release
(% S2)

108.8 ± 9.3
242.5 ± 20.1*
269.9 ± 24.9*
106.8 ± 15.2
99.4 ± 10.4
54.7 ± 8.2*
94.3 ± 15.3

After preincubation with [3H]-choline the preparations were
electrically stimulated (S2: 1 Hz, 1 ms, 13.5 V) 27 min after
the washout period. Superfusion with senktide started
21 min after S2. 5-HT agents were present in the superfusate
from 15 min before the stimulation with senktide until the
end of the experiment. Results are expressed as a percentage
of the tritium release induced by electrical stimulation (S2)
(mean ± s.e.mean of 6-8 determinations). (*P<0.05).
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methysergide or mesulergine (1 JAM each). A 0.5 nM concen-
tration of senktide, approximately the mean effective concen-
tration for [3H]-acetylcholine release, was used to investigate
the effect of different agents acting on 5-HT receptors. As
shown in Table 1, methysergide, 1 AM, and mesulergine,
1 AM, were able to increase markedly the 3H-efflux evoked by
senktide. 8-OH-DPAT, a 5-HTA receptor agonist, and
sumatriptan, a 5-HTID receptor agonist, also at a 1 AM con-
centration, had no effect on the tritium overflow. The 5-
HT2A/2C receptor agonist, DOI, was able to reduce the
senktide-induced 3H-overflow. Ketanserin, 1 AM, a specific
5-HT2A antagonist, was without effect on the 3H-efflux.

Discussion

[tium The results of the present work suggest that the senktide-
induced guinea-pig ileum contraction and acetylcholine
release are regulated by a 5-HT receptor, presumably of the
5-HT2C, previously called 5-HT,c, (Humphrey et al., 1993), or
5-HT2B subtype.
NK3 receptor stimulation elicits acetylcholine release from

pre- the myenteric plexus of guinea-pig ileum (Featherstone et al.,
ce of 1986; Yau et al., 1991; 1992). In this study we evaluated the

ability of substance P (SP), neurokinin B (NKB), senktide
and [Sar9,met(O2)'1'SP to induce 3H-overflow from tissues
preloaded with [3H]-choline as an index of [3H]-acetylcholine
release (Wikberg, 1977; Yau et al., 1991). At low concentra-
tions of the physiological neurokinins, corresponding to the
selective activation of NK, receptors by SP and NK3 recep-
tors by NKB (Ramirez et al., 1994), a marked increase in
3H-overflow was observed only with NKB. Higher concentra-
tions of SP can also activate the NK3 receptor and promote
the subsequent acetylcholine release. Conversely, higher con-
centrations of NKB activate the muscular NK, receptor and
produce a much lower 3H-overflow. Senktide, a selective NK3
receptor agonist, produces in turn a concentration-dependent
increase in 3H-overflow as might be expected. In previous
studies (Ramirez et al., 1994) we reported that the concen-
tration-response curve to NKB was biphasic, the first phase
corresponding to the activation of NK3 receptors and the

_' second phase, after higher concentrations of NKB, would
result from the stimulation of both NK, and NK3 receptors.
Interestingly, the - log EC50 value of the first phase of the

(SP), concentration-response curve to NKB (Ramirez et al., 1994)
P) on was approximately identical to the - log ECm for senktide-
ioline: induced acetylcholine release reported here. Contractility
u
I AM.

studies in which atropine markedly attenuated the response
mean to senktide confirmed the cholinergic nature of the response

to senktide. [Sar9,met (02)"ISP (0.1IJM) increased the 3H-
efflux only slightly as already reported by other authors
(Guard et al., 1991). NKI receptors may be located on
cholinergic neurones of the guinea-pig myenteric plexus
(Guard et al., 1991), but these receptors seem to play a minor
role in acetylcholine release. On the other hand contractility
studies showed the lack of effect of atropine (0.1 AM) on the
response to [Sar9,met (02)1']SP. All of these experiments sug-
gest that cholinergic stimulation is not of much importance
in the response to the NK, agonist [Sar9,met(02)"]SP.
The presence of a hypothetical 5-HT receptor subtype

inhibiting acetylcholine release from myenteric neurones was
previously suggested (see references in Introduction). In con-
tractility studies we found that methysergide as well as
mesulergine, a 5-HT2c antagonist (Pazos et al., 1985),
enhanced the response to senktide. These results suggest the
involvement of the 5-HT2C or 5-HT2B receptors controlling
the senktide-induced acetylcholine release.
To characterize fully the nature of the 5-HT receptor

involved in this effect, different 5-HT agents were tested for
their ability to modify senktide-induced acetylcholine release.
The 5-HT,/2 receptor antagonist methysergide (1 JAM) enhanc-
ed 3H-efflux, as did the 5-HT2A/2B,2c antagonist, mesulergine.
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This enhancement in senktide-evoked acetylcholine release
cannot be explained through the blockade of a hypothetical
autoreceptor, as neither methysergide nor mesulergine had
any intrinsic effect on acetylcholine release in this prepara-
tion. Neither the 5-HTIA receptor agonist, 8-OH-DPAT
(Gozlan et al., 1983; Dompert et al., 1985; Hoyer &
Schoeffter, 1991), nor the 5-HTID receptor agonist, sumatrip-
tan (Bruinvels et al., 1991) modified the 3H-overflow. In some
species, 5-HTIB receptors are presynaptic receptors controll-
ing neurotransmitter release. However, this receptor subtype
has not been found in the guinea-pig ileum (Heuring et al.,
1987), so 5-HTIB receptor ligands were not investigated in
this study.
To assess further the possible involvement of 5-HT2C or

5-HT2B receptors in the modulation of acetylcholine release,
the 5-HT2A/2C agonist, DOI (McKenna & Peroutka, 1989;
Lyon & Titeler, 1988) was also used and a marked blockade
of 3H-overflow was obtained. In addition, ketanserin (1 pM)
one of the few available selective 5-HT2A receptor antago-
nists, had no effect on the senktide-evoked tritium efflux.
Admittedly, the location of the non-5-HT2c receptors in the
LM-MP preparation is muscular so it is possible to
hypothesize on the presence of a 5-HT2c or 5-HT2B receptor
inhibiting senktide-induced acetylcholine release. In the

absence of better selective antagonists for other 5-HT recep-
tor subtypes which could perhaps be expressed in the guinea-
pig ileum, the more reasonable interpretation of the present
findings is to suppose that 5-HT2C or 5-HT2B receptors could
inhibit acetylcholine release. It has been speculated that these
two receptors are the central and peripheral counterparts of
one another (Schmuck et al., 1994). It is possible that the
high affinity of yohimbine for the 5-HT2B receptors (Foguet
et al., 1992) could help to clarify the 5-HT2 receptor subtype
involved in the control of acetylcholine release.

In conclusion, the results of the present study suggest that
5-HT2C or 5-HT2B receptors may control senktide-induced
acetylcholine release. Previous studies (see Introduction) have
shown the implication of the NK3 receptor in acetylcholine
release after stimulation of the 5-HT4 receptor (Ramirez et al.,
1994). Since the prokinetic effect of benzamides, such as
cisapride seems to involve an activation of 5-HT4 receptors,
the present results are of interest in the analysis of other
possible pharmacological influences in the prokinetic action
of this class of drugs.

We thank S.Lizaso for technical help. M.J.R. is a fellow from
Gobierno de Navarra (Spain).
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Pharmacological characterization of rabbit corpus cavernosum

relaxation mediated by the tissue kallikrein-kinin system
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1 The roles of the tissue kallikrein-kinin system and nitric oxide (NO) release in Phoneutria nigriventer
venom-induced relaxations of rabbit corpus cavernosum (RbCC) smooth muscle have been investigated
by use of a bioassay cascade.
2 Phoneutria nigriventer venom (10-30 pg), porcine pancreatic kalfikrein (100 mu), rabbit urinary
kallikrein (10 mu), bradykinin (BK, 0.3-3 nmol), acetylcholine (ACh, 0.3-30 nmol) and glyceryl trinit-
rate (GTN, 0.5- 1O nmol) caused relaxations of the RbCC strips. Captopril (1 iM) substantially poten-
tiated Phoneutria nigriventer venom- and BK-induced RbCC relaxations without affecting those elicited
by GTN.
3 The bradykinin B2 receptor antagonist, Hoe 140 (D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]-BK, 50 nM), apro-

tinin (10 g ml-') and the tissue kallikrein inhibitor, Pro-Phe-Aph-Ser-Val-Gln-NH2 (KIZD-06, 1.3 9AM)
significantly inhibited Phoneutria nigriventer venom-induced RbCC relaxations, without affecting those
provoked by GTN and ACh. The B, receptor antagonist, [Leuldes Arg'0BK (0.5 JiM) and soybean
trypsin inhibitor (SBTI, 10 ig ml-') had no effect on Phoneutria nigriventer venom-induced RbCC
relaxations.
4 The relaxations induced by Phoneutria nigriventer venom, porcine pancreas kallikrein, BK and ACh
were significantly inhibited by Nw-nitro-L-arginine methyl ester (L-NAME, 10 SAM) but not by D-NAME
(10 9M). L-NAME did not affect GTN-induced relaxations. L-Arginine (300f9M), but not D-arginine
(300AM), significantly reversed the inhibitory effect of L-NAME.
5 Our results indicate that Phoneutria nigriventer venom activates the tissue kallikrein-kininogen-kinin
system in RbCC strips leading to NO release and suggest a functional role for this system in penile
erection.

Keywords: Kinin receptors; penile erection; priapism; Hoe 140; aprotinin; prokallikreins; KIZD-06; Phoneutria nigriventer
venom

Introduction

Tissue kallikreins are a subgroup of serine protease glyco-
proteins (mol. wt. 24-45 kD) encoded by a multigene family
and are found in a wide variety of tissues (for reviews see

Margolius, 1989; and Bhoola et al., 1992) including the
pancreas, salivary glands (Proud et al., 1977), kidneys (Proud
& Kaplan, 1988), gut (Schachter et al., 1983), prostate
(Lazure et al., 1984) and pituitary gland (Powers & Nasjletti,
1982; 1983; Fuller et al., 1985). In all tissues examined to
date, these kallikreins are synthesized in the form of a

preproenzyme, termed prokallikrein. Tissue prokallikreins
have been characterized from both human (Corthon et al.,
1979; Spragg, 1983; Takada et al., 1985) and rat (Takaoka et
al., 1984) urine. Although trypsin, thermolysin (Takada et
al., 1985), rat submandibular gland arginine esterase
(Kamada et al., 1990), plasmin and plasma kallikrein can

activate prokallikrein, the mechanism of endogenous tissue
kallikrein activation is unknown.
The venom of the armed spider Phoneutria nigriventer

causes local oedema formation in both rat and rabbit skin in
vivo (Antunes et al., 1992) by activation of the tissue
kallikrein-kinin system leading subsequently to local kinin
formation (Marangoni et al., 1993). Severe Phoneutria nig-
riventer envenomation in man causes intense and radiating
local pain, cardiac disturbances, and in children is often
accompanied by priapism, a disorder characterized by a pro-
longed and painful penile erection. Subcutaneous injection of
Phoneutria nigriventer venom in mice and dogs also causes

Author for correspondence.

intermittent and long-lasting priapism accompanied by local
oedema formation in the distal portion of the penis (Schen-
berg & Pereira-Lima, 1978). Since relaxation of the corpus
cavernosum plays an essential role in penile erection, we have
investigated the involvement of the tissue kallikrein-kinin
system in this response.

Methods

Rabbit corpus cavernosum (RbCC) preparation

Male New Zealand white rabbits (1.5-2.5 kg, provided by
CEMIB-UNICAMP) were anaesthetized with sodium pento-
barbitone (Sagatal, 30-40 mg kg-1, i.v.) and exsanguinated
via the carotid artery. Following penectomy, the rabbit cor-
pus cavernosum (RbCC) was dissected in Krebs solution and
cleared of the tunica albuginea and surrounding tissues.
Strips of RbCC were superfused in a cascade system (Vane,
1964) with warmed (37TC) and oxygenated (95% 02 + 5%
C02) Krebs solution at a flow rate of 5 ml min-'. The tissue
responses (tension of 1.5 g) were detected with auxotonic
levers attached to Harvard heart/smooth muscle transducers
and displayed on a Watanabe multichannel pen recorder
(model WTR 381). After a 60-90 min period of equilibra-
tion, RbCC strips were precontracted with noradrenaline
(3 ftM) in order to increase the basal tone. The agonists
Phoneutria nigriventer venom, acetylcholine (ACh), brady-
kinin (BK), glyceryl trinitrate (GTN), porcine pancreas kal-
likrein and rabbit urinary kallikrein were administered as

'PI Macmillan Press Ltd, 1994
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single bolus injection (10-50 Jl). N<-nitro-L-arginine methyl
ester (L-NAME), D-NAME, L-arginine, D-arginine, aprotinin
(Trasylol), soybean trypsin inhibitor (SBTI), captopril, Hoe
140 (D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]-BK), the bradykinin B,
receptor antagonist [Leuldes Arg'0 BK and the tissue kal-
likrein inhibitor KIZD-06 (Pro-Phe-Aph-Ser-Val-Gln-NH2)
were infused (0.1 ml min-') over the tissues 15 min before
and during bolus injection of the appropriate agonists.

Purification of rabbit urinary kallikrein

Rabbit urinary kallikrein was partially purified by a modified
procedure (Stella et al., 1989) from 650 ml of rabbit urine.
The urine was dialysed against distilled water, lyophilized
and the crude powder suspended in 100 ml of sodium phos-
phate buffer (0.05 M, pH 7.0). This material was applied to a
DEAE-Sephadex A-50 resin column (100 ml) previously
equilibrated with 0.05 M sodium phosphate buffer. The resin
was extensively washed with the equilibration buffer and with
300 ml of this same buffer containing 0.05 M NaCl. The
active material (see below) was eluted by washing the column
with 100 ml of phosphate buffer containing 0.3 M NaCl. This
active pool was dialysed and lyophilized. Urinary kallikrein
was then submitted to gel filtration on a Superose 12 column
equilibrated with 0.05 M phosphate buffer. This procedure
was repeated several times. The final preparation was purified
23 fold with a 12% yield and contained 80% of the active
enzyme, as determined by titration against a previously tit-
rated aprotinin solution. Rabbit urinary kallikrein activity
was followed by the hydrolysis of 0.86 mM S-2266 in 0.05 M
Tris-HCI, pH 8.0 at 37°C, in a final volume of 0.5 ml. The
reaction was stopped by adding 0.5 ml of 15% acetic acid
and the amount of product formed was determined by
measuring the absorbance at 405 nm (Oliva et al., 1988).

Dialysis of Phoneutria nigriventer venom

Since Phoneutria nigriventer venom contains small amounts
of histamine (0.06-1.0%) and 5-hydroxytryptamine (5-HT,
0.03-0.25%; Schenberg & Pereira-Lima, 1978), we have rou-
tinely used dialysed Phoneutria nigriventer venom throughout
this study in order to avoid the interference of these sub-
stances in the bioassay. Phoneutria nigriventer venom [5 ml of
a 2 mg ml-' 0.9% (w/v) saline solution] was dialysed for up
to 48 h at 4-6°C against 21 of 0.9% saline. The dialysing
solution was changed four times during this period (Antunes
et al., 1992).

RbCC _
Venom and reagents

Phoneutria nigriventer venom was obtained by electrical
stimulation of spiders maintained by the Arthropods Section,
Instituto Butantan, Sao Paulo (Brazil) and desiccated in a
vacuum desiccator containing sodium hydroxide pellets at
room temperature.

Bradykinin (BK), [LeuldesArg'0-BK, acetylcholine (ACh),
noradrenaline, porcine pancreas kallikrein, aprotinin, soy-
bean trypsin inhibitor (SBTI), N'-nitro-L-arginine methyl
ester (L-NAME), L-arginine and D-arginine were purchased
from Sigma Co (St. Louis, U.S.A.). Glyceryl trinitrate (GTN,
ampoules containing 1 mg ml- in isotonic saline), captopril
and D-NAME were obtained from Lipha Pharmaceuticals
(London, U.K.), Squibb Inc. (U.S.A.) and Bachem (London,
U.K.), respectively. Pentobarbitone sodium (Sagatal) was
purchased from May & Baker (Dagenham, Essex, U.K.).
Hoe 140 (D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]-BK) was obtained
from Hoechst AG (Frankfurt, Germany). KIZD-06 (Pro-
Phe-Aph-Ser-Val-Gln-NH2) was synthesized by Dr J. Burton
(Boston University, U.S.A.). Dialysis tubing (mol. wt. cutoff
12,000-14,000) was bought from Sigma Chem. Co., Inc. (St
Louis, MO, U.S.A.).
The composition of the Krebs solution was (mM): NaCl

GTN

BK

PNV

118, NaHCO325, glucose 5.6, KC14.7, KH2PO4 1.2, Mg-
S047H20 1.17 and CaCI26H2O 2.5.

Statistical analysis

The relaxations induced by Phoneutria nigriventer venom,
ACh, BK, porcine pancreas kallikrein and rabbit urinary
kallikrein were expressed relative to the sub-maximal relaxa-
tion induced by GTN which was taken to be 100%. The
results are shown as the mean ± s.e.mean of n experiments.
Analysis of variance and Student's unpaired t test were em-
ployed to evaluate the data. A P value <0.05 was considered
to be significant.

Results

Involvement of the tissue kallikrein-kinin system in
Phoneutria nigriventer venom-induced RbCC
relaxations
Single bolus injections of Phoneutria nigriventer venom (1-30
gg) caused dose-dependent relaxations of the RbCC strips
(not shown). An infusion of captopril (1 gM) significantly
(P<0.01) potentiated the relaxations induced by both BK
(42 ± 8% relaxation before vs. 66± 9% relaxation during
infusion of captopril, n = 8) and Phoneutria nigriventer
venom (40 ± 4% relaxation before vs. 62 ± 7% relaxation
during infusion of captopril, n =9) but had no effect on
those elicited by GTN (Figure 1, n = 7).
The stable bradykinin B2 receptor antagonist, Hoe-140

(50 nM), abolished the relaxations induced by BK and
Phoneutria nigriventer venom without affecting those caused
by ACh (76 ± 6% relaxation before vs. 74 ± 6% relaxation
during infusion of Hoe-140, n = 6) and GTN (Figure 2,
n = 6). In contrast, the bradykinin B, receptor antagonist,
[Leuldes Arg'° BK (0.5 4M), did not affect either BK- or
Phoneutria nigriventer venom-induced relaxations (45 ± 12%
and 55 ± 16% relaxation before vs. 49 ± 9% and 59 ± 20%
relaxation during infusion of this antagonist in the presence
of BK and Phoneutria nigriventer venom, respectively, n = 6).
The infusion of the protease inhibitor, aprotinin

Captopril (1 pM)

0

0

0
30

0

1

4 min
l_-

nmol

nmol

30

Figure 1 Captopril (I ;4M) significantly potentiates the rabbit corpus
cavernosum (RbCC) relaxation induced by bradykinin (BK, 1 nmol)
and Phoneutria nigriventer venom (PNV, 30 fig) without affecting
that induced by glyceryl trinitrate (GTN, 1 nmol). RbCC strips were

superfused in cascade and previously contracted with noradrenaline
as described in the Methods. This is a representative tracing of seven

experiments (auxotonic lever).



TISSUE KALLIKREIN AND CORPUS CAVERNOSUM RELAXATION 83

(10 ig ml-') virtually abolished the RbCC relaxations
induced by both porcine pancreas kallikrein (100 mu, n =4)
and Phoneutria nigriventer venom (3 bLg, n = 6; Figure 3). At
this concentration, aprotinin did not affect relaxations
induced by BK (47 ± 7% relaxation before vs. 49 + 9% re-
laxation during infusion of aprotinin, n = 5) and GTN
(Figure 3). Infusion of the tissue kallikrein inhibitor KIZD-
06 (1.3 JAM) abolished the relaxations induced by rabbit
urinary kallikrein and Phoneutria nigriventer venom (Figure

4) without affecting those induced by ACh (90 ± 9% relaxa-
tion before vs. 86% ± 2% relaxation during KIZD-06
infusion, n = 3) and GTN (Figure 4, n = 3). The plasma
kallikrein inhibitor SBTI (1O fig ml-') failed to affect signifi-
cantly Phoneutria nigriventer venom-, BK-, ACh- and porcine
pancreas kallikrein-induced relaxations (55 ± 12, 54 ± 17,
85 ± 26 and 35 ± 6% relaxation before vs. 67 ± 20, 54 ± 8,
98 ± 8 and 33 ± 8% relaxation during SBTI infusion, respec-
tively, n = 4).

Hoe 140 (50 nM)

RbCC

GTN
9

BK

PNV

ACh

4 mn
l_

0
10

30

nmol

nmol

nmg

nmol

Figure 2 The bradykinin (BK) B2 antagonist Hoe-140 (50 nM) abolished the rabbit corpus cavernosum (RbCC) relaxation induced
by BK (3 nmol) and Phoneutria nigriventer venom (PNV, 10 g#g). The relaxations induced by both glyceryl trinitrate (GTN, 9 nmol)
and acetylcholine (ACh, 30 nmol) were not significantly affected by the infusion of Hoe-140. This is a representative tracing of six
experiments (auxotonic lever).

Aprotinin (10 pg.ml-1)
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Figure 3 Infusion of aprotinin (10 jg ml-') abolished the rabbit corpus cavernosum (RbCC) relaxations induced by Phoneutria
nigriventer venom (PNV, 3 gMg) and by porcine pancreas kallikrein (PPK, 100 mu). The relaxations induced by glyceryl trinitrate
(GTN, 2.2 nmol) and bradykinin (BK, 0.3 nmol) were not significantly affected by the infusion of aprotinin. This is a representative
tracing of four experiments (auxotonic lever).
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KIZD-06 (1.3 gM)
I

RbCC

GTN 0
4.5

ACh

PNV

RbUK

0
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0
300300
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1010

0
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9g
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Figure 4 The specific tissue kallikrein inhibitor Pro-Phe-Aph-Ser-Val-Gln-NH2 (KIZD-06, 1.3 pM) abolished the rabbit corpus
cavernosum (RbCC) relaxations induced by both Phoneutria nigriventer venom (PNV, 10 gg) and rabbit urinary kallikrein (RbUK,
10 mu) without significantly affecting those evoked by glyceryl trinitrate (GTN, 4.5 nmol) and acetylcholine (ACh, 300 pmol). This
is a representative tracing of three experiments (auxotonic lever).
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Figure 5 Effects of Nw-nitro-L-arginine methyl ester (L-NAME, 10 JIM), D-NAME (10 JAM), L-arginine (L-Arg, 300 JiM) and D-Arg
(300 AM) on rabbit corpus cavernosum (RbCC) strips. The infusion of L-NAME (but not D-NAME) further increased the RbCC
tone and abolished the relaxation induced by both acetylcholine (ACh, 0.3 nmol) and Phoneutria nigriventer venom (PNV, 10 jig).
The relaxations induced by glyceryl trinitrate (GTN, 0.5 nmol) were not significantly affected by L-NAME infusion. Subsequent
infusion of L-Arg (but not D-Arg) partially reversed the increased RbCC tone and also partially restored the relaxations induced by
ACh and PNV. This is a representative tracing of six experiments (auxotonic lever).

Involvement ofNO in the RbCC relaxations induced by and restored the relaxations induced by Phoneutria nig-
Phoneutria nigriventer venom riventer venom and ACh (Figure 5).

Figure 5 shows that GTN (0.5 nmol), ACh (0.3 nmol) and
Phoneutria nigriventer venom (10 gig) relaxed RbCC strips
(n = 6). The infusion of nitro-D-arginine methyl ester (D-
NAME, jiM) did not significantly affect either the basal
tone of the RbCC strips or the relaxations induced by the
above substances. In contrast, an infusion of L-NAME
(10 JiM) increased the tone of the tissues by 59 ± 9%
(P<0.05) and abolished the Phoneutria nigriventer venom-
and ACh-induced relaxations without affecting those evoked
by GTN. An infusion of L-arginine (300 jiM), but not of
D-arginine (300;LM), significantly reversed the increased tone

Discussion

Our results show that tissue kallikrein causes RbCC relaxa-
tion by a mechanism dependent on the release of NO since
the relaxations were significantly inhibited by the NO syn-
thase inhibitor L-NAME (Moore et al., 1989) but not by its
inactive enantiomer D-NAME. The reversal of the inhibitory
effect of L-NAME by L-arginine (but not by D-arginine)
further confirms the involvement of NO in this response. In
erectile tissues, NO has been implicated recently as an essen-
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tial mediator involved in the nonadrenergic, noncholinergic
neurotransmission that induces the relaxation of the corpus
cavernosum and triggers penile erection (Ignarro et al., 1990;
Burnett et al., 1992; Anderson, 1993).

Activation of the tissue kallikrein-kinin system leads to
kallidin release (for review see Bhoola et al., 1992) which can
in turn act on bradykinin B2 receptors (Regoli & Barabe,
1980) to release NO from endothelial cells (De Nucci et al.,
1988; D'Orleans-Juste et al., 1989). Since corpus cavernosum
tissues are characterized by a rich network of sinusoidal
capillaries containing endothelial cells (De Groot & Steers,
1988), it is possible that a similar mechanism for NO release
may be also operative in this tissue.
The involvement of the tissue kallikrein-kinin system in the

RbCC relaxations induced by Phoneutria nigriventer venom is
supported by several observations. First, the protease inhibi-
tor aprotinin (Vogel & Werle, 1970) and the tissue kallikrein
inhibitor KIZD-06, selectively inhibited both the tissue
kallikrein- and Phoneutria nigriventer venom-indued RbCC
relaxations. As expected, the plasma kallikrein inhibitor
SBTI (Vogel & Werle, 1970) had no effect on either the
porcine pancreas kallikrein- or the Phoneutria nigriventer
venom-induced relaxations indicating that plasma kallikrein
activation is not involved. Second, the kinase II inhibitor,
captopril, significantly potentiated the RbCC relaxations
induced by BK and Phoneutria nigriventer venom. Third, a
specific bradykinin B2 receptor antagonist (Hoe-140; Wirth et
al., 1991) selectively abolished the relaxing effects of BK and
Phoneutria nigriventer venom. The failure of the bradykinin
B1 receptor antagonist, [Leuldes Arg'° BK, to block these
relaxations eliminated the involvement of B1 receptors.
The observation that porcine pancreas kallikrein and rab-

bit urinary kallikrein relaxed the RbCC strips by a kinin-
dependent mechanism as discussed above indicates that
RbCC contains low molecular weight kininogen which is the
substrate for tissue kallikreins. Although high molecular
weight kininogen is restricted to plasma, kininogens have
also been detected in some organs such as brain (Shikimi et

al., 1973), kidney (Figueroa et al., 1988), uterus (Figueiredo
et al., 1990), sweat and sexual glands and psoriatic skin
(Poblete et al., 1991).

While there are no reports on the existence of tissue kal-
likrein in corpus cavernosum smooth muscle, these enzymes
have been detected in vascular smooth muscle tissues includ-
ing rat aorta (Oza et al., 1990), rat mesenteric artery (Nolly
& Lama, 1982) and rat tail vein and artery (Nolly et al.,
1985). It seems plausible to suggest, therefore, that Phoneu-
tria nigriventer venom causes RbCC relaxation by activating
and/or stimulating the secretion of tissue kallikrein localized
in the RbCC thereby resulting in the release of kallidin.
Alternatively, Phoneutria nigriventer venom could function as
an activator of tissue prokallikreins. An additional possibility
is that Phoneutria nigriventer venom may itself contain tissue
kallikrein. Although Phoneutria nigriventer venom contains
histamine, 5-HT and some enzymes (Schenberg & Pereira-
Lima, 1978), there are no reports on the existence of kal-
likreins in spider venoms. The active fraction of Phoneutria
nigriventer venom responsible for activation of the tissue
kallikrein-kinin system in rabbit skin has been partially
purified (Antunes et al., 1993) but further biochemical studies
are necessary to elucidate the mechanisms involved.

It is interesting to note that tissue kallikreins are believed
to play a functional role in spermatogenesis since they are
reported to increase sperm motility, to cause sperm matura-
tion and to increase blood flow in the testis (Saitoh &
Kumamoto, 1988; Clements et al., 1988). In addition, tes-
tosterone enhances tissue kallikrein gene expression in sex
glands (Clements et al., 1988). While our results have
indicated that tissue kallikrein activation may be important
in penile erection, the precise role of the tissue kallikrein-
kinin system in this phenomenon remains to be established.

R.A.B.L.M. is supported by Fundasao de Amparo a Pesquisa do
Estado de Sao Paulo (FAPESP).
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Photon pharmacology of an iron-sulphur cluster nitrosyl
compound acting on smooth muscle

1E.K. Matthews, E.D. Seaton, M.J. Forsyth & *P.P.A. Humphrey

Department of Pharmacology and *Glaxo Institute of Applied Pharmacology, University of Cambridge, Tennis Court Road,
Cambridge CB2 1QJ

1 The mechanisms of action on smooth muscle of the iron-sulphur cluster nitrosyl compound,
heptanitrosyl-tri-gL3-thioxotetraferrate (1-), (RBS), a photosensitive nitric oxide donor, have been inves-
tigated in the guinea-pig taenia caeci (coli) in vitro.
2 After exposure to RBS (50 I1M) for 30 min, and subsequent washout, a sustained contraction was

recorded in the absence of light to either the agonist carbachol (50 pLM) or a depolarizing concentration
of KCI (23.5 mM). Photon irradiation (>400 nm) caused a prompt relaxation of precontracted RBS-
treated muscle, the magnitude of which depended upon the intensity (1.1 x 103 to 1.1 x i0s lux),
duration (30 s to 20 min) and wavelength (400 to 800 nm), of the incfdent illumination.
3 Repeated periods of illumination at 1.1 x 104 lux produced a reversible relaxation of both carbachol
and KCl-evoked tone in muscle pretreated with RBS (50 psM). These photorelaxations were reproducible
at 10 min intervals for several hours with a maximal relaxation amounting to 80 to 90% that of the tone
produced by carbachol (50 gM).
4 The nitric oxide synthase inhibitor, N0-nitro-L-arginine (60 tM), caused no inhibition of the photon-
induced relaxation of RBS-treated muscle. In contrast, N-methylhydroxylamine (2 mM), L-cysteine
(10 mM), DL-dithiothreitol (2 mM), methylene blue (30 ptM), and haemoglobin (20 SiM), all reversibly but
significantly inhibited (P<0.001) the photorelaxation response. However, neither the aminothiol N-
acetyl-L-cysteine (10 mM) nor the tripeptide glutathione (10 mM) blocked the RBS-induced photorelaxa-
tion.
5 The photolytic cleavage of RBS depended on the intensity and duration of illumination; it was

accompanied by a corresponding decrease in absorbance and by the liberation of NO as measured by
the Griess diazo reaction with sulphanilic acid. L-Cysteine (10 mM) prevented the decrease in absorbance
and the photolytic liberation of NO.
6 It is concluded that (i) sequestered or bound RBS, when photon-activated, liberates NO by a process

which can be controlled by the wavelength, intensity and duration of the incident light, (ii) the
photon-released NO rapidly relaxes the smooth muscle cells of the taenia coli primarily via cyclic
GMP-dependent pathways which can be blocked by use of appropriate inhibitors, and (iii) the
RBS-induced photorelaxation effect does not involve the activation of NO synthase. RBS is therefore a

valuable photosensitive NO donor for establishing the functional and pharmacological significance of
NO.

Keywords: Photosensitive nitric oxide donor; nitric oxide measurement; smooth muscle; guinea-pig taenia caeci (coli); NO
synthase; thiol inhibitors; heptanitrosyl-tri-gL3-thioxotetraferrate (1-); Roussin's Black Salt

Introduction

Iron-sulphur cluster compounds are common in nature and
form an integral part of many enzymes (Prince & Grossman,
1993). They also present an important molecular framework
for the synthesis of caged nitric oxide derivatives (Butler et
al., 1988; 1990). Such cluster nitrosyl compounds have been
shown to accumulate in endothelial cells and to produce a
vasodilator action (Flitney et al., 1992). More importantly, it
is now evident that these compounds can be photon-activated
(Matthews et al., 1994) and in response to light are capable
of liberating large amounts of NO very rapidly, but little
work has been done to assess either the molecular mechan-
isms involved or the pharmacological consequences of such
photon-induced effects.

In the present study the iron-sulphur cluster nitrosyl com-
pound, heptanitrosyl-tri-IL3-thioxotetraferrate (1-), has been
investigated as a potential photosensitive nitric oxide donor.
This compound, also known as Roussin's Black Salt (RBS),
contains seven NO groups; it is one of several closely related
cluster nitrosyls but differs from them in possessing an
unusually high aqueous solubility (Flitney et al., 1992). We
have previously employed the guinea-pig taenia coli (caeci) as
a model system for analysing the mechanisms of photo-

Author for correspondence.

dynamic drug action since it is composed of a relatively
transparent syncytium of smooth muscle cells which produce
a well-defined calcium-dependent contraction, free from the
complicating presence of endothelial cells (Matthews et al.,
1993a,b). Furthermore, nitrovasodilator compounds, have
been shown to activate guanylyl cyclase and to increase
intracellular guanosine 3':5'-cyclic monophosphate (cyclic
GMP) levels in the taenia causing its relaxation (Katsuki et
al., 1977). This preparation is therefore ideally suited for
exploring the mechanism of action of RBS and for estab-
lishing the quantitative relationship between RBS photolysis,
NO production, and smooth muscle relaxation. In addition,
the use of inhibitors and measurement of photon-released
NO has enabled further definition to be given to the photon
pharmacology of RBS. The results of some of this work were
communicated to the London meeting of the British Phar-
macological Society in January, 1994 (Matthews et al., 1994).

Methods

Superfusion of taenia coli

Male guinea-pigs (250-300 g) were killed by cervical disloca-
tion and exsanguination. Strips of taenia muscle were dis-

'." Macmillan Press Ltd, 1994
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sected from the caecum and superfused in a system similar to
that described by Brading & Sneddon (1980). Matthews &
Messler (1984) and Matthews et al. (1993a,b). Pieces of
taenia 1 to 2 cm in length were secured by one end to the
base of glass superfusion chambers (volume 1 ml) and by the
other end to transducers (tension 1 g) located directly over
the chambers, for the isotonic recording of contraction. The
superfusate was pumped from glass reservoirs via polythene
tubing (internal diameter 0.73 mm) placed in a water bath
(Harvard) maintained at 32TC (to reduce spontaneous con-
tractile activity) before entering the base of the glass cham-
bers; the effluent superfusate was discarded. Flow rates were
set at approximately 2 ml min-' per channel, with four super-
fusion systems being run in parallel. Signal output from the
four Harvard transducers was amplified and contractions
recorded with Kipp & Zohnen BD40 chart recorders.

Solutions

In the majority of experiments, a modified Krebs-Henseleit
solution was used of the following ionic composition (mM):
NaCl 118, CaCl2 2.56, KCI 4.7, MgCl2 1.13, NaH2PO4 1.15,
NaHCO3 25 supplemented with D-glucose 11.2. The solution
was bubbled with 95% 02 and 5% CO2 to give a final pH of
7.4. When a five fold increase in potassium concentration was
used to depolarize the tissue, the solution contained KCl
23.5 mM and the NaCl concentration was decreased to
99.12 mM to maintain isotonicity.

Light intensity

All experiments were performed in a light-sealed chamber.
Controlled illumination of the tissue was provided by a
Schott KL 150 quartz-halogen light source equipped with a
heat filter (KG1), via two fibre-optic probes. The two probes
provided a 600 illumination field of uniform intensity; each
probe simultaneously illuminated two tissue preparations.
Absolute light intensities were determined to a high accuracy
( ± 3%) using a Minolta Illuminance 1H meter. No heating
of the superfusion baths by illumination was measurable.
For determination of the wavelength action spectrum, a

series of sharp-cut filters of defined transmission characteris-
tics were interposed between the optic probes and the muscle
preparations. The wavelength range from 400 to 570 nm was
scanned using the bandwidth limits set by five different filters,
namely 400 nm sharp-cut (Schott glass filter GG-400), 457
nm sharp-cut (Schott glass filter GG-475), 515 nm sharp-cut
(Schott glass filter 2A-1 5), 535 nm sharp-cut (Wratten glass
filter type 16) and 570 nm sharp-cut (Schott glass filter OG-
570). These filters permitted over 90% transmission and were
each 2 mm thick. The absorption spectra of aqueous solu-
tions of RBS (in 3 ml stoppered cuvettes), were determined
with a Pye-Unicam SP8-200 UV/Vis spectrophotometer.

Experimental procedures

In the majority of experiments, preparations were first
allowed to equilibrate for 30-40 min and the contractile
response assessed by exposure to repeated doses of carbachol
(50 JM) for 10 s at 10 or 15 min intervals. Reproducible
responses to this dose could usually be obtained and pro-
vided a standard contraction against which drug action could
be determined, but any preparation incapable of a consistent
response was discarded.

Following equilibration, a standard experimental protocol
was established as follows: incubation of the tissues with
RBS (50 JM) for 30 min (during which time superfusion was
suspended); wash out with superfused Krebs-Henseleit solu-
tion for 2 to 10 min; superfusion of carbachol (50 JAM) for 30
to 40 min before commencing; 10 min cycles of illumination
of the preparations at a controlled intensity, involving
irradiation of 3 min duration at 7 min intervals. Superfusion

with carbachol (50 gM) was maintained throughout these
successive periods of illumination.
The effects of application of the redox agents L-cysteine,

DL-dithiothreitol (DTT), reduced glutathione (GSH) and
methylene blue were tested after at least three cycles of
illumination. Superfusion with the agent under test was con-
tinued for a further six illumination cycles before replacement
with a solution containing carbachol alone (50 JM).

Haemoglobin

Oxyhaemoglobin was freshly prepared by treatment of
bovine haemoglobin with a ten fold excess of sodium
dithionite followed by dialysis as described by Gibson et al.
(1992) and Gao & Vanhoutte (1993).

Measurement of nitric oxide liberation

The amount of nitric oxide generated by the photolysis of
RBS was determined by the Griess reaction for the detection
of NO and NO2- in which sulphanilic acid is diazotized at
acid pH by nitric oxide. The reaction product is subsequently
coupled stoichiometrically with N-(1-naphthyl) ethylene-dia-
mine to yield a coloured azo compound which is measured
spectrophotometrically at a peak absorbance of 548 nm
(Ignarro et al., 1987).

Statistical analysis

Results are expressed as the mean ± s.e.mean. Statistical
significance was determined by application of Student's t test.

Materials

All standard chemicals were of Analar or comparable purity.
Other agents used were from Sigma, i.e. L-cysteine, haemo-
globin (bovine), reduced glutathione (GSH), N0-nitro-L-
arginine, N-methylhydroxylamine N-acetyl-L-cysteine, or car-
bachol (Koch-Light Laboratories Ltd.) sodium nitroprusside
(Fisons), S-nitroso-N-acetyl-DL-penicillamine (SNAP) (Cook-
son Chemicals, Southampton, UK), ruthenium (III) nitrosyl
chloride (Ru(NO)CI3) (Johnson-Matthey, Royston, UK).
Heptanitrosoyltri-JA3-thioxotetraferrate (RBS) was kindly
provided by Dr A.R. Butler, Department of Chemistry,
University of St Andrew's.

Results

Photorelaxation of RBS-treated smooth muscle
contracted with carbachol or KCI

Photon irradiation (light intensity; 1.1 x I0' lux) of muscle
precontracted with carbachol, (50 JM), or KCl (23.5 mM),
invariably produced an immediate relaxation in muscle
preparations pre-incubated with RBS, (50 JM) (Figure 1) but
had no effect on tone in the preparations which had not been
exposed to RBS (Figure 2). The relaxations were reversible,
restoration of the carbachol-induced tone occurring within 10
to 20 s of the termination of illumination. In one series of
experiments the relaxation response represented a 92 ± 2%
(n = 17) inhibition of carbachol-induced tone at the first
illumination period and the effect was remarkably reproduci-
ble since 120 min later a 3 min period of photo-illumination
still produced an 87 ± 2% (n = 20) inhibition of carbachol-
induced tone (e.g. Figure la). Short periods of light exposure,
e.g., 15 to 30 s produced monophasic relaxations of smaller
magnitude but with longer periods of light exposure a
second, smaller, phase of relaxation often became evident 2
to 3 min after the start of illumination (see Figure lb). The
magnitude of this small but more sustained secondary relaxa-
tion amounted to 13 ± 2% (n = 20) that of the first relaxa-
tion phase. Photon-irradiation of tissue previously exposed to
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RBS and precontracted with an increased potassium concen-
tration of 23.5 mM also produced an inhibition of induced
tone. The secondary phase of relaxation in response to RBS
photon-activation was, however, more pronounced in the
K+-depolarized muscle, although the reason for this is not
known.

Effect of light intensity on the photorelaxation of
RBS-treated muscle

Sequential illumination of the RBS-treated taenia with light
of different intensities allowed the relationship to be defined
between light intensity and the magnitude of the first phase
of the photo-relaxation response. The tissues were irradiated

a

at a standard intensity of 1.1 x I04 lux for three timed
periods before irradiation at any other test intensity. Some
inhibition of carbachol-induced tone was evident in RBS-
treated muscle even below 2 x 103 lux, i.e., at intensities
approaching common ambient laboratory light levels (400-
1000 lux) which emphasizes the need for adequate light shiel-
ding throughout an experiment. Photon-irradiation of RBS
pretreated tissue at an intensity of 1.1 x 103 lux inhibited
carbachol-induced tone by 13 ± 1% (n = 6). However, the
magnitude of the relaxation was clearly intensity-dependent
and increased progressively with light intensity up to a max-
imal value of 83 ± 1% (n = 21) at 1.1 x I04 lux in this series
of experiments (Figure 3).
At intensities well in excess of 1.1 x 104 lux, a marked
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Figure 1 Photorelaxation in smooth muscle induced by RBS treatment. (a) Effect of light following RBS-pretreatment. Exposure
to RBS (50 jM) for 30 min (between the arrows) was preceded by a test dose of carbachol (50 IAM) for IO s (0). After washout of
RBS for 2 min, a sustained contraction was evoked by continuous exposure to carbachol (50 IAM) and light at 1.1 x I03 lux applied
for 3 min (0) of every 10 min commencing 30 min after initiating the sustained carbachol contraction. Baseline relaxation was
re-established on removal of carbachol at the end of the experiment. (b) Effect of photon-irradiation at differing intervals and of
different duration following RBS pretreatment (50 jM) and precontraction with carbachol (50 jAM). Light was applied at 1.1 x I03
lux for 1 min (0) first at 10 min, then at 5 min intervals and finally the RBS-treated muscle was irradiated continuously for 20 min
(open horizontal bar). Resting tone in the absence of carbachol is indicated by the dotted line.
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time-dependent alteration in the level of inhibition of induced
tone became more conspicuous (Figure 4). In a preparation
exposed to a ten fold increase of intensity, i.e. to 1.1 x i0'
lux, the inhibition of carbachol-evoked tone was 90% in the
first illumination period but a rapid decline occurred in the
magnitude of the first phase of the response, i.e., to 40%
after 60 min and to 58% after 170 min. In contrast, exposure
to light of 1.1 x 104 lux produced a well-sustained inhibitory
response i.e., an inhibition of 94% after 60 min and 89%
after 170 min (Figure 4). A similar time-dependent decrease
in relaxation magnitude at a high intensity of illumination
was observed with K+-depolarized muscle. At 1.1 x 10' lux
the relaxation in one experiment decreased to only 15%
within 40min and was followed by some recovery with a
relaxation of 35% after 100 min. Again, this contrasts with
the more pronounced and reproducible photorelaxation evi-
dent at lower intensities.

Wavelength-dependence of the photorelaxation in
RBS-treated muscle

If local photon-activation of RBS is responsible for inhibi-
tion of the carbachol-induced contraction then both events
should depend upon a similar and specific region of the
radiation spectrum. By confining the radiation incident upon
the superfused tissue successively to localized spectral regions
with sharp-cut filters of known band-pass and transmission

characteristics (see Methods) an action spectrum was estab-
lished between 400 nm and' 570 nm (Figure 5). Since this
spectrum represents photorelaxation in response to illumina-
tion at wavelengths above the specific filtration wavelengths
(400 nm, 515 nm, 535 nm, 570 nm) the action spectrum can-
not be compared directly with the spectrum of RBS absorba-
nce (Figure 9) at each wavelength. Under these circumstances
it is more appropriate to compare the action spectrum with
the total area under the absorbance curve at wavelengths
defined by the filter cut-off values so that absorbance at and
above the filtered wavelength is taken into account. If this is
done then the curve depicting absorbance of RBS as
restricted by the individual filters closely parallels the
measured action spectrum of the tissue (Figure 5). The
relative importance of the reduction in total intensity that
occurs when filters are interposed between the light source
and the tissue upon the shape of the action spectrum may be
similarly assessed by determining the proportion of the area
under the emission spectrum of the light source excluded by
specific filters (Figure 5). In fact, light emission in the filtered
range (400-570 nm) accounts for only some 18% of the total
energy output of the halogen-light source.

Effects of redox and other agents on the photorelaxation
in RBS-treated muscle

The effects of various redox agent on the RBS-dependent
photorelaxation of carbachol-induced tone were investigated
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Figure 3 Intensity dependence of the photorelaxation in RBS-
treated muscle. Plotted values (0) are means ± s.e.mean (n = 6 to

b 21).
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Figure 2 Effects of photon-irradiation on two smooth muscle
preparations precontracted with carbachol (50 pM), both illuminated
for 3 min (0) every 10 min (1.1 x I03 lux) in parallel, one pretreated
with RBS (50 IM) (a), the other (b) receiving no RBS pretreatment.
Resting tone in the absence of carbachol is indicated by the dotted
line.
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Figure 4 Time-dependent change in the RBS-induced photorelaxa-
tion at high intensity illumination. Two muscle preparations pre-
treated in parallel with RBS (50 pM) and illuminated for 3 min every
10min, one at 1.1 x 104 lux (@) and the other at 1.1 x IO lux (0).
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by adding them to the superfusion solution following at least
three 10 min cycles of illumination of the RBS-pretreated
tissue at an intensity of 1.1 x I04 lux. Six cycles of illumina-
tion were subsequently completed during redox agent super-
fusion and seven to nine cycles after its removal.

L-Cysteine caused a substantial decrease in the RBS-
dependent photorelaxations which was both time- and con-
centration-dependent. The inhibition by L-cysteine (10 mM)
of the RBS-dependent response was evident within 10 min
and maximal after 60 to 70 min (Figure 6). The L-cysteine
inhibition was concentration-dependent with effects occurring
at concentrations as low as 100 JiM (Figure 7). Recovery of
the photorelaxations to their original level occurred within
20 min of removal to L-cysteine from the superfusion solu-
tion (Figures 6 and 7). In contrast to L-cysteine, and to DTT
(2 mM), which was also a potent inhibitor of photorelaxation
(Table 1), the aminothiols N-acetyl-L-cysteine (1 to 10 mM)
and GSH (1 to 10 mM) had no inhibitory effect on the
photorelaxation in RBS-treated muscle. In fact, N-acetyl-L-
cysteine and GSH caused a small enhancement of photo-
relaxation magnitude (Figure 8 and Table 1). Of the other
agents tested N0-nitro-L-arginine (60 jiM), an inhibitor of
nitric oxide synthase had no effect, but N-methylhydroxyl-
amine (2 mM), methylene blue (30 JiM) and haemoglobin
(20 tiM), all caused a reversible inhibition of the RBS-induced
photorelaxation, the effect of methylene blue being the most
persistent (Table 1).

Relaxation of smooth muscle by other nitric oxide
donors

Illumination at 1.1 x 104 lux of carbachol pre-contracted
preparations during infusion of the nitric oxide donors
ruthenium nitrosyl chloride (0.5 mM), sodium nitroprusside
(1 mM) or SNAP (0.5 mM) was without effect. Increasing the
light intensity to 1.1 x 105 lux in the presence of these agents
produced at most small or variable, photorelaxations with
only sodium nitroprusside (1 mM) producing per se a small
persistent relaxation of 15% in the absence of light. Thus, in
three separate experiments with ruthenium nitrosyl chloride
photo-irradiation at the higher intensity of 1.1 x 105 lux
caused a 5 ±0.5% (n= 12), 12 ±4% (n=9) and 57 ±0.5%
(n = 8) inhibition, respectively, of carbachol-induced tone.
Illumination at 1.1 x 105 lux during infusion of sodium nitro-
prusside (1 mM) produced a 17 ± 1% (n = 5) inhibition of a
carbachol contraction in one experiment and had no effect in
another.
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Figure 5 Wavelength-dependence of the photorelaxation in RBS-
treated muscle. Photo-inhibition (%) of carbachol contraction in
muscle pre-incubated with RBS (50 JLM) upon illumination at 1.1 x
I 0 lux through sharp-cut filters. The minimum transmission wave-
length of each filter is indicated. Plotted values (0) are the means
± s.e.mean (n = 6). Plotted also (0) is the % area of the RBS
absorbance spectrum (derived from Figure 9) above the minimum
transmission wavelength for each filter. The light energy incident on
the preparation as a % of the total spectral emission of the light
source excluded by specific filters is also indicated (@).
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Figure 6 Effect of L-cysteine on the phororelaxation in RBS-treated
muscle. Two muscle preparations were precontracted with carbachol
(501M) and photon-irradiated in parallel at 1.1 x I04 lux for 3 min
(0) every 10 min. One preparation was pretreated with RBS (50 SAM)
(a), the other was not (b). Resting tone in the absence of carbachol is
indicated by the dotted line.
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Figure 7 Concentration- and time-dependence of the L-cysteine
inhibition of photorelaxation in RBS-treated muscle. Each of three
preparations was pre-incubated in parallel with RBS (5011M) and
precontracted with carbachol (50 1M) before illumination at 1.1 x IO'
lux for 3 min every 10 min. Each preparation was then exposed to
L-cysteine for 1 h (horizontal bar) at a concentration of 100 g1M (0),
5 mM (-) or 10mm (0). The plotted values are expressed as a
percentage of the mean of three photorelaxations induced in each
preparation immediately before exposure to L-cysteine.
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Absorbance spectra ofRBS and measurement of
photon-induced NO liberation
In aqueous solution RBS displays three characteristic absor-
bance maxima extending from the u.v. to the visible region,
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i.e., at 260, 350 and 560 nm. Following illumination there
was an overall decrease in absorbance with no red or blue
spectral shift evident (Figure 9); this suggests a photolytic
cleavage of the RBS molecule with the liberation of NO.
Free NO (or nitrite to which it may be converted) should
therefore be detectable by the well-defined diazo reaction (see
Methods). In these experiments a solution of RBS (50 iM)
was illuminated at 1.1 x IO' lux for a total of 60 min and the
absorbance spectrum measured before and at 30 and 60 min
of illumination. Samples from both this solution and from a
non-illuminated control solution were taken for analysis of
NO liberation.
The absorption spectrum of non-illuminated RBS solutions

remained stable over 60min. However, when compared to
the pre-illumination spectrum there was a highly significant
(P<0.001) decrease of 33.4 ±0.6% (n = 4) and 52.6 ± 0.1%
(n = 4) in the absorbance at 350 nm of RBS (50 pM) after
illumination (1.1 x I0O lux) for 30 and 60 min, respectively.
These changes in absorbance corresponded to the photolytic
generation in the same RBS samples of 256 ± 7 nmol (n = 4)
and 414 ± 11 nmol (n =4) of NO measured by the diazo
reaction after 30 and 60 min of illumination. In the presence
of L-cysteine (1OmM) the decrease in absorbance at 350 mn
was markedly attenuated, amounting to only 8.0 ± 0.5%
(n = 4), and 9.6 ± 0.7% (n = 4) after 30 and 60 min of
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Figure 8 Effects of glutathione (GSH) on the photorelaxation in
RBS-treated muscle. Two muscle preparations were precontracted
with carbachol (50SM) and photon-irradiated in parallel at 1.1 x 104
lux for 3 min (0) every 10 min. One preparation was pretreated with
RBS (50 gM) (a), the other was not (b). Resting tone in the absence
of carbachol is indicated by the dotted line.
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Figure 9 Absorbance spectrum of RBS (50I1M) in the absence of
illumination (upper curve) and after illumination at 1.1 x 105 lux for
60 min (lower curve).

Table 1 Effects of redox and other agents on RBS-induced photorelaxations

Drug Concentration

None
L-cysteine
Dithiothreitol
N-acetyl-L-cysteine
N-methylhydroxylamine
NO-nitro-L-arginine
Methylene blue
Haemoglobin

10mM
2 mM
10mM
2 mM
60 gM
30 jM

20 gM

Before

93.3 ± 1.8
80.7 ± 8.9
84.1 ±2.4
80.9 ± 3.7
88.1 ± 1.2
90.9 ± 2.5
84.0± 1.3
90.3 ± 1.5

Photorelaxation magnitude (%)
During

90.6 ± 2.4
9.7 ± 0.7***
14.4± 1.1***
85.9 ± 6.5
34.0 ± 1.7***
85.1 ± 1.5
26.2 ± 2.2***
20.3 ± 2.2***

All results are expressed as the mean percentage magnitude ± s.e.mean of the sustained contractile response evoked by carbachol
(50j1M). Photorelaxations to light (1.1 x 103 lux) of 3 min duration were elicited every 10 min. In each of three to seven separate
experiments, three responses were measured immediately before drug exposure, three in the presence of drug measured during the last
three of six responses in the presence of drug, and three responses after removal of the drug measured during the last three of six
responses following drug removal. ***P<0.001.

b

After

88.4 ± 2.6
58.1 ± 4.9
74.0 ± 2.3
69.3 ± 1.7
68.8 ± 1.5
84.4 ± 1.7
36.2 ± 6.1
55.6 ± 6.5

n

4
5
4
3
4
3
7
4
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illumination. NO production in the same samples was also
significantly less (P <0.001) in the presence of L-cysteine, i.e.,
9.6 ± 3.8 nmol (n = 4) and 18.3 ± 5.7 nmol, respectively.

Discussion

Iron-sulphur cluster nitrosyl compounds taken up by endo-
thelial cells have been shown to produce a vasodilator action
by the spontaneous liberation of nitric oxide (Flitney et al.,
1992). However, the present study establishes that the cluster
compound RBS has little or no effect on the smooth muscle
cells of the taenia coli in the absence of light yet causes a
marked photorelaxation of muscle precontracted with either
carbachol or KCL. To produce a contraction, KCl depolar-
izes the muscle directly; it also depolarizes nerve-endings
within the muscle, so minimizing the intervention of any
subsequent nerve-mediated effects. In contrast, activation of
muscarinic receptors by carbachol leads to the generation of
inositol trisphosphate, mobilization of stored calcium, an
increase in [Ca2+]j, and muscle contraction. These experi-
ments suggest that illumination of the muscle pre-incubated
with RBS facilitates the production of a labile relaxant factor
because photon-irradiation initiates a reversible inhibition of
contraction whether produced by either of two alternative
routes. It seems reasonable to assume therefore that retention
and photolysis of RBS underlies these photorelaxations, the
liberation of free NO then presumably activating guanylyl
cyclase and generating cyclic GMP.
The RBS-induced photorelaxations demonstrated an inten-

sity-dependence below 1.1 x 104 lux, a decrease in illumina-
tion intensity causing a corresponding decrease in the relaxa-
tion effect. It is likely therefore that below the maximal
inhibitory intensity of 1.1 x I04 lux, liberation of NO by RBS
photolysis and the rate of reaction with its target enzyme,
guanylyl cyclase, is submaximal. As the intensity maximum is
approached, sufficient NO may be produced to saturate the
enzyme so that either a stage further downstream in the
cyclic GMP-mediated pathway then becomes rate-limiting or
some negative feed-back mechanism is activated. Photon-
irradiation at the higher intensity of 1.1 x 105 lux will cause a
substantial local release of nitric oxide from RBS (see below).
It is known that at high concentrations the reaction of NO
with oxygen becomes significant and can yield appreciable
quantities of dinitrogen tri-oxide, tetra-oxide and nitrous acid
(Wolfe & Swinehart, 1975; Feelisch, 1991). A decrease in
intracellular pH and the generation of a highly nitrosating
environment affecting cellular metabolism could well account
for the decreased photorelaxation observed at higher light
intensities.
Use of sharp-cut filters to eliminate progressively discrete

regions of the visible spectrum defined the wavelength-action
spectrum for RBS acting on smooth muscle cells and pro-
vided further convincing evidence that a wavelength-depen-
dent absorbance of RBS is responsible for the observed
photorelaxant effect on smooth muscle. The spectrum of the
RBS molecule itself is characterized by three absorbance
maxima at 260, 350 and 560 nm. Illumination caused a
uniform decrease of the absorbance spectrum and a propor-
tional diminution of these maxima with no discernible red or
blue shift, a pattern consistent with photolytic degradation of
the iron-sulphur cluster framework. The precise molecular
mechanism by which NO is released from the cluster or
caged state by photon irradiation has yet to be determined.
Extended Huckel molecular orbital calculations have demon-
strated that RBS is electron precise (Sung et al., 1985) which
means that either the addition or removal of an electron
from the structure will weaken the cage bonding and cause
the iron-sulphur framework to disintegrate, releasing free NO
(Flitney et al., 1992). In the present experiments just such a
molecular effect will occur with the absorption of photon
energy. In addition, interconversion between closely related
iron-sulphur nitrosyl compounds is possible by a process of

extensive fragmentation and reassembly involving dissocia-
tion to a paramagnetic species containing a single iron atom
(Sung et al., 1985). This raises the important question as to
whether illumination and photolysis of RBS affects the
equilibrium between the RBS molecule and its two closely
related derivatives i.e., [Fe2S2(NO4)]2 I [Fe4S3(N07)] *
Fe4S4(NO)4. This factor is particularly important in the cel-
lular environment where the structural components would be
retained and able to participate in any such molecular trans-
formation or interconversion. A fragmentation-reassembly
process controlled by alternate light-dark periods could well
explain the remarkable persistence of RBS action, but
whatever the kinetics of the events involved there is little
doubt that photon-activation of the RBS molecule does
liberate nitric oxide as detected by the diazo reaction.
N-methyl-hydroxylamine and methylene blue reversibly

blocked the photorelaxation effect of RBS. Both agents are
known to prevent NO-induced relaxation of smooth muscle
by inhibiting the activation of guanylyl cyclase (Gibson &
Mirzazadeh, 1989). Although methylene blue can also inhibit
NO synthase (Mayer et al., 1993), it is unlikely that this
action contributes to an attenuation of the RBS photorelaxa-
tion because the more selective NO synthase inhibitor N0-
methyl-L-arginine (Hobbs & Gibson, 1990) was itself com-
pletely without effect. Haemoglobin was also found to block
RBS photorelaxation. It is generally assumed that because
Hb is a large molecule it is unable to penetrate intracellularly
and therefore acts solely as a scavenger of extracellular nitric
oxide which binds to the haem site with high affinity.
Haemoglobin may however also sequester NO diffusing
between muscle cells (Matsunaga & Furchgott, 1989) when
free nitric oxide is liberated, as it would be on photon
activation of a bound localised source of RBS.

L-Cysteine is a natural amino acid which is neutral at
physiological pH and has been shown to be actively trans-
ported into cells (Bannai, 1984). As a thiol containing reduc-
tant it is capable of influencing a number of events in the
process of RBS-dependent photorelaxation, including interac-
tion with the RBS molecule itself, interaction with nitric
oxide and its redox-activated forms and/or interaction with
guanylyl cyclase. Our spectrophotometric analysis showed
that L-cysteine attenuated RBS photolysis thereby decreasing
NO production upon photon-activation. However, the fact
that the biological effect of L-cysteine on the RBS-dependent
photorelaxation was fully reversible suggests that direct
chemical reaction of L-cysteine with the RBS molecule does
not occur. It is more likely that L-cysteine provides a high
density of SH groups in close proximity to the RBS molecule
thus stabilizing the electronic configuration of the cluster
compound. Under physiological conditions free NO may be
interconverted among different redox forms, each with a
different preference for various target functional groups
(Stamler et al., 1992). This can result in the S-nitrosation of
tissue bound thiol groups and the formation of thionitrates
(Feelisch, 1991). These are very effective activators of guan-
ylyl cyclase, S-nitrosocysteine being approximately 80 times
more potent than nitric oxide itself (Myers et al., 1990). On
the other hand, agents which oxidize or reduce sulphydryl
groups also markedly alter basal and stimulated guanylyl
cyclase activity (Waldman & Murad, 1987). Thiol-containing
reductants of high redox potential can cause a concentration-
dependent reversal of nitric oxide activation of guanylyl cy-
clase despite an increase in the rate of formation of nitrosyl-
haem (Braughler, 1983). This is due to the ability of the
reductant to maintain the haem of guanylyl cyclase in the
Fe2l state (Waldman & Murad, 1987). On this basis, L-
cysteine and other highly potent thiol reductants, e.g., DTT,
would be expected to decrease the magnitude of the RBS
photorelaxation, as was indeed observed. The failure of N-
acetyl-L-cysteine and GSH to produce an inhibitory effect
similar to that of L-cysteine and DTT is probably a conse-
quence of their poor uptake into the intracellular compart-
ment of the smooth muscle cells of the taenia (see Matthews
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et al., 1993b). These cells may also lack the deacetylation
enzymes required to convert the N-acetylated derivative to
active L-cysteine. We suggest therefore that the reversible
inhibition of the RBS-dependent photorelaxation by L-
cysteine is attributable to (i) an interaction of the L-cysteine
with RBS to diminish its rate of photolysis, and (ii) an action
to decrease the NO activation of guanylyl cyclase, both
effects together outweighing any potential stimulation of
guanylyl cyclase by the production of S-nitrosocysteine.

In conclusion, our results can be explained by the follow-
ing scheme. On exposure to RBS there is a binding or
sequestration of the molecule within the tissue. After removal
of RBS from the extracellular space the retained RBS
liberates NO in response to light by a process which can
be precisely controlled by varying the wavelength, intensity,
and duration of the incident light. Nitric oxide then causes a
relaxation of the smooth muscle by activation of guanylyl
cyclase and the generation of cyclic GMP. This effect can be

prevented by the appropriate inhibitors but does not involve
the activation of NO synthase. However, we cannot yet rule
out the participation of some additional cyclic GMP-inde-
pendent pathway. Further experiments are therefore required
to define more fully the molecular basis of the effects we have
observed. Nonetheless, this investigation has demonstrated
that RBS is a valuable photosensitive NO donor for probing
the functional, physiological, and pharmacological signifi-
cance of NO itself. The ability to control precisely the rapid
local liberation of NO by photon activation suggests that
RBS can be used not only in smooth muscle cells but also to
generate NO for a wide variety of biological actions e.g., the
modulation of CNS neurotransmission (Black et al., 1994) or
for investigation of its potential anti-tumour action (Mat-
thews & Forsyth, 1994).

We are very grateful to Dr A.R. Butler for the supply of RBS.
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Neuropeptide Y in rat detrusor and its effect on nerve-mediated
and acetylcholine-evoked contractions
'M.M. Iravani & 2M.A. Zar

The Department of Pharmacological Sciences, The Medical School, Framlington Place, Newcastle upon Tyne, NE2 4HH

1 Immunohistochemical and isolated organ bath techniques were used to detect the presence of
neuropeptide Y (NPY) in the rat urinary bladder and to determine its effect on tone, spontaneous
activity and contractile responses of the detrusor muscle to electrical field stimulation, acetylcholine and
a,-methylene ATP (xj-MeATP).
2 A very rich presence of NPY-immunoreactive nerve fibres was found mainly within the bundles of
detrusor muscle cells. Chronic treatment with 6-hydroxydopamine did not affect the density of NPY-
positive nerve fibres.
3 NPY (>1 nM) enhanced the force and frequency of spontaneous contractions and generated a rise in
the resting tone of the detrusor. These effects of NPY on the tone and the spontaneous activity remained
unaffected by atropine (3 gM), indomethacin (10 LM) and aspirin (100 ;LM) but were abolished by
Ca2"-withdrawal from the bathing medium.
4 The enhancing effects of NPY on the spontaneous contractions and the resting tone were not
prevented by the induction of purinoceptor desensitization.
5 NPY (1-250 nM) potentiated electrical field stimulation (EFS, 1-64 Hz, 0.1 ms pulses duration, lOs
train duration)-evoked, tetrodotoxin (0.5 gLM)-sensitive contractions. The atropine (3 gM)-resistant com-
ponent of EFS-evoked contractions was also potentiated by NPY. By contrast, the nifedipine (1 ftM)-
resistant but atropine-sensitive component of EFS-evoked contraction was inhibited by NPY.
6 NPY (250 nM) did not affect acetylcholine-evoked contractions, but potentiated a,,-MeATP-evoked
contractions.
7 It is concluded that NPY-innervation of rat urinary bladder is largely confined to the detrusor
muscle and is abundant and mainly non-adrenergic. It is further concluded that the enhancing effect of
NPY on detrusor spontaneous activity and tone is caused by Ca2+ influx through nifedipine-sensitive
Ca2+ channels and is not mediated through acetylcholine or cyclo-oxygenase-sensitive eicosanoids or
ATP.
8 The results are consistent with the hypothesis that intrinsic NPY in the rat detrusor innervation
contributes to the motor transmission in two ways: by promoting non-cholinergic motor transmission
and by inhibiting prejunctionally the cholinergic transmission.

Keywords: Detrusor muscle; urinary bladder; neuropeptide Y; cholinergic neurotransmission; non-cholinergic neurotransmis-
sion; nifedipine

Introduction

Neuropeptide Y (NPY), a 36 amino acid peptide is present in
the autonomic nerve supply of many organs including the
urinary bladder of man and rat (Gu et al., 1984; Mattiasson
et al., 1985). NPY-containing nerve fibres originate mainly in
the non-adrenergic cell bodies of the pelvic ganglia and are
richly distributed in the detrusor muscle (Mattiasson et al.,
1985). The physiological role of NPY-containing fibres in the
detrusor and the potential pharmacological significance due
to their presence is not known. The present investigation was
undertaken with the object of firstly confirming its presence
in rat detrusor and secondly to determine its effect on det-
rusor tone, contractility and spontaneous mechanical activity.
A preliminary account of some of the results reported here
has been presented at a meeting of the physiological Society
(Iravani & Zar, 1988).

Methods

All experiments were performed on isolated strip prepara-
tions of rat detrusor prepared from the urinary bladder of
adult male Wistar rats (200-250 g). The strips were prepared

according to the method previously described by Zar et al.
(1990). Rats were killed by concussion and decapitation. The
lower abdomen was opened and the bladder was exposed.
The bladder was held at its apex, slightly stretched and the
investing layers of serosal coat, connective tissue and accom-
panying blood vessels were cut away as close as possible
from the outer surface of the bladder wall. The bladder was
excised by a cut above the trigone; any residual urine was
absorbed on filter paper and the bladder was washed in a
Petri dish with several changes of Krebs-Henseleit solution.
The bladder was then opened by two lateral incisions and
unfolded to give a rectangular sheet of tissue approximately
15 mm long and 6 mm wide. The unfolded tissue was laid on
Krebs-soaked filter paper and the mucosal layer was carefully
separated and removed. Strips of bladder, 10-15 mm long
and 2 mm wide were then cut with the aid of a pair of fine
scissors.

Detrusor strips were either processed for detection of
NPY-immunoreactivity or set up in an organ bath for inves-
tigation of the effect of exogenously applied NPY on the
spontaneous contractions or contractions evoked by electrical
pulses and by acetylcholine (ACh).

Immunohistochemistry

For immunohistochemical detection of NPY-containing
nerve fibres, small pieces of the detrusor strip (not larger
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than 2 x 2 x 2 mm) were cleaned of connective tissue. The
strips were fixed by immersion in 0.01 M phosphate buffered
saline (PBS) containing 0.4% p-benzoquinone for 2 h at 4TC.
Following washing in several changes of PBS containing 10%
sucrose for 24 h, strips were suspended in Tissue-Tec (Miles)
and frozen in liquid nitrogen prior to sectioning. Cryostat
sections (10 tim thick) were mounted onto poly-L-lysine coat-
ed slides and were processed for indirect immunofluorescence
staining according to standard techniques (Polak & Van
Noorden, 1986). First layer antibody was rabbit anti-NPY
IgG (Peninsula Europe Ltd.) and it was used at a dilution of
1:400 with PBS containing 0.1% bovine serum albumin
(BSA) and 0.01% NaN3, incubated for 16 h at room temper-
ature. After washing with PBS (3 x 5 min) the second layer
antibody, goat anti-rabbit IgG, conjugated with fluorescein
isothiocyanate (FITC) was applied at a dilution of 1:50 in
PBS containing 0.1% BSA and 0.01% NaN3 for 2 h at room
temperature. Slide mounted sections were further washed in
PBS (3 x 5 min) and coverslipped with phosphate buffered
glycerol (Sigma) mountant. For control experiments the
primary antibody was pre-absorbed with excess (10 fg) syn-
thetic porcine NPY, before being applied as the first layer.
The sections were visualised under a Leitz Ortholux II micro-
scope with excitation filter KP 490, and TK 510 dichroic
mirror and a barrier filter K 515. Photomicrographs were
taken with Kodak T-MAX p3200.

6-Hydroxydopamine pretreatment

Four animals were pretreated with 6-hydroxydopamine (6-
OHDA). Four doses of 50 mg kg-' were injected i.p. on days
1, 2, 4 and 6. The animals were killed one week after the last
injection.

Organ bath study

The detrusor strip preparation was suspended in a 1 ml
organ bath between built-in vertical platinum electrodes, at a
resting tension of 0.5 g force, at 37°C in Krebs-Henseleit
solution (composition mM: NaCl 118, KCI 4.7, CaCl2 2.5,
MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, glucose 11) gassed
with 95% 02 and 5% CO2. The resting tension was kept
constant at 0.5 g force throughout the experiment by appro-
priate adjustments whenever needed (except after application
of drugs to the organ bath). An equilibration period of at
least 30 min was allowed before starting each experiment;
during this period the preparation was repeatedly washed
with Krebs-Henseleit solution. For recording tension of the
detrusor muscle, the preparation was connected to an isome-
tric transducer and the changes in the tension were recorded
on either a potentiometric chart recorder or a storage oscil-
loscope.

Spontaneous rhythmic activity of the detrusor strip was
assessed by calculating the amplitude and frequency of spon-
taneous contractions. The amplitude was estimated by adding
together the tension of individual contractions occurring dur-
ing a period of 1 min, and dividing this sum by the number
of contractions during this period. The value for the fre-
quency of spontaneous activity (rate min- ) was given by the
total number of contractions occurring during this period.

Desensitization to the contractile action of a-p-methylene
ATP (a,4-MeATP) was obatined by exposing the detrusor
preparation, pretreated with indomethacin (10 SAM) to a,-
MeATP (10 tM) and repeating this dose twice at 10 min
intervals without washing out the drug present in the bath
from preceding doses. Exposure to the initial application of
a,-MeATP caused a large contraction which subsided fully
in about 5 min and subsequent applications of the drug did
not evoke any contractile response.
When desired, the detrusor preparation was contracted

either directly by addition of ACh or indirectly by electrical
field stimulation (EFS) delivered through a Grass S-88 elec-
tronic stimulator and 2 platinum electrodes lying on either

side of the muscle in the organ bath. In preliminary
experiments, it was established that trains of pulses at
1-64 Hz and pulse duration of 0.1 ms at supramaximal vol-
tage (80-90 V) produced motor responses which were fully
abolished by tetrodotoxin (TTX) 0.5 1AM; such responses were
therefore deemed to be fully neurogenic. Further experiment-
al details are provided in the appropriate results section.

Drugs

The drugs used and their sources were: acetylcholine
chloride, acetyl salicylic acid (aspirin), atropine sulphate, 6-
hydroxydopamine hydrochloride, indomethacin and a,-
methylene ATP (Sigma); tetrodotoxin (Sankyo); nifedipine
(Bayer); neuropeptide Y (Cambridge Research Biochemicals).
Solutions of drugs were made fresh on the day of their use
except tetrodotoxin which was stdred in form of stock solu-
tion, frozen at -20°C. All drugs were dissolved in distilled
water except indomethacin and nifedipine which were dis-
solved in absolute alcohol to make solutions of 10-2 M and
10-3 M strengths respectively. NPY was first dissolved in
distilled water containing 200 jg ml-' bovine serum albumin
(Sigma) aliquoted out into smaller volumes and then freeze
dried and stored at - 20°C until the day of experiment, when
the aliquot was reconstituted with distilled water. All
experiments involving the use of nifedipine were carried out
in a laboratory illuminated solely with sodium light.

Statistics

All values are expressed as mean ± s.e. mean and the differ-
ences between means were calculated by Student's t test.
Values of P< 0.05 were considered as statistically signi-
ficant.

Results

Immunohistochemistry

A very rich presence of NPY-immunoreactive nerve fibres
were detected in the sections of the urinary bladder. Most of
these fibres were seen within the bundles of detrusor muscle
cells (Figure 1) and gave distinct impression of being
varicose. Sub-epithelial layers of the bladder was virtually
devoid of NPY-immunoreactive fibres and only an occasional
NPY-immunoreactive fibre could be seen in this layer (Figure
1). 6-OHDA pretreatment had no apparent effect on the
intensity of NPY-immunofluoresence or the number of NPY-
positive nerve fibres, in the detrusor.

Organ bath studies

Spontaneous activity Isolated strips of rat detrusor exhibited
spontaneous rhythmic activity. The rate and amplitude of the
spontaneous activity varied from one preparation to another
and even in different strips from the same bladder. Concent-
rations of NPY in excess of 1 nM produced an increase in
both the rate and the amplitude of spontaneous contractions.
The facilitating effect of NPY (100 nM) on spontaneous con-
tractions is shown in a typical experiment in Figure 2a, and
the results from 5 such experiments are summarised in Figure
2b. The effect of NPY was more marked on the amplitude
compared to the frequency of contraction. Thus during the
final 60 s of a 10 min exposure to NPY (100 nM), compared
with the control values for 60s immediately before NPY
exposure the amplitude was increased by 220 ± 42%
(mean ± s.e. mean; n = 5; P< 0.05) while the rate increased
by 37 ± 15% (mean s.e. mean; n = 5; P<0.05).

In order to ascertain whether the potentiating effect of
NPY on spontaneous activity was mediated through prosta-
glandins, some experiments were conducted in the presence
of indomethacin, or aspirin. Indothemacin (10pM) caused a
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gradual inhibition of spontaneous activity almost to the point
of extinction (Figure 3a). Addition of NPY (50-100 nM) led
to an almost immediate appearance of spontaneous activity
in the indomethacin-treated preparations, suggesting that
prostaglandins were not the mediator of NPY effect on spon-
taneous activity. In 3 experiments, aspirin (100 AM), an
irreversible cyclo-oxygenase inhibitor was substituted for
indomethacin. The results with aspirin were indistinguishable
from those using indomethacin. Aspirin (100 fiM) was
effective in abolishing the spontaneous activity but it did not
prevent the initiation of spontaneous activity by NPY
(100 nM).

We have also examined the effect of NPY on spontaneous
activity after desensitization of the purinoceptors induced by
M,,-MeATP. The experiments were performed in the presence
of indomethacin (10 SM). It was invariably noted that the
spontaneous activity, which had been abolished by indo-
methacin (1O gM), reappeared in a distinctly potentiated form
after induction of purinoceptor desensitization by a,-
MeATP. Nevertheless, addition of NPY (100 nM) to the
'purinoceptor-desensitized' preparation induced a further in-
crease in both amplitude and rate of spontaneous contrac-
tions (mean % increase ± s.e. mean: amplitude = 78 ± 12;
rate = 25 ± 4; n = 3; P< 0.05).

Figure 1 Neuropeptide Y (NPY) - immunofluorescence micrograph of the rat urinary bladder. NPY-immunoreactive nerve fibres
and nerve endings are numerous and are mainly concentrated in the bundles of detrusor muscle cells. Scale bar = 50 fm.
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Figure 2 Effect of neuropeptide Y (NPY) on spontaneous activity of rat isolated detrusor muscle strip. (a) Record of spontaneous
activity of a strip in the absence of NPY (upper panel) and after 10 min exposure to NPY 100 nm (lower panel). NPY potentiated
both amplitude and frequency of spontaneous contractions. In (b) spontaneous activity is presented as histograms (open
column = control; hatched column = NPY-treated) and quantified as % of control spontaneous activity prior to NPY exposure
(mean ± s.e. mean; *P < 0.05; n = 5). The vertical scale shows tension in g force. The horizontal scale shows time.
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Detrusor tone Addition of NPY to the bathing fluid caused
a sustained rise in the smooth muscle tone accompanied with
enhanced spontaneous activity. Elevation of tone by NPY
was quantified by calculating the difference between stable
resting tension before application of NPY and the maximum
tension obtained after addition of NPY. Treatment with
indomethacin (10 rM) alone (Figure 3b) or in combination
with atropine (3 LM) did not prevent this effect of NPY.
Tension generated by NPY 250 nM, in the presence and
absence of indomethacin +atropine was respectively 0.23 +
0.04 g force and 0.27 ± 0.05 g force (mean ± s.e. mean; n = 5,
P> 0.05 Student's paired t test).

Absence of Ca" Detrusor incubated in Ca2+-free Krebs,
showed no spontaneous activity. In sharp contrast to its
effect on preparations, incubated in normal Ca2+-containing
Krebs, NPY used in increasing concentrations upto 1.0 gM
neither initiated spontaneous activity nor evoked a contrac-
tile response in Ca2'-free Krebs.

Nifedipine Addition of the L-type Ca2+ channel antagonist,
nifedipine (1.0 gM) to the bathing medium led to a complete
cessation of spontaneous activity and some loss of muscle
tone. It also abolished the potentiating effects of NPY on
spontaneous activity and smooth muscle tone (Figure 3c).

(0.5 gM). NPY (0.25 gM) potentiated the contractile response
to EFS. Tension generated by EFS was 1.6 ± 0.2 g force and
2.4 ± 0.4 g force (mean ± s.e. mean, n = 7, P <0.05 Student's
paired t test) respectively in the absence and presence of
NPY. For studying the effect of NPY on cholinergic and
non-cholinergic components of the contractile responses to
EFS, each component was isolated by the use of selective
blockers, atropine (3 LM) for blocking cholinergic component
and nifedipine (1 tM) for blocking the non-cholinergic com-
ponent (Iravani et al., 1988; Bo & Burnstock, 1990; Zar et
al., 1990). The non-cholinergic component of the response to
EFS, isolated by atropinisation was potentiated by NPY
(Figure 4b). The degree of potentiation was not influenced by
pulse frequency within the stimulus-trains. EFS of prepara-
tions treated with nifedipine (1 gM), produced contractions
which were fully abolished by atropine (3 gM) and were
therefore considered fully cholinergic. The cholinergic ele-
ment in EFS-evoked contraction, isolated by treatment with
nifedipine (I ItM), was inhibited by NPY. The inhibitory
effect of NPY was concentration-dependent. An experiment

a

Responses to electrical field stimulation Electrical field
stimulation (EFS, trains of 20 pulses, 1O Hz, 0.1 ms pulse
width, 30V, I every 120s) evoked reproducible contractile
responses which could be readily blocked by tetrodotoxin
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Figure 3 Rat isolated detrusor strip: The effect of indomethacin (a,
b) and nifedipine (c) on the potentiation of detrusor muscle tone and
spontaneous activity by neuropeptide Y (NPY). Note that although
both indomethacin and nifedipine reduced or abolished spontaneous
activity, only the latter prevented the effects of NPY on tone and
spontaneous activity. The vertical scales show tension in g force. The
horizontal scales show time.

j. -

1.0 g

5 min

Atropine 3 gM

NPY 0.25 gM
Figure 4 Rat isolated detrusor muscle strip: effect of neuropeptide
Y (NPY) on contractions evoked by electrical field stimulation (EFS,
train of 20 pulses, 0.1 ms pulses-duration, 2 Hz, 1 every min) in the
absence (a) or presence (b) of atropine. In (b), the isolated prepara-
tion had been exposed to atropine, 3 JiM for 30 min prior to the
application of NPY. Note the potentiating effect of NPY on

electrically-evoked contractions and its insensitivity to atropine. The
vertical scale shows tension in g force. The horizontal scale shows
time.
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Figure 5 Rat isolated detrusor muscle strips: effect of neuropeptide
Y (NPY) on contractions evoked by electrical field stimulation (EFS,
train of 20 pulses at 2 Hz) and recorded on a fast time base using a
storage oscilloscope. The contractions on the left in both (a) and (b)
were evoked after 30 min exposure to atropine, 3 jiM (a) or
nifedipine, 1 JAM (b) and represent stable, reproducible responses to
EFS. Contractions on the right, in both panels were evoked by EFS
after 5 min pretreatment with NPY (0.25 tiM) in the continued
presence of atropine (a) or nifedipine (b). Note the contrasting effects
of NPY on electrically-evoked responses in the presence of atropine
or nifedipine. The vertical scale shows tension in g force. The
horizontal scale shows time.
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showing the contrasting effects of NPY (0.25 pM), inhibitory
on cholinergic and potentiating on non-cholinergic motor
transmission is presented in Figure 5. The effect of NPY
(0.25 tM) was also ascertained on cholinergic responses to
different frequencies of EFS (10 s bursts of pulses at 1, 4, 8,
16, 32 and 64 Hz all at 0.1 ms pulse width). The cholinergic
response to EFS, as earlier demonstrated (Zar et al., 1990),
was biphasic and both phases of the response were reduced
by NPY (Figure 6a). The reduction was greatest at the lowest
frequency (1 Hz) and declined with increasing stimulus fre-
quency, being least at 64 Hz (Figure 7).

Acetylcholine- and c,4-MeA TP-evoked contractions Sub-
maximal contractions of the detrusor were evoked by ACh
(10 JM) before and during exposure to NPY (0.5 tM). The
presence of NPY had no obvious effect on the tension
generated by ACh (Figure 8a). Identical results were
obtained on repeating the experiment in the concurrent
presence of nifedipine (1 jAM) (Figure 8b).
Submaximal contractions of the detrusor were evoked by

a,P-MeATP (1 ItM; 45 s exposure-duration). The contractions
were reproducible if 10 min or longer intervals were allowed
between successive exposures. Pretreatment for 5 min with
NPY (0.25 JM) potentiated the m,-MeATP contraction by
110 ± 15% (mean ± s.e. mean; n = 3; P< 0.05).

Discussion

The present finding of a rich presence of NPY-containing
fibres in rat detrusor confirms an earlier similar report by
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Figure 6 Rat isolated detrusor muscle: cholinergic contractile responses to different frequencies of electrical field stimulation (EFS,
1, 2, 4, 8, 16, 32 and 64 Hz; 10 s every min) in the absence (a: left panel; b: open columns) or presence of neuropeptide Y (NPY)
0.25 JM (a: right panel; b: solid columns). Bathing medium contained nifedipine (1 jAM) throughout the duration of experiment. In
(a), the actual contractile responses of a single experiment is shown. In (b), the contractions are expressed as a percentage of the
maximal contractile response at 64 Hz in the absence of NPY (mean ± s.e. mean; n = 7). The response in the presence of NPY has
been compared with its corresponding control response at each frequency and the level of significant difference from the control
response has been expressed as *P< 0.05; NS = not significant, Student's t test. The vertical scale shows tension in g force. The
horizontal scale shows time.
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Figure 7 Rat isolated detrusor muscle preparation: histograms
showing frequency-dependent inhibition of cholinergic responses to
electrical field stimulation (EFS, 1, 2, 4, 16 and 64 Hz, 10 s, at 1 min
intervals) by neuropeptide Y (NPY, 0.25 gM). Bathing fluid con-
tained nifedipine (1 JLM) throughout the duration of the experiment.
Each histogram represents mean % inhibition of the response to
EFS by NPY (0.25 1M) at a given frequency (indicated by the
subscript) and the vertical bars indicate s.e. mean (n = 7). *P< 0.05
vs. control; NS = not significant; Student's t test.

Mattiasson et al. (1985). In agreement with Mattiasson et al.
(1985), we have also noticed no decrease in the number of
NPY-immunoreactive fibres of rat detrusor after 6-OHDA
treatment. Insensitivity of NPY-immunoreactive fibres to 6-
OHDA implies that the vast majority of these fibres are not
adrenergic. This conclusion is in keeping with the knowledge
that in the rat bladder, the adrenergic nerve supply is concen-
trated in the trigone and the rest of the detrusor has a sparse
adrenergic innervation (El-Badawi & Schenk, 1966; Alm &
Elmer, 1975), since the combination of sparseness of adrener-
gic innervation and the abundance of NPY-innervation is
obviously inconsistent with the presence of NA in all NPY-
containing nerve fibres. The findings of Nagata et al. (1987)
showing a failure of 6-OHDA treatment to reduce substan-
tally the NPY content of the bladder also points towards a
similar conclusion. It appears therefore that autonomic inner-
vation of the rat detrusor is atypical, although not unique,
from other peripheral organs, in having an NPY-innervation
largely independent of adrenergic innervation. It remains to
be established whether NPY is present in the detrusor nerve
terminals on its own or in the company of some other
neurotransmitters. In the mammalian detrusor, nerves con-
taining ACh, ATP, substance P (SP), and vasoactive intes-
tinal polypeptide (VIP) are known to be present. It is
unlikely that NPY is co-localised with SP since complete
disappearance of SP innervation by chronic capsaicin treat-
ment has been reported to have no effect on NPY-innerva-
tion (Mattiasson et al., 1985). Its possible co-localization
with ACh, ATP or VIP remains to be investigated.
The presence of NPY-innervation in the detrusor raises the

obvious question of its physiological role in this tissue. In
our experiments NPY increased the level of spontaneous
activity of the detrusor. In concentrations greater than
0.25 gM, it contracted the detrusor. We do not know whether

ACh 1 gM

b

ACh 1 JIm

1j
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ACh 1 gIM

ACh 1 JIM

ACh 1 gM

1.0 g
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Figure 8 Effect of neuropeptide Y (NPY) on acetylcholine (ACh)-
evoked contractions of rat isolated detrusor, in the absence (a) or in
the presence (b) of nifedipine, 1 .M. The preparations were exposed
to ACh, 1 LM (at arrows) for 1 min at 5 min interval and 4 min
before the last response to ACh, NPY 0.25 gM (indicated by the
thick line) was added to the bathing fluid. The vertical scale shows
tension in g force. The horizontal scale shows time.

the concentration of endogenously released NPY following
its release reaches this level in the vicinity of its smooth
muscle activating sites. Samson & Harris (1992) have cal-
culated that a synaptic neurotransmitter concentration of
1000 juM is a reasonable estimate. If Samson & Harris's
estimate of synaptic neurotransmitter concentration applies
to NPY in the rat detrusor, our results indicate that NPY
would be a powerful physiological contractile agent in this
tissue.

It is now generally agreed that the detrusor of the rat, in
common with many other mammalian species, has a dual
motor transmission system comprising a cholinergic and a
non-cholinergic component (Ambache & Zar, 1970; Burn-
stock et al., 1972; Brading & Williams, 1990). In the present
investigation, nifedipine a blocker of L-type Ca2+ channels
abolished the contractile action of NPY as well as its poten-
tiating action on spontaneous activity. It indicates that NPY,
presumably through the induction of some membrane
depolarization, activated voltage-sensitive Ca2+ channels and
evoked contraction and potentiation of spontaneous activity
through Ca2+ influx. This interpretation is supported by the
loss of the NPY effect in Ca2+-free medium. Nifedipine has
been shown to block preferentially the non-cholinergic com-
ponent of motor transmission in rat detrusor (Iravani et al.,
1988; Bo & Burnstock, 1990; Zar et al., 1990). It has been
observed that the contractions of guinea-pig and rat detrusor
by ATP are also dependent upon the presence of extracellular
Ca2+ (Iacovou et al., 1988) and are antagonized by nifedipine
(Katsuragi et al., 1990; Bo & Burnstock, 1990). Evidently,
both ATP and NPY share the property of acting through a
nifedipine-sensitive, Ca2 +-transferring mechanism to evoke
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their effects on the detrusor and it is, therefore, not surpris-
ing that NPY potentiated the contractions evoked by stimu-
lation of purinoceptors. There is already strong evidence for
ATP as the non-cholinergic motor transmitter in the rodent
detrusor (Brown et al., 1979; Kasakov & Burnstock, 1983;
Hoyle & Burnstock, 1985; Fujii, 1988; Brading & Mostwin,
1989; Brading & Williams, 1990). On the other hand the
possibility that ATP might not be the sole non-cholinergic
motor transmitter is supported by partial persistence of tetro-
dotoxin (TTX)-sensitive contractile response after atrop-
inisation and ATP-desensitization (Choo & Mitchelson, 1980;
Luheshi & Zar, 1990; Creed et al., 1991; Maggi, 1991; Parija
et al., 1991). The results also show that exogenous NPY
potentiated the non-cholinergic motor transmission. The
potentiation of non-cholinergic motor transmission by NPY
appeared to be selective since it did not affect ACh-evoked
contractions. Our observations that NPY contracts detrusor,
potentiates non-cholinergic motor transmission and is present
in abundance in the nerve-supply to the detrusor together
with the finding that its effect is mediated by Ca2" influx
through nifedipine-sensitive channels, as is the effect of non-
cholinergic motor transmitter(s), lead us to propose that
NPY serves as a motor transmitter in addition to ATP in the
rat detrusor. This proposal also explains why nifedipine,
unlike purinoceptor-desensitization, invariably and readily
blocks completely the non-cholinergic motor transmission
since both ATP and NPY evoke contractions by activating
voltage-operated Ca2+-channels.
NPY exerted an inhibitory influence on cholinergic motor

transmission. This effect of NPY is evidently prejunctional
since ACh-evoked contractions were not inhibited by NPY.
Prejunctional inhibition of neurotransmitter release by NPY
is a very well documented phenomenon (Wahlestedt et al.,
1986; Edvinsson et al., 1987; Westfall et al., 1990; Michel,
1991) and its inhibitory effect on the cholinergic motor trans-
mission in rat detrusor provides another example of this
action.
The effect of NPY on spontaneous mechanical activity also

deserves some discussion. Isolated detrusor strips from mam-
malian species, so far investigated, all exhibit a varying

degree of spontaneous mechanical contractions (Sibley, 1984;
Brading, 1987). The spontaneous activity is not inhibited by
exposure to atropine, TTX and hexamethonium or by purin-
oceptor desensitization, giving rise to the suspicion that it is
likely to be myogenic and not nerve-mediated. In our
experiments, the spontaneous mechanical activity was
abolished by nifedipine or withdrawal of Ca2" from the
bathing medium, suggesting that entry of extracellular Ca2"
across the cell membrane through voltage-sensitive Ca2+
channels is needed. NPY potentiated the frequency and am-
plitude of spontaneous activity through a prostaglandin- and
acetylcholine-independent mechanism. The failure of NPY to
initiate spontaneous activity after nifedipine-exposure or in
Ca2+-free medium makes it tempting to speculate that spon-
taneous release of intrinsic NPY from nerves may be
involved in the genesis of spontaneous mechanical activity. In
our experiments, the potentiation of spontaneous activity by
NPY was not prevented by purinoceptor-desensitization sug-
gesting that the effect of NPY on spontaneous activity is not
mediated by ATP. An enhancing effect of o,P-MeATP on
spontaneous activity in rat detrusor has been known
(Luheshi & Zar, 1990). This effect of ac,,-MeATP is resistant
to purinoceptor-desensitization and treatment with atropine
and indomethacin (Luheshi & Zar, 1990). The potentiation of
spontaneous activity by NPY, also through a mechanism
independent of purinoceptor-desensitization raises the possi-
bility that the enhancing effect of o,P-MeATP on spon-
taneous activity might be mediated through the release of
endogenous NPY.

In conclusion, the present investigation has demonstrated a
rich presence of NPY-innervation in the rat urinary bladder.
NPY-innervation is non-adrenergic and is almost exclusively
localized within detrusor muscle bundles. The results are
consistent with the proposal that NPY-containing innerva-
tion is involved in the motor transmission of the detrusor
muscle, NPY acting as a non-cholinergic motor transmitter.
The results also raise the possibility that spontaneous release
of intrinsic NPY is responsible for spontaneous mechanical
activity of the detrusor muscle.
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The effect of caffeine on prostaglandin output from the
guinea-pig uterus

E.K. Naderali & 'N.L. Poyser

Department of Pharmacology, University of Edinburgh Medical School, 1 George Square, Edinburgh EH8 9JZ

1 Caffeine increased the outputs of prostaglandin F2,. (PGF2.a), PGE2 and 6-keto-PGFI, from the
guinea-pig uterus on days 7 and 15 of the oestrous cycle. The effect on PGE2 output depended on the
age of the animals and was absent in younger guinea-pigs (<4 months). Theophylline also stimulated
the outputs of PGF2,. and 6-keto-PGFI6, but not the output of PGE2, from the day 7 guinea-pig uterus.

2 The stimulatory effects of caffeine on the outputs of PGFu, PGE2 and 6-keto-PGFI. from the
guinea-pig uterus were not prevented by lack of extracellular calcium, ryanodine or ruthenium red (both
inhibitors of calcium release via the ryanodine receptor), although the increase in PGFu. output tended
to be slower when extracellular calcium was absent. Also, ryanodine flattened and broadened the peak
of increased PGFu. release.
3 The calmodulin antagonists, W-7 and trifluoperazine, had no inhibitory effect on the caffeine-
stimulated increases in uterine prostaglandin output. In fact, W-7 (but not trifluoperazine) greatly
potentiated the action of caffeine on uterine PGF2, output, but had little or no potentiating effect on the
action of caffeine on uterine PGE2 and 6-keto-PGFIc outputs.
4 TMB-8, an intracellular calcium antagonist, inhibited the increase in PGF2,, output produced by
caffeine without preventing the increases in outputs of PGE2 and 6-keto-PGF1I.
5 These studies suggest that caffeine stimulates uterine PGF2, synthesis and release by a mechanism
dependent upon intracellular calcium, but this mechanism is not mediated by activation of any of the
three well-characterized ryanodine receptors or by calmodulin. Furthermore, the increases in the
synthesis and release of PGE2 and 6-keto-PGFI. in the guinea-pig uterus induced by caffeine appear to
involve mechanism(s) different from that which stimulates PGF2. production.

Keywords: Caffeine; prostaglandins; uterus; ryanodine; ruthenium red; TMB-8; trifluoperazine, W-7; theophylline

Introduction

Prostaglandins produced by the uterus are involved in several
reproductive processes. In many non-primate mammalian
species, increased prostaglandin F2l, (PGF2,) production by
the endometrium is responsible for terminating the life-span
of the corpus luteum and thereby regulating the length of an
oestrous cycle or a pseudopregnancy and, in some species, a
pregnancy (see Horton & Poyser, 1976; Poyser, 1981). In
women, there is an increase in the amounts of PGF2, and, to
a lesser extent, PGE2 produced by the endometrium at men-
struation (see Poyser, 1981). Since prostaglandins contract
the uterus and affect the vasculature, it is assumed that they
have a role in the menstrual process. An overproduction of
PGF2g by the endometrium is the probable cause of dys-
menorrhoea (Lundstr6m et al., 1976), whereas an imbalance
of uterine prostaglandin production in favour of prostacyclin
(PG12) may be the cause of menorrhagia (Smith et al., 1981).
The reasons for these disorders of menstruation are un-
known, but may be due to intrinsic factors, such as the
higher than normal production of endogenous hormones
which affect uterine prostaglandin synthesis (e.g. vasopressin;
Akerlund et al., 1979), or to extrinsic factors (e.g. dietary
substances).

Previous experiments in the rat, guinea-pig and man have
shown that increased endometrial prostaglandin synthesis is
associated with increased activity of phospholipase A2, a
calcium-dependent enzyme (Dey et al., 1982; Downing &
Poyser, 1983; Bonney, 1985). In the guinea-pig, it was con-
sidered that the activation of phospholipase A2 by calcium
(Downing & Poyser, 1983) leads to the release of arachidonic
acid from phosphatidylcholine and phosphatidylethanolamine
(Ning & Poyser, 1984) which, in turn, results in increased

' Author for correspondence.

PGF2e synthesis by and release from the endometrium. Sub-
sequent studies in the guinea-pig indicated that increased
uterine prostaglandin production is dependent upon the
release of intracellular calcium (Riley & Poyser, 1987a;
Leckie & Poyser, 1990; Johnson & Poyser, 1991). However,
there is no increase in inositol turnover in the guinea-pig
endometrium at the end of the oestrous cycle when PGF2,
synthesis is high (Ning & Poyser, 1984). This finding
indicates that the stimulation of endometrial PGF2, synthesis
is not dependent on the generation of inositol-1,4,5-
trisphosphate (1P3) and, therefore, does not involve the
release of calcium from an IP3-sensitive store.

Studies on several cell types have indicated that only part
of the calcium stored in the endopla'smic reticulum is IP3-
sensitive and there is another store of calcium which can be
released by caffeine. This latter pool of calcium was first
described in skeletal and cardiac muscle. The release of cal-
cium from this pool is modulated by ryanodine, and the
receptors involved are called ryanodine receptors. Initial
studies indicated that there were two types of the receptor;
Types 1 and 2 are found in skeletal and cardiac muscle,
respectively. Ryanodine can cause an initial release of cal-
cium and then blocks the action of caffeine. Ruthenium red
inhibits the calcium-releasing action of caffeine at the level of
the ryanodine receptor. Ryanodine receptor Types 1 and 2
are not exclusively confined to skeletal and cardiac muscle
and are present in other tissues. In addition, it is now clear
that there are more than two types of ryanodine receptor (see
Sorrentino & Volpe, 1993). Consequently, since caffeine (a
dietary substance) releases calcium from various cell types
and since uterine prostaglandin production is calcium-depen-
dent, the effect of caffeine on uterine prostaglandin produc-
tion in the guinea-pig has been investigated. As the initial
experiments showed that caffeine does stimulate uterine pro-

1"'I Macmillan Press. Ltd, 1994
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staglandin synthesis and release, further experiments were
performed to investigate some of the mechanisms by which
caffeine may exert this stimulatory effect.

Methods

Procedures

Fifty-two virgin, Dunkin-Hartley guinea-pigs (600-900 g)
were examined daily and a vaginal smear was taken when the
vagina was open. Day 1 of the cycle was taken as the day
preceding the post-ovulatory influx of leucocytes when cor-
nification was at a maximum. All guinea-pigs had exhibited
at least two cycles of normal length (about 16-17 days)
before being killed (by stunning and incising the neck) on
day 7 or day 15 of the cycle. Each uterus was removed and
separated into its two uterine horns. The uterine horns were
weighed, 'opened' by cutting longitudinally and suspended in
an organ bath with one end attached to a lever so that
isometric contractions of the uterus were observed. Each
uterine horn was superfused with Krebs solution (5 ml min- ')
at 370C, as described by Poyser & Brydon (1983), and was
superfused initially for a settling period of 60min. Samples
of superfusate were then collected for 10-min periods over
the next 80 min (i.e. 8 samples per uterine horn) in experi-
ments 1, 2 and 8, and over 100 min (i.e. 10 samples per
uterine horn) in experiments 3 to 7. The uterine horns in
each experiment were treated as described below.

Treatments

In expt 1, caffeine (1Ommol 1') was present in the Krebs
solution superfusing one uterine horn from each of five
animals on day 7 of the oestrous cycle and from five animals
on day 15 of the cycle during the collection of samples 4 and
5. The other uterine horn from each animal was untreated. In
expt 2, one uterine horn from each of five animals on day 7
of the cycle was superfused with normal Krebs solution and
the other uterine horn was superfused with Krebs solution
from which the calcium chloride had been omitted (calcium-
depleted Krebs solution). Caffeine (10 mmol 1') was present
in both types of Krebs solution during the collection of
samples 4 and 5.

In experiments 3 to 7, both uterine horns from 4 or 5
guinea-pigs on day 7 of the cycle were superfused with
normal Krebs solution, and caffeine (1Ommol 1') was pres-
ent in the solution superfusing both uterine horns during the
collection of samples 6 and 7. The following additions were
made to the Krebs solution superfusing one uterine horn
from each animal during the collection of samples 4 to 7:
Expt 3: 8-(N,N-diethylamino)octyl-3,4,5-trimethoxybenzoate
hydrochloride (TMB-8; an intracellular calcium antagonist,
Malagodi & Chiou, 1974; 150 pmolI 1; n = 5); Expt 4:
Ryanodine (2, 20 or 200 tmol 1-'; n = 4); Expt 5: Ruthenium
red (10 or 100 jLmol 1'; n = 4); Expt 6: N-(6-aminohexyl)-5-
chloro-l-naphthalene-sulphonamide (W-7; a calmodulin anta-
gonist, Hidaka et al., 1978; 150 tmol 1-'; n = 4). Expt 7:
Trifluoperazine (a calmodulin antagonist, Levin & Weiss,
1977; 100 pmol I-'; n = 4).

In experiments 6 and 7, the concentrations of W-7 and
trifluoperazine used had previously been shown to be suffic-
ient to inhibit the increase in PGF2. output induced by
A23187 from the guinea-pig uterus (Poyser, 1985a,b).

In expt 8, both uterine horns from each of four animals on
day 7 of the cycle were superfused with normal Krebs solu-
tion, and theophylline (10 mmol 1') was present in the Krebs
solution superfusing one uterine horn from each animal dur-
ing the collection of samples 4 and 5.

Solutions of each compound were freshly made up in
Krebs solution before use, except for ryanodine. A concen-
trated solution of ryanodine was prepared in ethanol and
stored at -20°C. The appropriate concentration of ryano-

dine in Krebs solution was prepared by adding up 0.25 ml of
the ethanolic solution to 250 ml Krebs solution. Krebs solu-
tion superfusing the control uterine horn during the same
time period contained an equivalent concentration of
ethanol.

Assays

After collection, the pH of each sample was lowered to 4.0
with I M HCl and the prostaglandins were extracted by
shaking twice with 50 ml ethyl acetate. The two ethyl acetate
fractions were combined and evaporated to dryness on a
rotary evaporator. The recoveries of PGF2, and PGE2 by this
method are >90% and the recovery of 6-keto-PGFI,, by this
method is >80% (Poyser & Scott, 1980; Swan & Poyser,
1983). Each dried extract was re-dissolved in 10 ml ethyl
acetate and stored at - 20C. The amounts of PGF2<,, PGE2
and 6-keto-PGFIr. present in each sample were measured by
radioimmunoassay using antibodies raised in this laboratory;
the cross-reactivities have been reported elsewhere (Poyser,
1987). The intra-assay coefficients of variation were <12%
for all three assays. The inter-assay coefficients of variation
were 19.9%, 11.5% and 18.8% for the PGF2u, PGE2 and
6-keto-PGFIr. assays, respectively. The detection limit was
20-40 pg per assay tube. Since prostaglandins are not stored
in the guinea-pig uterus (Poyser, 1972), prostaglandin release
into the superfusing fluid reflects fresh prostaglandin syn-
thesis particularly as their release is inhibited by indo-
methacin (Poyser, 1985b).

Sources of material

Caffeine, ruthenium red, TMB-8, W-7, trifluoperazine and
theophylline were purchased from Sigma Chemical Co.,
Poole, Dorset; ryanodine was purchased from Calbiochem-
Novabiochem, Nottingham.

Statistical tests

Changes in the output of prostaglandins with time were
analysed by Duncan's multiple range test. Other comparisons
were made using Student's t test, or if the variances of the
two groups were significantly different by the Variance ratio
F test, by a modified t test for unequal variances (see Steel &
Torrie, 1980).

Results

Caffeine significantly (P <0.05) increased the outputs of
PGF2. and 6-keto-PGFIc from the day 7 and day 15 guinea-
pig uterus, and of PGE2 from the day 15 uterus (Figure 1).
Caffeine significantly (P <0.05) increased the outputs of
PGF2., PGE2 and 6-keto-PGFI. from day 7 guinea-pig
uterine horns superfused with calcium-containing or calcium-
depleted Krebs solution. However, the stimulatory effect of
caffeine on PGF2,, output tended to be reduced during the
first 10min period of treatment in calcium-depleted Krebs
solution compared to normal Krebs solution (Figure 2).
TMB-8 caused small, but significant (P<0.05) increases in
the outputs of PGF2Q, PGE2 and 6-keto-PGFI. from the day
7 guinea-pig uterus, an effect reported previously (Poyser,
1985a). However, TMB-8 prevented the increase in PGF2.
output produced by caffeine without preventing the increases
in outputs of PGE2 and 6-keto-PGFI. induced by caffeine
(Figure 3).
Ryanodine alone had no effects on the outputs of PGF2.

and PGE2 from the day 7 guinea-pig uterus, although ryano-
dine (20 and 200 ,Amol l') significantly (P <0.05) increased
the output of 6-keto-PGF1.. Ryanodine (2 to 200 jimol -')
did not inhibit the increase in outputs of PGF2. and 6-keto-
PGFI, induced by caffeine from the day 7 guinea-pig uterus
(Figure 4). However, ryanodine (20 and 200 jmol 1-')
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Figure 1 Mean (± s.e. mean, n = 5) outputs of (a) prostaglandin F2,, (PGF2,), (b) PGE2 and (c) 6-keto-PGFI, from the (i) day 7
and (ii) day 15 guinea-pig uterus superfused in vitro in the presence (X) and absence (0) of caffeine. *Significantly (P<0.05)
higher than before caffeine treatment.

delayed both the increase and subsequent decrease in PGF2,
output produced by caffeine such that the 'peak of increased
PGF2. release' was flatter and broader. PGE2 output was not
affected by caffeine or ryanodine in this experiment (Figure
4).

In the absence of ruthenium red, caffeine increased the
outputs of PGF2., PGE2 and 6-keto-PGFI,, from the day 7
guinea-pig uterus 2.3, 2.1 and 3.8 fold, respectively. In the
presence of ruthenium red (10 mol 1'), caffeine increased
the outputs of PGF2., PGE2 and 6-keto-PGFI,, by 2.5, 1.9
and 3.8 fold, respectively. In the presence of ruthenium red
(100 pmol -1), caffeine increased the outputs of PGF2., PGE2
and 6-keto-PGFI. 2.1, 2.3 and 3.9 fold, respectively.
Therefore, ruthenium red at both concentrations used had no
significant effect on the increases in outputs of PGF2e,, PGE2
and 6-keto-PGFI,, produced by caffeine from the day 7
guinea-pig uterus.
W-7 had no inhibitory effect on the increases in output of

PGF2., PGE2 and 6-keto-PGFI,, produced by caffeine from
the day 7 guinea-pig uterus. In fact, W-7 caused a 3 fold
potentiation of the increase in PGF2,, output induced by

caffeine. W-7 also caused a much smaller potentiation of the
increase in PGE2 output and had no effect on the increase in
6-keto-PGF,, output produced by caffeine from the day 7
guinea-pig uterus (Figure 5). Trifluoperazine produced small
increases in the outputs of PGF2. and 6-keto-PGFIc, from the
day 7 guinea-pig uterus, an effect noted previously (Poyser,
1985b). However, trifluoperazine had no effect on the inc-
reases in PGF2. and 6-keto-PGFI, produced by caffeine from
the day 7 guinea-pig uterus. In this experiment, PGE2 output
from the uterus increased after the caffeine treatment had
finished in both the control and trifluoperazine-treated
uterine horns (Figure 5). Theophylline significantly (P<0.05)
increased the outputs of PGF2. and 6-keto-PGFI,, from the
day 7 guinea-pig uterus 3.6 and 4.3 fold, respectively.
Theophylline had no significant effect on uterine PGE2 out-
put.

Caffeine, ryanodine (2, 20 or 200 frmol 1'), ruthenium red
(100 but not 10 fmol 1') and theophylline relaxed the super-
fused uterine horns and abolished any occasional spontan-
eous contractions. W-7 and TMB-8 caused an initial contrac-
tion of the uterus which lasted about 3 min. Following the
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Figure 2 Effect of caffeine on the mean (± s.e. mean, n = 5) outputs
of (a) prostaglandin F2t, (PGF2.), (b) PGE2 and (c) 6-keto-PGFI,
from the day 7 guinea-pig uterus superfused in vitro in the presence
of normal Krebs solution (0) and calcium-depleted Krebs solution
(0). *Significantly (P<0.05) higher than before caffeine treat-
ment.

subsequent relaxation, the uterine horns continued to exhibit
the occasional spontaneous contraction. Trifluoperazine had
no effect on the contractile state of the uterus.

Discussion

The basal outputs of PGF2., PGE2 and 6-keto-PGFI. from
the day 7 guinea-pig uterus were typically low. However, by
day 15 the output of PGF2. from the uterus had increased
approximately 20 fold whereas the outputs of PGE2 and
6-keto-PGFI. showed little change. This is in agreement with
previous findings (Poyser & Brydon, 1983). Studies in ovari-
ectomized guinea-pigs have shown that oestradiol acting on a
uterus which has been primed with progesterone for 10 days
is the optimum stimulus for this selective increase in uterine
PGF2, synthesis and release (Poyser, 1983a). During the oes-
trous cycle, progesterone output from the ovary is increased
after day 3 and oestradiol output from the ovary increases
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Figure 3 Effect of caffeine on the mean (± s.e. mean, n = 5) outputs
of (a) prostaglandin F2, (PGF2,), (b) PGE2 and (c) 6-keto-PGFjg
from the day 7 guinea-pig uterus superfused in vitro in the presence
(@) and absence (0) of TMB-8. tSignificantly (P<0.05) higher than
before TMB-8 treatment alone. *Significantly (P<0.05) increased by
caffeine treatment. 'Significantly (P<0.05) lower following the end
of caffeine treatment but significantly higher than before TMB-8
treatment.

after day 10 (Joshi et al., 1973). This increase in oestradiol
output from the ovary precedes an increase in PGF2. output
from the uterus by 24 h (Blatchley et al., 1972; Earthy et al.,
1975; Antonini et al., 1976). Oestradiol acting on a pro-
gesterone-primed uterus appears to be the physiological
stimulus for increased PGF2. production by the guinea-pig
uterus towards the end of the cycle, especially as treatment of
guinea-pigs with a progesterone receptor antagonist or an
oestrogen receptor antagonist from days 11 to 14 of the cycle
prevents the increase in uterine PGF2, output seen on day 15
(Poyser, 1993). Oxytocin has no stimulatory effect on uterine
PGF2X, output in guinea-pigs (Poyser & Brydon, 1983; Riley
& Poyser, 1987b). The guinea-pig uterus is a good animal
model for the human uterus when studying the factors
controlling prostaglandin production since oestradiol acting



CAFFEINE ON UTERINE PROSTAGLANDIN OUTPUT 107

(i)
a

0.04l

0.03

0.02

0.01

Caffeine

U.UU
60 80 100 120 140 160 180

0.08b

0.06-

0.04 I

0.02-

0.00
60 80 100 120 140 160 180

(ii)
a

0.04

0.03

0.02

0.01

0.00-_
60

01)

In
0_

E
0

0

C

._

0.08c

0.06

0.04

0.02

60 80 100 120 140 160 180

Time (min)

Caffeine

Ryandine;

VT1
(iii)

0.041

0.03

0.02

0.01-
IV

80 10o 120 140&60 1o

b
0.061

0.04-

0.02

0
0
0
O._
-

6

E
c

u.uu
60 80 100 120 140 160 18a

0°~~~~ *

1....
0.060

0.04-

0.02-
v

0.00 ..L~ h L I I

60 80 100 120 140 160

Time (min)
180

Caffeine

u.uu.I- .
60 80 100 120 140 160 180
b

0.06-

0.04 I

0.02 -

0.00
60 80 10o 12o 140 160 18o

0 120 140 160

Time (min)

Figure 4 Effect of caffeine on the mean (±s.e. mean, n =4) outputs of (a) prostaglandin F2, (PGF2,), (b) PGE2 and (c)
6-keto-PGFI. from the day 7 guinea-pig uterus superfused in vitro in the absence (0) and presence of ryanodine (0) at
concentrations of (i) 2pmoll-1, (ii) 20 Lmoll1' and (iii) 2001moll[. tSignificantly (P<0.05) higher than before ryanodine
treatment. *Significantly (P<0.05) higher than before caffeine treatment. 'Significantly (P<0.05) lower following the end of
caffeine treatment but significantly higher than before ryanodine treatment.

on a progesterone-primed uterus is the optimum stimulus for
increased PGFu. production by the human uterus (Smith et
al., 1984), and oxytocin has only a weak stimulatory effect on
PGF2. production by the nonpregnant human uterus (Leaver
& Richmond, 1984).

Caffeine caused 3 to 4 fold increases in the outputs of
PGF2, and 6-keto-PGF1,, from the guinea-pig uterus on days
7 and 15 of the oestrous cycle. PGF2, and 6-keto-PGFI, are
the major prostaglandins synthesized by the endometrium
and myometrium, respectively (Poyser, 1983b), although the
endometrium synthesizes and secretes 6-keto-PGFI0 also
(Riley & Poyser, 1987a,b). The effects of caffeine on uterine
PGE2 output were variable. Sometimes caffeine increased
PGE2 output whereas other times it had no effect. In one
instance, the stimulatory effect of caffeine on PGE2 output
was delayed. Subsequent analysis of the guinea-pig ages
showed that caffeine had no effect on uterine PGE2 output in
younger animals (<4 months) in which basal PGE2 tended
to be higher, but stimulated uterine PGE2 output in older
animals (>4 months) in which basal PGE2 output tended to
be lower. Basal PGE2 output, but not basal PGF2, output,
from the rat uterus also decreases with age and this appears
to be due to a reduced response of the ageing uterus to
oestradiol and progesterone (Brown et al., 1984). A similar
phenomenon in guinea-pigs may explain the reduced basal
output of PGE2 in older animals. However, why the older

guinea-pigs should be responsive to caffeine is not clear,
except that a lower basal output allows any increase in
output to be seen more easily. There is more variability in the
output of PGF2. and, to a lesser extent, of the other two
prostaglandins on day 15 since output increases progressively
at the end of the cycle. Since the cycle may last from 15 to 18
days, day 15 in one animal may not be exactly equivalent to
day 15 in another animal which may account for the greater
variability in output. This does not apply to day 7 since
prostaglandin output from the uterus is consistently low
between days 3 and 10 of the cycle. For these reasons,
guinea-pig uteri on day 7 of the cycle rather than on day 15
of the cycle were used since the outputs of PGF2,, PGE2 and
6-keto-PGFI, are lower and show less variability. The guinea-
pigs used on day 7 in any one experiment were approxi-
mately of the same age.

Caffeine increased the outputs of PGF2., PGE2 and 6-keto-
PGFI., from the day 7 guinea-pig uterus when superfused
with calcium-depleted Krebs solution. However, the increase
in PGF2,, output but not the increases in PGE2 and 6-keto-
PGFI, outputs tended to be slower than when calcium-
containing Krebs solution was used. Thus the action of
caffeine on PGF2, output, but not on PGE2 and 6-keto-
PGFI outputs, may depend to a small extent on the presence
of extracellular calcium. Therefore, the mechanism by which
caffeine stimulates PGF2A synthesis and release may be
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Figure 5 Effect of caffeine on the mean (+s.e. mean, n = 4) outputs of (a) prostaglandin F2,, (PGF2,), (b) PGE2 and (c)
6-keto-PGF1,, from the day 7 guinea-pig uterus superfused in vitro in the absence (0) and presence (@) of (i) 100 pmol 1' I W-7 and
(ii) 150 pmol 1' trifluoperazine (TFP). 'Significantly (P <0.05) higher than before trifluoperazine treatment alone. *Significantly
(P<0.05) higher than before caffeine treatment. 'Significantly (P<0.05) lower following the end of caffeine treatment but
significantly higher than before trifluoperazine treatment. *Significantly (P<0.05) higher than corresponding control value (i.e.
without W-7 treatment) for the same prostaglandin.

different from the mechanisms by which caffeine stimulates
the synthesis and release of PGE2 and PG12 (measured as

6-keto-PGF1,). TMB-8 (an intracellular calcium antagonist)
completely prevented the stimulatory effect of caffeine on
uterine PGF2,, output without affecting the stimulatory effect
of caffeine on the outputs of PGE2 and 6-keto-PGF1,. This
finding suggests that the stimulation of uterine PGF2, syn-
thesis and release by caffeine is dependent on intracellular
calcium, but the stimulation of uterine PGE2 and PG12 syn-
thesis by caffeine is independent of intracellular calcium or is
dependent on a pool of intracellular calcium not affected by
TMB-8. Therefore these results provide further evidence that
the mechanism by which caffeine stimulates uterine PGF2,
synthesis and release is different from the mechanisms by
which caffeine stimulates the synthesis and release of PGE2
and PG12 in the uterus. The stimulatory action of caffeine on
uterine prostaglandin output was not prevented by the cal-

modulin antagonists, W-7 and trifluoperazine, indicating that
calmodulin does not mediate this action of caffeine. In fact,
W-7 greatly potentiated the stimulatory effect of caffeine on

PGF2,, output. However, W-7 only weakly potentiated the
stimulatory effect of caffeine on PGE2 output and had no
effect on the stimulatory effect of caffeine on 6-keto-PGFIr.
output. Also, trifluoperazine did not potentiate these actions
of caffeine. Therefore, W-7 was probably not producing its
potentiating effect by inhibiting calmodulin and, since W-7
affected the stimulation of PGF2, output to a much greater
extent than the stimulation of PGE2 and 6-keto-PGFI,, out-
puts, the mechanism by which caffeine stimulates uterine
PGFA synthesis and release again appears to be different from
the mechanisms by which caffeine stimulates the synthesis
and release of PGE2 and PG12 in the uterus. The reason why
W-7 should potentiate the stimulatory action of caffeine on
uterine PGF2g synthesis and release is not clear. Oestradiol
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acting on a progesterone-primed uterus can selectively 'switch
on' PGF2, synthesis by the guinea-pig uterus (Poyser, 1983a),
so perhaps W-7 is promoting the 'switching on' by caffeine of
this steroid-dependent pathway of PGF2,, synthesis.

Caffeine acts on ryanodine receptors Types 1 and 2 to
release intracellular calcium, an effect blocked by ruthenium
red and high concentrations of ryanodine (see Sorrentino &
Volpe, 1993). Ruthenium red and ryanodine had no inhibi-
tory effect on the increase in output of PGFu, PGE2 and
6-keto-PGFIr. induced by caffeine from the day 7 guinea-pig
uterus. Thus caffeine appears to stimulate uterine prostaglan-
din synthesis by mechanisms which are not dependent upon
the activation of Type 1 or Type 2 ryanodine receptors.
However, the fact that ruthenium red and ryanodine caused
the uterus to relax and abolished spontaneous contractile
activity suggests that these two compounds are possibly pre-
venting the release of calcium from an intracellular calcium
pool. Ryanodine at the two higher concentrations (20 and
200 j.mol 1- ) altered the time course of the increase in PGF2,
output produced by caffeine. The 'peak of increased release'
was flatter and broader in the presence of ryanodine. In
addition, ryanodine alone at the two higher concentrations
increased the output of 6-keto-PGFI.. Why ryanodine should
have these two actions is not apparent.
A third type of ryanodine receptor has been described in

mink lung epithelial cells (see Sorrentino & Volpe, 1993).
This receptor is also present in rat brain and smooth muscle
(McPherson & Campbell, 1993). However, this receptor,
although binding ryanodine, is not activated by caffeine.
Thus it is unlikely that caffeine is stimulating uterine prosta-
glandin synthesis by acting on a ryanodine Type 3 receptor.
Caffeine-sensitive calcium stores have been reported as being
present in adrenal chromaffin cells (Burgoyne et al., 1989),
liver (Shoshan-Barmatz, 1990) and pancreas (Schmid et al.,
1990). The receptor type involved in the chromaffin cells and
liver may be one of the three main ryanodine types. How-
ever, the receptor type involved in the pancreas is not one of
these three ryanodine types since it is not sensitive to
ryanodine, but it is blocked by ruthenium red (Dehlinger-
Kremer et al., 1991). Consequently, since in the present study
the effects of caffeine are not prevented by ryanodine or
ruthenium red, caffeine does not appear to be stimulating
PGF2. synthesis in the guinea-pig uterus by acting on any of
the caffeine and/or ryanodine intracellular calcium pools des-
cribed so far. Recently, an intracellular calcium pool has
been described in hepatocytes which is caffeine-sensitive and
ryanodine-insensitive. Additionally, the effect of caffeine in
hepatocytes is not blocked by ruthenium red (McNulty &
Taylor, 1993). This stimulation by caffeine and lack of inhibi-
tion by ryanodine and ruthenium red in hepatocytes is
exactly the same profile as that seen in the stimulation of
PGF2. output by caffeine in the guinea-pig uterus. Thus, it is
possible that caffeine-sensitive calcium pool present in
hepatocytes is also present in the uterus and is involved in
the stimulation of uterine PGF2,, synthesis by caffeine. How-
ever, theophylline also stimulated uterine prostaglandin syn-
thesis yet theophylline does not release calcium in hepa-
tocytes (McNulty & Taylor, 1993). Theophylline may be
acting to stimulate uterine prostaglandin synthesis by a
mechanism different from that of caffeine or, if caffeine and
theophylline are acting through the same mechanism, then
caffeine may be stimulating calcium release in hepatocytes
and PGF2. synthesis in the uterus by different mechan-
isms.

Since caffeine and theophylline are phosphodiesterase
inhibitors, they may be acting to increase adenosine 3':5'-
cyclic monophosphate (cyclic AMP) concentrations in the
uterus. This may be the mechanism by which caffeine and
theophylline relaxed the uterus and abolished spontaneous
uterine contractions. However, a previous study has shown
that increasing cyclic AMP concentrations in the guinea-pig
uterus (by using forskolin) does not lead to an increase in the
outputs of PGF2., PGE2 and 6-keto-PGFI,. from the uterus
(Poyser, 1987). Thus, it is unlikely that caffeine and theophyl-
line increased uterine prostaglandin output by elevating the
cyclic AMP concentration. The effects of caffeine and theo-
phylline on the intracellular calcium concentration of uterine
cells in the presence and absence of extracellular calcium
merit further study to investigate whether the actions of
caffeine and theophylline on uterine prostaglandin synthesis
involve the release of intracellular calcium and/or the influx
of extracellular calcium.

In conclusion, caffeine stimulated the synthesis and release
of PGF2, from the guinea-pig uterus by an action which may
be dependent on the release of intracellular calcium since
TMB-8 (an intracellular calcium antagonist) prevented the
action of caffeine. However, the action of caffeine does not
appear to be mediated by any of the three ryanodine recep-
tors identified so far. Caffeine also stimulated the synthesis
and release of PGE2 and 6-keto-PGFI,. from the uterus,
apparently by mechanisms different from the one by which it
stimulated PGF2, production. The mechanism controlling
PGE2 production by the uterus is age-dependent since it was
not present in young guinea-pigs. The results of this study
showing that caffeine stimulates uterine prostaglandin prod-
uction raise the possibility that caffeine, which is consumed
in beverages by many women each day, may be one of the
extrinsic factors responsible for or contributing to menstrual
disorders in some women. A high concentration of caffeine
was used in the present studies since this is the optimum
concentration found in other tissues to release intracellular
calcium. However, other studies have shown that concentra-
tions of caffeine as low as 1 jig ml-' stimulate prostaglandin
output from rat blood vessels (Naderali & Poyser, unpub-
lished observations). The average cup of coffee contains
about 100 mg caffeine and, after drinking 300 ml of a
beverage containing 250 mg caffeine, the plasma concentra-
tion obtained 1 h later is between 4.2 and 26 jig ml '
(Robertson et al., 1978). Therefore, there is some evidence
that caffeine can release prostaglandin from tissues in con-
centrations that are obtained after drinking 1 or 2 cups of
coffee. Consequently the present findings in guinea-pigs sug-
gest that similar studies should now be performed on human
uterine tissues. In one study, ryanodine increased the free
intracellular calcium concentration in human cultured
myometrial smooth muscle cells in the presence and absence
of extracellular calcium, which indicates that a ryanodine
receptor is present in human myometrium. However, caffeine
had no such stimulatory effect on calcium release (Lynn et
al., 1993), which suggests that caffeine may not stimulate
prostaglandin production by human myometrial smooth mus-
cle cells. The endometrium is the main source of prostaglandin
during the cycle (see Poyser, 1981), so an investigation of the
effect of caffeine on human endometrium is merited.

This study was supported by a MRC student research scholarship to
E.K.N. The technical assistance of Mrs Lorna Turnbull is much
appreciated.
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Role of intrathecal tachykinins for micturition in
unanaesthetized rats with and without bladder outlet
obstruction
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1 The effects on micturition of RP 67,580, a selective NK, receptor antagonist, and SR 48,968, a highly
potent antagonist at NK2 receptor sites, given intrathecally (i.t.) or intra-arterially (i.a.) near the bladder,
were investigated in unanaesthetized rats with and without bladder outlet obstruction.
2 In normal rats, RP 67,580, given i.t. in doses of 2 and 20 nmol per rat, decreased micturition
pressure, but did not change other cystometric parameters. After 20 nmol of RP 67,580, dribbling
incontinence due to retention was observed in 1 out of 7 animals. This effect was reversible. I.t. RP
67,580 in a dose of 2 nmol, had no effect on hyperactivity induced by intravesically instilled cap-

saicin.

3 In animals with bladder hypertrophy secondary to outflow obstruction, RP 67,580, given i.t. in a

dose of 2 nmol per rat, decreased the micturiton pressure, but had no effect on other cystometric
parameters. After 20 nmol, dribbling incontinence due to retention was observed in 5 out of 7
animals.
4 RP 67,580, given i.a. in a dose of 4 nmol, had little effect on the cystometric parameters investigated,
both in normal animals and rats with bladder hypertrophy.
5 SR 48,968, given i.t. in doses of 2 and 20 nmol per rat, had no clear-cut effects on the micturition
pattern in normal rats, or rats with bladder hypertrophy. However, the drug reduced capsaicin-induced
bladder hyperactivity. When given i.a. in a dose of 4 nmol, SR 48,968 had no effect on cystometric
parameters in normal rats or rats with bladder hypertrophy.
6 The effects of both RP 67,580 and SR 48,968 were stereoselective, their enantiomers (RP 68,651 and
SR 48,965) being inactive.
7 These results thus suggest that at the spinal level there is a tachykinin involvement (via NK,
receptors) in the micturition reflex induced by bladder filling, both in normal rats, and, more clearly, in
animals with bladder hypertrophy secondary to outflow obstruction. The bladder response to filling was
not influenced by blockade of vesical NKI and NK2 receptors. On the other hand, the bladder
hyperactivity evoked by intravesical capsaicin seems to involve NK2 receptors both at the bladder and
spinal levels.

Keywords: Bladder outlet obstruction; unanaesthetized rat; cystometry; tachykinins; NK, receptor; NK2 receptor

Introduction

Several peptides have been found in the central and peri-
pheral nervous systems innervating the lower urinary tract.
Among them, tachykinins (substance P and neurokinin A)
and calcitonin gene-related peptide (CGRP) have been im-
plicated as mediators and/or modulators of capsaicin-sensi-
tive primary afferents (Maggi & Meli, 1986; Maggi, 1991). It
is known that both tachykinins and CGRP are released from
central endings of capsaicin-sensitive primary afferent
neurones in the rat and cat spinal cords (Saria et al., 1986;
Duggan et al., 1987; Go & Yaksh, 1987), and previous
functional studies support the view that the capsaicin-
sensitive bladder afferents are involved in regulating the mic-
turition reflex in the rat (Maggi et al., 1984; Holzer-Petsche
& Lembeck, 1984). Sharkey et al. (1983) demonstrated with
double staining technique that 10-16% of rat dorsal root
ganglionic neurones, receiving afferents from the bladder,
contain substance P (SP). The authors also showed that
SP-positive neurones were not observed in the dorsal root
ganglia of capsaicin-pretreated animals. It has been postu-
lated that capsaicin-sensitive fibres arising from the rat blad-
der may use SP as excitatory neurotransmitter to activate the
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second neurone in the micturition reflex pathway (Maggi et
al., 1984).

In the rat urinary bladder, three receptor types, classified
as NKI, NK2, and NK3 have been demonstrated, as evidenc-
ed by radioligand binding, autoradiographic, and functional
experiments (Maggi et al., 1991). Both NK1 and NK2 recep-
tors seem to be involved in the contractile response of the rat
isolated bladder to tachykinins (Maggi et al., 1987; Hall et
al., 1992). This seems to be the case also in vivo. Thus, Palea
et al. (1993a) showed that the selective NKI receptor agonist
GR 73632 and the selective NK2 receptor agonist GR 64349,
given intravenously, were equipotent in activating micturition
reflexes in the urethane-anaesthetized rat.

Rats subjected to bladder outlet obstruction show bladder
hypertrophy and 'hyperactivity' (Malmgren et al., 1987) or
'premicturition contractions' (Igawa et al., 1994). Even if
such bladder 'hyperactivity' observed in rats with outlet ob-
struction and bladder hypertrophy may be of myogenic
origin (Igawa et al., 1994), these animals show facilitation of
bladder reflex mechanisms (Steers & de Groat, 1988) and
several neural changes, including hypertrophy of the dorsal
root ganglionic neurones innervating the bladder (Steers et
al., 1991). If bladder outlet obstruction leads to an increase
in the afferent input from the bladder to the dorsal gangli-

'." Macmillan Press Ltd, 1994
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onic neurones, and the input is conveyed, at least partly, via
primary capsaicin-sensitive afferents, spinal tachykinins may
have an important role for micturition in rats with outlet
obstruction.

Recently, several potent and selective non-peptide antag-
onists of SP (NKI) and neurokinin A (NK2) receptors have
been developed (Garret et al., 1991; Emonds-Alt et al., 1992;
Maggi et al., 1993a). These drugs, given i.t., appear to be
helpful tools for assessment of the functional importance of
tachykinins for modulation of micturition at the spinal level.
In the present study we wanted: (1) to examine the effects of
RP 67,580, which is selective for NK, receptors (Garret et al.,
1991), and SR 48,968, which is a highly potent antagonist at
NK2 receptor sites (Emonds-Alt et al., 1992; Maggi et al.,
1993a), given intrathecally or intra-arterially near the blad-
der, on micturition in unanaesthetized rats with and without
bladder outlet obstruction; (2) to investigate whether
intrathecal administration of the antagonists influenced the
bladder hyperactivity induced in normal animals by int-
ravesical capsaicin (Ishizuka et al., 1994).

Methods

Animals

Female Sprague-Dawley rats (weighing 185-245 g) with and
without previous outflow obstruction were used. The experi-
mental protocol was accepted by the Animal Ethics Commit-
tee, University of Lund.

Procedures

Outlet obstruction procedure The methods used for estab-
lishing infravesical outflow obstruction and the technique of
cystometry in conscious rats have been described in detail
previously (Malmgren et al., 1987). Six weeks after partial
ligature of the urethra, the animals were subjected to cysto-
metrical evaluation. Within two days after removal of the
ligature, when the animals of this study were investigated, the
bladder still exhibited a significant degree of hypertrophy and
hyperactivity (Malmgren et al., 1990). For simplicity, the
previously obstructed rats are referred to as rats with bladder
hypertrophy.

Bladder catheter implantation Rats were anaesthetized with
ketamine (75 mg kg', i.m.) and xylazine (15 mg kg', i.m.).
Thereafter, the abdomen was opened through a midline inci-
sion, and a polyethylene catheter (Clay-Adams PE-50, NJ,
U.S.A.) was implanted into the bladder through the dome as
described previously (Malmgren et al., 1987). In the animals
subjected to outlet obstruction, the urethral ligature was
removed at the same time. The catheters were tunnelled
subcutaneously and orifices were made on the back of the
animal. After implantation of the catheters, rats were housed
individually in cages on a 12 h/12 h light/dark photo
cycle.

Intrathecal catheter implantation An i.t. catheter was
implanted at the same time as the bladder catheter. A poly-
ethylene catheter (Clay-Adams PE-10, NJ, U.S.A.) was
inserted into the subarachnoid space at the level of L6-S,
spinal cord segments for i.t. administration of drugs as des-
cribed in detail previously (Igawa et al., 1993). The injection
sites in the spinal cord and the extent of dye distribution
were confirmed by injection of dye (methylene blue) in every
animal at the end of the experiment.

Intra-arterial cathether implantation The day before cys-
tometric investigations, the rats were again anaesthetized, a

femoral artery was exposed through an inguinal incision, and
a polyethylene catheter (Clay-Adams PE-10, NJ, U.S.A.)
filled with heparinized saline (30iuml-') was inserted into

the vessel and advanced proximally until the tip of the
catheter reached the abdominal aortic bifurcation. In order
to increase the amount of drug reaching the bladder, both
femoral arteries were tied. The catheter was tunnelled sub-
cutaneously and an orifice was made on the back of the
rat.

Cystometrical investigations Cystometrical investigations
were performed without any anaesthesia one day and three
days after the bladder catheterization in animals with bladder
hypertrophy and in control animals, respectively. The blad-
der catheter was connected via a T-tube to a pressure trans-
ducer (P23 DC, Statham Instrument Inc., CA, U.S.A.) and
an infusion pump (CMA 100, Carnegie Medicine AB, Solna,
Sweden). The conscious rat was placed, without any
restraint, in a metabolic cage which also enabled measure-
ments of micturition volumes by means of a fluid collector
connected to a Grass force displacement transducer (FT 03
C, Grass Instrument Co., Quincy, Mass, U.S.A.). Saline or
capsaicin at room temperature were infused into the bladder
at a rate of 1Oml h-' and 20 ml h' in control animals and
in animals with bladder hypertrophy, respectively. Intra-
vesical pressure and micturition volumes were recorded con-
tinuously on a Grass polygraph (Model 7E, Grass Instru-
ment Co., Quincy, Mass, U.S.A.). Three reproducible mic-
turition cycles, corresponding to a 20 min period, were
recorded before drug administration and used as baseline
values. After each drug administration, recording was con-
tinued for another 60 min. In case the micturition reflex was
abolished, recording was continued until it was restored. The
following urodynamic parameters were investigated: micturi-
tion pressure, micturition and residual volumes, and bladder
capacity (Malmgren et al., 1987). Analysis was performed for
a 20 min period before drug administration. Drug effects on
cystometrical parameters were assessed for 60min and the
three micturition cycles showing the most pronounced
changes in the parameters measured (increase or decrease)
were subjected to analysis.

Administration of drugs The following drugs were used for
i.t. or i.a. administration: RP 67,580 [(3aR, 7aR)-7,7-
diphenyl-2-[l -imino-2(2-methoxyphenyl)ethyl] perthdroiso-
indol-4-one], RP68,651 (the inactive enantiomer of RP
67,580), SR 48,968 [(S)-N-methyl-N[4-(acetylamino-4-phenyl
piperidino)-2-(3,4-dichlorophenyl) butyl] benzamide and SR
48,965 (the inactive enantiomer of SR 49,968). RP 67,580
and RP 68,651 were obtained from Rhone-Poulenc Rorer
(Vitry, France), and SR 48,968 and SR 48,965 from Sanofi
(Montpellier, France). RP 67,580 and RP 68,651 were dis-
solved in acidic redistilled water. SR 48,968 and SR 48,965
were dissolved in saline. The drugs were then stored at
- 70°C, and subsequent dilutions of the drugs were made in
saline on the day of experiments.
A 100 mm stock solution of capsaicin (LabKemi, Lund,

Sweden) was made in absolute ethanol and then diluted in
saline, just before use, to give a concentration of 30 liM. The
syringe used for saline instillation was exchanged for a syr-
inge containing capsaicin solution, and capsaicin was instilled
intravesically by a microinjection pump for a period of
28 min. With the tubing of the system used, capsaicin
reached the bladder within 8 min. The doses of the drugs
used were chosen on the basis of pilot experiments, and
previously published data (Lecci et al., 1993; Palea et al.,
1993a,b; Ishizuka et al., 1994).

Statistical analysis

The results are given as mean values ± s.e. mean. Student's
paired t test was used for comparison between treatments
within the control group and the group with bladder hyper-
trophy. One way factorial ANOVA was used for compari-
sons between groups with regard to bladder weight, baseline
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(pretreatment) cystometric parameters, and the drug effects
(the difference between pre- and post-treatment in each cysto-
metric parameter). It was followed by Scheffe's F-test. A
probability level of <5% was accepted as significant.

Results

Partial obstruction of the urethra led to a significant increase
in bladder weight (from 150 ± 5 mg, n = 12 to 930 ± 12 mg,
n = 14; P <0.001). Repeated cystometries gave reproducible
results in both control animals and animals with bladder
hypertrophy. In control animals, the bladder pressure was
low and almost devoid of spontaneous fluctuations during
the cystometry. On the other hand, cystometry in animals
with bladder hypertrophy revealed spontaneous contractile
activity during filling (Figure 1).

Effects ofRP 67,580

Normal animals RP 67,580, given i.t. in doses of 2 nmol
(n = 5) and 20 nmol (n = 6) per rat, decreased the micturition
pressure significantly from 61.4 ± 9.0 to 50.7 ± 5.6 cmH2O
(n = 5; P<0.05) from 62.1 ± 9.8 to 43.9 ± 11.3 (n = 6; P<
0.001), respectively. There was no change in other cystomet-
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ric parameters (bladder capacity, micturition volume and
residual volume). After 20 nmol of RP 67,580, dribbling
incontinence due to retention was observed in I out of 7 rats.
In this rat, bladder capacity before administration of RP
67,580 was 0.80 ml, and at the time of dribbling 1.70 ml. The
effect was reversible.

Intravesical capsaicin, at a concentration of 3011M, in-
creased micturition pressure (P<0.001), and decreased blad-
der capacity (P<0.001) and micturition volume (P<0.001),
(Table 1). The animals showed no signs of distress and
behaved normally, except for occasional licking of the lower
abdomen. Intrathecal RP 67,580, 2 nmol, had no effect on
capsaicin-induced hyperactivity (Table 1).
RP 67,580, given i.a. in doses of 4 nmol (n = 7) had no

effect on the cystometric parameters investigated, except a
significant (P<0.001) suppression of the micturition pressure
from 63.6 ± 2.9 to 55.0 ± 2.6 cmH2O.

Animals with bladder hypertrophy RP 67,580, given i.t. in a
dose of 2 nmol (n = 6), decreased the micturition pressure
from 149.0 ± 34.1 to 134.6 ± 33.8 cmH2O (P<0.05), but had
no effect on other cystometric parameters. After 20 nmol
(n = 7), dribbling incontinence due to retention was observed
in 5 out of 7 animals (Figure 2). The effect was reversible.
Before administration of RP 67,580, the mean bladder
capacity was 3.04 ± 0.36 ml, and at the start of dribbling, it
was 5.73 ± 0.37 ml. This difference was statistically significant
(P <0.01).
RP 67,580, given i.a. in doses of 4 nmol (n = 5) had no

effect on the cystometric parameters investigated.

Effects ofRP 68,651

RP 68,651, the inactive enantiomer of RP 67,580, given i.t. in
a dose of 20 nmol, had no effects on the micturition pattern,
in normal animals (n = 6), or in animals with bladder hyper-
trophy (n = 6).

Effects ofSR 48,968

Normal animals SR 48,968, given i.t. in a dose of 2 nmol
(n = 5) and 20 nmol (n = 6) had no clear-cut effects on the
micturition pattern. After 2 nmol i.t., capsaicin-induced
hyperactivity was significantly reduced, but not abolished

0 5 10 15 20 25 30 (Table 1).o 5 10 15 20 25 30 When given i.a. in doses of 4 nmol (n = 8), SR 48,968 had
Time (min) no effect on the cystometric parameters.

Figure 1 Micturition patterns in a normal rat (a) and in a rat with
bladder outflow obstruction (b). Note the variations in bladder
pressure before the micturition contractions in the rat with bladder
outflow obstruction. BP = bladder pressure (cmH2O); MV = micturi-
tion volume (ml). Asterisk (*) denotes adjustment to baseline posi-
tion.

Animals with bladder hypertrophy SR 48,968 given i.t. in a
dose of 2 nmol (n = 5) and 20 nmol (n = 6) had no clear-cut
effects on the micturition pattern. When given i.a. in doses of
4 nmol (n = 5), SR 48,968 had no effect on the cystometric
parameters.

Table 1 Effect of intrathecal administration of RP 67,580 and SR 48,968 on capsaicin-induced hyperactivity in unanaesthetized,
normal rats

MP BC MV RV

Capsaicin (30 tM)

Capsaicin (30 gM)

Capsaicin (30 gM)

(n= 10)

in the presence of
(n=8)

in the presence of
(n = 8)

Before 68.0 ± 7.2
After 107.8 ± 10.6**

RP 67,580 (2 nmol) i.t.
Before 68.8 ± 9.6
After 91.5 ± 10.6*

0.98 ± 0.09 0.84 ± 0.09
0.44 ± 0.08*** 0.36 ± 0.07***

0.79 ± 0.04 0.72 ± 0.04
0.35 ± 0.06*** 0.30 ± 0.06***

SR 48,968 (2 nmol) i.t.
Before 61.5 ± 8.8 0.84 ± 0.11
After 75.8 ± 11.5**tt 0.58 ± 0.06*t

0.15 ± 0.01
0.08 ± 0.02*

0.07 ± 0.01
0.04 ± 0.01

0.78±0.11 0.10±0.03
0.53 ± 0.07*t 0.08 ± 0.03

MP: micturition pressure (cmH2O), BC: bladder capacity (ml), MV: micturition volume (ml), RV: residual volume (ml).
Results are expressed as mean ± s.e. mean.
Before vs. after administration *P<0.05; **P<0.01; ***P<0.001 (Student's paired two tailed t test)
Capsaicin vs. capsaicin in the presence of RP 67,580 or SR 48,968. tP<0.05; ttP<0.01, (ANOVA followed by Scheffe's F-test).
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Figure 2 Effect of intrathecal RP 67,580, 20 nmol, on micturition in a rat with bladder outflow obstruction. Starting from minute
15 (a) to and lasting for more than 200 min (b), a dribbling incontinence, due to urinary retention, was induced. Micturition
contractions, leading to emptying of the bladder, then reappeared. BP = bladder pressure (cmH20); MV = micturition volume (ml).
Asterisk (*) denotes adjustment to baseline position, and short arrow (4+) change of the syringe of the infusion pump.

Effects of SR 48,965

SR 48,965, the inactive enantiomer of SR 49,968, given i.t. in
a dose of 2 nmol (n = 4) had no effects on the capsaicin-
induced hyperactivity.

Discussion

In the present investigation, we used the non-peptide tachy-
kinin antagonists RP 67,580 (Garret et al., 1991), which is a

selective antagonist of NK1 receptors, and SR 48,968, which
is a potent and competitive antagonist of NK2 receptors
(Maggi et al., 1993a). RP 67,580 is inactive on NK2 and NK3
receptors, and SR 48,968 is inactive on NK, and NK3 recep-
tors (Maggi et al., 1993b). The drugs were administered i.t. to
reveal whether any of these receptor subtypes at the spinal
level may be involved in the micturition reflex induced by
bladder filling in conscious, normal rats and/or in rats with
bladder hypertrophy secondary to outflow obstruction. The
doses of the drugs were selected based on our own pilot
experiments, and on previously published data (Lecci et al.,
1993; Palea et al., 1993a,b). In addition, we tested the effects
of the antagonists on the bladder hyperactivity induced by
intravesically administered capsaicin in normal rats (Ishizuka
et al., 1994).

In previous investigations performed in normal, urethane-
anaesthetized animals (Lecci et al., 1993), different types of
micturition-related reflexes have been elicited: (1) a supra-
spinal chemonociceptive vesico-vesical reflex produced by
topical application of capsaicin to the dome of the urinary
bladder, (2) a supraspinal mechanoreceptive reflex evoked by
saline filling of the urinary bladder, and (3) a spinal soma-
tovesical mechanonociceptive reflex evoked by perineal
pinching. These studies, using several NK, receptor selective
antagonists, including RP 67,580, provided evidence for the
involvement of spinal NK, receptors, in the activation of
reflexes produced by topical application of capsaicin to the
bladder, and a modulatory influence on bladder capacity
elicited by distension. Magnan et al. (1993), studying the
effects of i.t. administered NK, and NK2 antagonists on

xylene-induced hyperactivity in urethane-anaesthetized
animals, arrived at a similar conclusion, suggesting that NK1
receptors at a spinal level are involved in the bladder res-
ponse to chemonociceptive stimuli.
Our findings in unanaesthetized rats, showed that RP

67,580, when given intrathecally to normal animals, reduced
micturition pressure, and in one animal out of seven pro-
duced dribbling incontinence due to urinary retention. In this
animal, the effect was reversible. Since dribbling incontinence
was not produced by i.t. saline, or by RP 68,651, the inactive
enantiomer of RP 67,580, the finding may be interpreted as
an effect of the NKI antagonist. The failure of the highly
potent non-peptide NK2 receptor antagonist, SR 48,968, to
affect normal micturition when given i.t., seems to exclude
spinal involvement of NK2 receptors in the micturition
reflexes induced by filling. This interpretation is in line with
the findings of Lecci et al. (1993), suggesting that spinal NKI
receptors, at least to some extent, may be involved in the
micturition reflex induced by bladder filling in normal
animals, but at variance with those of Magnan et al. (1993),
who found no evidence in support of involvement of spinal
NK, (or NK2) receptors in regulation of normal micturi-
tion.

In animals with bladder hypertrophy, the effect of RP
67,580, given i.t., was more convincing, producing not only a
decrease in micturition pressure at a low dose (2 nmol), but
also dribbling incontinence, due to urinary retention, in five
out of seven animals at a high dose (20 nmol). That this in
fact was due to urinary retention and not to relaxation of the
outflow region, making filling of the bladder impossible, was
indicated by the finding that there was an increase of the
bladder volume (twice bladder capacity before drug adminis-
tration) before leakage started. No effect was obtained with
the inactive isomer RP 68,651, supporting the view that the
urinary retention was caused by NKI receptor blockade. It
may therefore be speculated that the changes of obstruction
were associated with an increased afferent activity involving
spinal NKI receptors. However, the present results do not
exclude an additional supraspinal action of the NK1
antagonist.

L.a. administration of the NK1 receptor antagonists near
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the bladder had no effect either in normal animals (except for
a decrease in micturition pressure), or in rats with bladder
hypertrophy. This suggests that afferent activity induced by
bladder filling, also in rats with bladder hypertrophy, does
not involve release of bladder tachykinins.

I.t. RP 67,580 had no effect on the hyperactivity induced
by intravesical capsaicin. However, this activity was reduced,
but not abolished by i.t. SR 48,968. It has previously been
shown (Ishizuka et al., 1994) that intravesical capsaicin
evokes a concentration-dependent, reversible and repeatable
bladder hyperactivity. This hyperactivity could be abolished
by intravenous hexamethonium or i.t. administered mor-
phine, suggesting that it was reflex-mediated and not secon-
dary to a direct contractile effect on bladder smooth muscle.
L.a. administration of SR 48,968, and the nonselective NK
receptor antagonist spantide, which by themselves did not
affect cystometric parameters, both counteracted this
capsaicin-induced hyperactivity, whereas RP 67,580 failed to
do so. Thus, it seemed that intravesical capsaicin released
tachykinins from sensory nerves, and that these tachykinins
via stimulation of NK2 receptors provoked bladder hyper-
activity.
Maggi et al. (1991) and Pietra et al. (1992) have previously

shown that NK2 receptors can be involved at the peripheral
level in detrusor hyperactivity induced by irritants. Thus,

selective antagonists of NK2, but not antagonists of NKI
receptors, counteracted hyperactivity associated with xylene-
induced cystitis in the rat (Pietra et al., 1992; Magnan et al.,
1993). The findings of the present study suggest that the
bladder hyperactivity induced by intravesical capsaicin may
involve spinal NK2 receptors. Such receptors have been dem-
onstrated in the dorsal horns of the rat spinal cord (Yashpal
et al., 1990), and have been implicated in the processing of
nociceptive inputs in rats (Fleetwood-Walker et al., 1990;
1991; Xu et al., 1991). However, as in the case of the effects
of RP 67,580, the present results do not exclude an addi-
tional supraspinal action of the NK2 antagonist.

These results thus suggest that at the spinal level, there is a
tachykinin-mediated (via NKI receptors) involvement in the
micturition reflex induced by bladder filling, both in normal
rats, and, more clearly, in animals with bladder hypertrophy
secondary to outflow obstruction. The bladder response to
filling was not influenced by blockage of vesical NK1 and
NK2 receptors. The bladder hyperactivity evoked by intra-
vesical capsaicin in normal rats, however, seems to involve
NK2 receptors both at the bladder and spinal levels.

This project was supported by the Swedish Medical Research Coun-
cil (No 6837 and No 10399), and by the Medical Faculty of Lund,
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Effect of in vivo desensitization to leukotriene B4 on eosinophil
infiltration in response to C5a in guinea-pig skin

'E.R. Pettipher, E.D. Salter & H.J. Showell

Department of Immunology and Infectious Diseases, Central Research Division, Pfizer Inc., Groton, CT 06340, U.S.A.

1 The effect of in vivo desensitization to leukotriene B4 (LTB4) on eosinophil infiltration in response to
recombinant C5a was examined in guinea-pig skin.
2 LTB4 (10-300 ng) and C5a (1-10 pg) caused a dose-dependent increase in the levels of eosinophil
peroxidase activity (a measure of eosinophil infiltration) 4 h after injection into guinea-pig skin.
Leukotriene B4 and C5a were approximately equipotent on a molar basis. Platelet activating factor
(0.01-1O0g) also caused eosinophil accumulation but was much less active than LTB4 or C5a.
3 20-Hydroxy-LTB4 caused a dose-dependent desensitization of eosinophil responses to LTB4
(EDM = 1.6 lg kg-', s.c.) and partially reduced responses to CSa. At a dose of 20-hydroxy-LTB4 (10 1gg)
which inhibited responses to LTB4 completely, responses to C5a were, reduced by 56.5 ± 1.8% (n = 5).
The structurally related metabolite of 20-hydroxy-LTB4, 20-carboxy-LTB4, which does not cause desen-
sitization to the effects of LTB4, did not inhibit eosinophil infiltration in response to C5a.
4 The LTB4 receptor antagonist, SC-41,930 (1Omg kg-', p.o.), also inhibited eosinophil accumulation
in response to C5a by 63.0 + 3.9% (n = 5) at a dose which inhibited responses to LTB4 by 86.5 ± 1.9%
(n= 5).
5 These data indicate that eosinophil infiltration in response to C5a may, in part, be mediated by the
generation of secondary chemotactic factors such as LTB4.

Keywords: Leukotriene B4; neutrophils; eosinophils; inflammation; asthma; CSa

Introduction

Eosinophils infiltrate the lungs of asthmatic patients and are
thought to contribute to disease pathology by releasing
granule constituents which are cytotoxic to bronchial
epithelium (Gleich, 1990). While the mediators responsible
for attracting eosinophils to the lungs of asthmatics have not
been clearly identified, several mediators are capable of
stimulating eosinophil chemotaxis in vitro. These include
non-selective chemoattractants such as leukotriene B4 (LTB4),
platelet activating factor (PAF) and C5a (Wardlaw et al.,
1986; Hakansson et al., 1987; Sehmi et al., 1992) which have
activity on a wide variety of leukocyte types and have been
demonstrated to cause eosinophil accumulation in vivo (Fac-
cioli et al., 1991). In contrast, RANTES, a P-chemokine, is
chemotactic for eosinophils, monocytes and lymphocytes but
does not affect neutrophils directly (Schall et al., 1991;
Kameyoshi et al., 1992) while the a-chemokine, interleukin-8,
is active on neutrophils but not eosinophils or monocytes
(Baggiolini et al., 1989).
Although the in vitro chemotactic effects of these mediators

are due to direct actions on leukocytes, secondary mediators
may be generated in vivo which contribute to the pattern of
leukocyte infiltration observed in inflamed tissues. An exam-
ple of this is the ability of interleukin-8, which lacks direct
chemotactic activity for eosinophils, to stimulate eosinophil
emigration in vivo through an indirect mechanism (Collins et
al., 1993). We have compared the ability of LTB4, PAF and
C5a to induce an eosinophilic infiltrate in guinea-pig skin in
vivo over a 4 h period. As LTB4 may be produced from
resident macrophages and migrating leukocytes in response
to other mediators, we have investigated the contribution of
endogenously produced LTB4 to eosinophil emigration
induced by C5a by treating guinea-pigs with 20-hydroxy-
LTB4, an agent which causes specific desensitization to effects
of LTB4 in vitro and in vivo (Pettipher et al., 1993). We have
also used the selective LTB4 receptor antagonist, SC-41930

Author for correspondence.

(Fretland et al., 1990), to investigate the role of LTB4 recep-
tor stimulation in eosinophil infiltration in these res-
ponses.

Methods

Induction of eosinophil infiltration in guinea-pig skin

Male Hartley guinea-pigs (400-450 g) were anaesthetized in
an atmosphere of Metofane (methoxyflurane) and their backs
shaved. LTB4, PAF, human recombinant C5a were dissolved
in saline containing 0.25% bovine serum albumin. Duplicate
intradermal injections of saline or mediators were given in a
volume of 0.1 ml such that there were a maximum of 6 sites
per guinea-pig. Four hours after injection animals were
killed, skin removed and sites punched out with a 13 mm
gasket punch. Skin homogenates were prepared for assay as
previously described (Pettipher et al., 1993).
Animals were predosed with vehicle or 20-hydroxy-LTB4

subcutaneously in 0.5 ml saline immediately prior to intra-
dermal challenge. Animals were dosed orally with the
LTB4 antagonist, SC-41930 (7-[3-(4-acetyl-3-methoxy-2-propyl-
phenoxy}-propoxy]-3, 4-dihydro-8-propyl-2H-1-benzopyran-2-
carboxylic acid) in 0.5% carboxymethylcellulose vehicle
(10 ml kg-' body weight) 1 h prior to intradermal chal-
lenge.

Assay of eosinophil peroxidase

Eosinophil peroxidase (EPO) was assayed in diluted skin
homogenates as previously described (Strath et al., 1985;
Cheng et al., 1993). Diluted sample (50 p1) was incubated
with 0.6 mg ml-' o-phenylenediamine dihydrochloride in
50 mM Tris HCI (pH 8.0) containing 0.02% hydrogen perox-
ide for 5 min at room temperature and the reaction termina-
tion by the addition of 4M sulphuric acid (100 p1l). The
absorbance was read at 490 nm using a microtitre plate

wMacmillan Press Ltd, 1994
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reader (Molecular Devices, Menlo Park, CA, U.S.A.).
Guinea-pig eosinophils were isolated on a Percoll gradient
after harvest from the peritoneal cavities of animals which
had been repeatedly injected with human serum. These
preparations contained 100% eosinophils and 0.06 x 103 -
3.0 x 104 cells per ml were included in each assay as a
calibration curve. Neutrophils were harvested from the
peritoneal cavities of guinea-pigs injected with casein and
these preparations contained 92% neutrophils, 7% mono-
cytes and 1% eosinophils.

Materials

Platelet activating factor (C-16), LTB4 and 20-hydroxy-LTB4
were purchased from Biomol, Plymouth Meeting, PA.,
U.S.A.; o-phenylenediamine dihydrochloride was from East-
man Kodak Co., Rochester, NY, U.S.A. SC-41930 was syn-
thesized by Dr. Lawrence Reiter in the department of
Medicinal Chemistry, Pfizer Inc., Groton, CT., U.S.A. All
other reagents were purchased from the Sigma Chemical
Company, St. Louis, MO, U.S.A.
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Figure 1 Eosinophil peroxidase activity in guinea-pig eosinophils
(0) and neutrophils (0).

Statistical analysis

The differences between drug-treated and control groups
were analysed by ANOVA and considered significant when
P<0.05.

Results

Eosinophil peroxidase activities in guinea-pig eosinophils
and neutrophils

The eosinophil peroxidase levels in guinea-pig eosinophils
and neutrophils is shown in Figure 1. Guinea-pig eosinophils
contain 34.8 times more eosinophil peroxidase activity than
guinea-pig neutrophils. As the neutrophil preparation con-
tained 1% contaminating eosinophils this is probably even a
slight underestimate of the specificity of the enzyme for
eosinophils versus neutrophils.

Effect of 3-amino-1,2,4-triazole on eosinophil peroxidase
activity in guinea-pig skin sites injected with LTB4

Eosinophil peroxidase activity was increased in guinea-pig
skin sites injected with LTB4 and this activity was reduced by
88.9% in the presence of 3-amino-1,2,4-triazole, a selective
inhibitor of eosinophil peroxidase (Cramer et al., 1984)
(Figure 2).
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Figure 2 Effect of 3-amino-1,2,4-triazole on eosinophil peroxidase
activity in guinea-pig skin sites. Skin sites were removed 4 h after
injection of LTB4 (100 ng) or saline and homogenized in 8 ml
phosphate-buffered saline (pH 7.2) containing 0.5% hexadecylt-
rimethylammonium bromide and assayed for eosinophil peroxidase
as described in the Methods. Activity in untreated samples is shown
by open columns and activity in the presence of 3-amino-1,2,4-
triazole (10 mM) is shown by hatched columns. Data are presented as
mean ± s.e. mean (n = 5).

Eosinophil peroxidase activity in guinea-pig skin sites
after injection of LTB4, CSa and PAF

LTB4 (10-300 ng) and recombinant C5a (1-10 fig) caused a
dose-dependent increase in the levels of eosinophil peroxidase
activity in skin sites after injection into guinea-pig skin
(Figure 3). LTB4 and C5a were approximately equipotent on
a molar basis and both induced an approximately 50 fold
increase in the levels of eosinophil peroxidase over the saline
control at the highest doses tested. In contrast, PAF caused a
relatively low level of eosinophil infiltration compared to
LTB4 and C5a (5.7 x saline response at the highest dose
tested, Figure 3).

Effects of 20-hydroxy-LTB4 and SC41930 on eosinophil
infiltration in response to LTB4 and CSa

For inhibition studies with 20-hydroxy-LTB4, doses of LTB4
(100 ng) and C5a (2 jig) were chosen. Systemic treatment of
guinea-pigs with 20-hydroxy LTB4 inhibited eosinophil emig-
ration in response to LTB4 (100 ng) with an ED50 of
1.6 yg kg-' (Figure 4). 20-Hydroxy-LTB4 also dose-depen-
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Figure 3 Eosinophil infiltration (as measured by eosinophil perox-
idase activity) 4 h after intradermal injection of LTB4 (0), human
recombinant C5a (U) or PAF (A) into guinea-pig skin. Each point
represents the mean ± s.e. mean of data derived from 5-10 animals
(*P<0.05 vs saline control).



ROLE OF LTB4 IN EOSINOPHIL EMIGRATION 119

0 80-0

60-

C \* ~~~~~~~~~~~
o 40

20 -

0 I T
0 0.3 1 3 10

Dose of 20-hydroxy LTB4 (Pg)

Figure 4 Effect of systemic treatment with 20-hydroxy-LTB4 (given
subcutaneously in 0.5 ml saline containing 0.25% bovine serum
albumin) on eosinophil infiltration in response to LTB4 (100 ng) (c)
or human recombinant C5a (2 pg) (A) at 4 h after intradermal
injection. Results are expressed as a % of the untreated control
responses which in absolute numbers were 412.0 +65.8 x 10-3
(n = 10) eosinophil equivalents for LTB4 and 154.9 ± 25.8 x 10-3
(n = 10) eosinophil equivalents for CSa. Saline-injected sites con-
tained 10.9 ± 7.3 x 10-3 (n = 10) eosinophil equivalents. Each point
is the mean ± s.e. mean of data derived from 5-10 animals
(*P< 0.05 versus vehicle-treated control animals).
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Figure 5 Effect of systemic treatment with 20-carboxy-LTB4 (10 g
s.c.) on eosinophil infiltration measured 4 h after intradermal injec-
tion of human recombinant CSa (2 pg). Data are the mean ± s.e.
mean of values from 5 animals. Responses to saline are depicted by
open columns and responses to LTB4 are shown by hatched columns
(*P< 0.05 versus control).

dently inhibited eosinophil responses to CSa (Figure 4). At a
dose of 20-hydroxy-LTB4 which completely inhibited res-
ponses to 100 ng LTB4, responses to C5a were reduced by
56.5 ± 1.8% (n = 5). 20-Carboxy LTB4 did not affect
eosinophil responses to CSa (Figure 5).
The LTB4 receptor antagonist, SC-41930, also reduced

eosinophil infiltration in response to CSa (Figure 6). At
the highest dose tested (10 mg kg- ', p.o.) which caused
86.5 ± 1.9% inhibition of responses to 100 ng LTB4,
eosinophil infiltration in response to C5a was inhibited by
63.0 ± 3.9% (n = 5).

Discussion

We have confirmed the observations of Cheng et al. (1993)
that eosinophil peroxidase is a selective marker for the
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Figure 6 Effect of oral administration of the LTB4 receptor
antagonist, SC-41930, on eosinophil infiltration in response to LTB4
(100 ng) (@) or C5a (2 jig) (U) in guinea-pig skin. Each point is the
mean ± s.e. mean of data from 5 animals (*P< 0.05 versus responses
in vehicle-treated animals).

presence of eosinophils in inflamed tissues and using this
enzyme marker, we have compared the ability of various
chemotactic factors to induce eosinophil infiltration after
intradermal injection in guinea-pigs. The inflammatory
mediators, LTB4, C5a and PAF all elicited an increase in
eosinophil peroxidase activity after intradermal injection in
guinea-pigs. The peroxidase activity detected in this assay is
likely to be predominantly due to the presence of eosinophils
as reflected by the ability of a selective inhibitor of eosinophil
peroxidase, 3-amino-1,2,4-triazole (Cramer et al., 1984), to
reduce peroxidase activity in skin sites by approximately
90%. However, based on data presented in this paper, neut-
rophils may contain low levels of eosinophil peroxidase-like
activity and since these cells accumulate in skin sites in much
higher numbers than eosinophils, a small contribution of
neutrophil-derived peroxidase to the activity detected in skin
sites cannot be excluded. LTB4 and C5a were approximately
equipotent on a molar basis, while PAF was much less active
in this assay, confirming previous observations with these
mediators in guinea-pig skin (Czarnetzki & Mertensmeier,
1985; Faccioli et al., 1991) which suggests that the oedema
producing activity of PAF may predominate over its effects
on leukocyte activation at sites of inflammation. Invading
neutrophils in inflamed tissues are a rich source of LTB4
(Simmons et al., 1983) which, in addition to its effects on
neutrophils, is chemotactic for eosinophils and may therefore
amplify neutrophil and eosinophil recruitment into skin sites
injected with other chemotactic factors, particularly at late
time points. In order to investigate the contribution of LTB4
to eosinophil infiltration in response to CSa we have treated
guinea-pigs with 20-hydroxy-LTB4 which causes in vivo
desensitization to the effects of LTB4 (Pettipher et al., 1993).
20-Hydroxy-LTB4 reduced eosinophil infiltration in res-

ponse to LTB4 with a potency similar to its effect on neut-
rophil accumulation (Pettipher et al., 1993). 20-Hydroxy-
LTB4 also caused a dose-related inhibition of eosinophil
accumulation measured 4 h after injection of CSa. Doses of
20-hydroxy-LTB4 which cause maximal desensitization to
LTB4 inhibited responses to C5a by over 50%. These data
indicate that endogenously generated LTB4 may contribute to
eosinophil accumulation after injection of CSa, although
other mediators which interact with the LTB4 receptor such
as 12(R)-HETE may be responsible for the observed effects.
In terms of specificity controls, we have previously shown
that 20-hydroxy-LTB4 does not affect neutrophil infiltration
in response to C5a (Pettipher et al., 1993) and the struc-
turally related metabolite of 20-hydroxy-LTB4, 20-carboxy-
LTB4, did not inhibit eosinophil infiltration in response to
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C5a. Furthermore, the LTB4 receptor antagonist, SC-41930,
also inhibited eosinophil infiltration in response to C5a and
to much the same extent as 20-hydroxy-LTB4. Taken
together these data suggest that the observed effects of 20-
hydroxy-LTB4 can be interpreted as an effect involving LTB4
receptors and is not due to general toxicity or some other
nonspecific effect. The fact that 20-hydroxy-LTB4 does not
significantly affect the levels of myeloperoxidase in skin sites
injected with C5a (Pettipher et al., 1993) suggests neutrophils
do not contribute significantly to the eosinophil peroxidase
activity present in these inflamed skin sites.

It is uncertain which chemotactic factors are of primary
importance in mediating eosinophil infiltration in allergic
disease but the results from the present study suggest that
LTB4 may serve a key role in amplifying eosinophil infiltra-
tion in response to other mediators such as C5a. This view is
supported by the findings that eosinophil infiltration into the
airways of allergic guinea-pigs can be reduced by LTB4 recep-
tor antagonists (Richards et al., 1989) or 5-lipoxygenase
inhibitors (Yeadon et al., 1993).
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Hyperpolarization by opioids acting on si-receptors of a
sub-population of rat periaqueductal gray neurones in vitro
'B. Chieng & M.J. Christie

Department of Pharmacology, The University of Sydney, NSW 2006, Australia

1 The actions of opioids on membrane properties of rat periaqueductal gray neurones were investi-
gated using intracellular recordings from single neurones in brain slices. Morphological properties and
anatomical location of each impaled neurone were characterized by use of intracellular staining with
biocytin. The present paper primarily considers neurones which were directly hyperpolarized by opioids.
The accompanying paper considers inhibition of synaptic transmission by opioids.
2 Met-enkephalin (10-30;LM) hyperpolarized 29% (38/130) of neurones. The hyperpolarization was
fully antagonised by naloxone (1 IM, n = 3). The response to Met-enkephalin was not affected by agents
which block synaptic neurotransmission (IAM tetrodotoxin, and 0.1 M tetrodotoxin +4mM Co2+,
n = 3).
3 The specific IA-receptor agonist, D-ala-met-enkephalin-glyol (3 AM, n = 17) produced hyperpolariza-
tions of similar amplitude to those produced by Met-enkephalin (10-30 PM). The EC50 of D-ala-met-
enkephalin-glyol was 80 nm and the maximum response was achieved at 1-3 ItM. The 6-receptor
(D-Pen-D-Pen-enkephalin, 3 AM, n = 7) and K-receptor (U50488H, 3 ILM, n = 5) agonists had no effect on
the membrane properties of these neurones.
4 The opioid-induced hyperpolarization was associated with an increased potassium conductance.
Hyperpolarizations were accompanied by a significant decrease in membrane resistance between -70
and - 80 mV, and a significantly greater decrease between -110 and - 140 mV (n = 16). Hyperpolariza-
tions reversed polarity at - 111 ± 3 mV (n = 16), close to the expected equilibrium potential for
potassium ions. The reversal potential of outward currents increased by 24 mV when the extracellular
potassium concentration was raised from 2.5 to 6.5 mM, which is close to the value predicted by the
Nernst equation (25 mV) for a potassium conductance.
5 Resting inward rectification (reduced input resistance at potentials more negative than - 100 mV in
the absence of opioids) was significantly greater in neurones which were hyperpolarized by opioids than
in those which were not hyperpolarized. The amplitude of action potential after hyperpolarizations was
significantly smaller in neurones which were hyperpolarized by opioids. Other membrane properties did
not differ significantly between opioid-sensitive and -insensitive neurones.
6 Neurones hyperpolarized by opioids were multipolar (58%), triangular (21%) or fusiform (5%) in
shape with a soma diameter of 22 ± 1 lm (n = 19, longest axis). Dendritic spread was in a large
radiating pattern, usually in all directions, with axons usually originating from primary dendrites. The
axons were usually branched and projected in several directions. Morphological properties did not differ
significantly between opioid-sensitive and -insensitive neurones.
7 Neurones hyperpolarized by opioids were located predominantly in the lateral periaqueductal gray,
as well as in the more dorsal areas of the ventrolateral periaqueductal gray, whereas neurones not
hyperpolarized by opioids were located in the more ventral areas of the ventrolateral periaqueductal
gray.
8 These studies demonstrate that opioids acting on p-receptors increase potassium conductance in a
sub-population of large neurones located predominantly in the lateral column of the periaqueductal
gray. The neurones hyperpolarized by opioids could be involved in the antinociceptive actions of
opioids, but might also be involved in other functions because a large proportion lie outside of the main
'antinociceptive zone' of the periaqueductal gray. It is also unlikely that these neurones are GABAergic,
suggesting that they might not participate in the postulated antinociceptive action of opioids mediated
via disinhibition of neurones which project to the ventral medulla.

Keywords: Periaqueductal gray; opioid; enkephalin; it-receptor; 6-receptor; K-receptor; intracellular recording; potassium con-
ductance; analgesia

Introduction

The periaqueductal gray (PAG) is an important site for the duce antinociception which can be antagonized by naloxone
antinociceptive actions of opioids. Direct microinjections of (Adams, 1976; Akil et al., 1976). The PAG is also thought to
morphine into PAG have been reported to produce antino- be involved in the expression of opioid withdrawal signs in
ciception, via an effect of neurones located in the rostral morphine-dependent animals (Laschka et al., 1976; Bozarth
ventromedial medulla which participate in descending anti- & Wise, 1984; Maldonado et al., 1992).
nociceptive mechanisms (Yaksh et al., 1988; Fields et al., Opioid-mediated antinociception was most pronounced
1991). The rat PAG is rich in nerve terminals and fibres when micro-injections or electrical stimulation were directed
containing endogenous opioids (see Reichling et al., 1988) at the caudal part of ventrolateral PAG (Yaksh et al., 1988).
and electrical stimulation in PAG has been reported to pro- This is consistent with the notion that the PAG is organised

into anatomically and functionally distinct columns of
_ neurones extending along the rostrocaudal axis (see Bandler

Author for correspondence. et al., 1991). However, little is known of the actions of
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opioids on membrane properties of PAG neurones, or
actions on neurones in different functional subdivisions of
the PAG.
From a study of extracellular recordings from brain slices,

opioids were reported to excite, inhibit or have no effect on
neurones distributed throughout the PAG (Behbehani et al.,
1990). By use of intracellular electrodes, neurones located in
the dorsolateral PAG were shown to be inhibited by opioids
(ibid). The present study used intracellular recordings from
neurones in the lateral and ventrolateral PAG in brain slices
to characterize the effects of opioids on membrane properties
in subdivisions which are thought to be involved in antino-
ciception. The accompanying paper considers the effects of
opioids on synaptic transmission in PAG.

Disinhibition of neurones which project to the ventral
medulla, mediated via inhibition of GABAergic inter-
neurones by opioids, has been proposed as the mechanism by
which opioids act in PAG to induce antinociception (Bas-
baum & Field, 1984). Similar mechanisms appear to account
for excitatory effects of opioids elsewhere in the central ner-
vous system. In many of these cases distinct morphological
and/or physiological properties of opioid-sensitive (pre-
sumably GABAergic) and -insensitive neurones have been
described (Madison & Nicoll, 1988; Lacey et al., 1989; Pan et
al., 1990; Johnson & North, 1992). In the present study
physiological properties of opioid-sensitive and -insensitive
neurones in PAG were also characterized and morphological
properties defined by use of intracellular labelling with
biocytin.

Methods

Preparation of tissue and solutions

Male Sprague-Dawley rats (150-250g) were anaesthetized
with halothane, decapitated, and horizontal brain slices con-
taining PAG (300 pm) were cut and maintained in physio-
logical saline at 35C. Slices containing PAG lateral or vent-
ral to the aqueduct were transferred to a tissue bath.
Submerged slices were superfused with physiological saline at
35'C (1.5 ml min-'). The physiological saline solution con-
tained (in mM): NaCl 126, KCI 2.5, NaH2PO4 1.2, MgC12 1.2,
CaCl2 2.4, glucose 11 and NaHCO3 24 and was gassed with
95% 02 + 5% CO2. Drugs were applied to the slice by
changing the solution to one that differed only in its content
of the drug.

Electrophysiological recording

Intracellular recordings of membrane potential were made
with microelectrodes (70-120 MO, filled with 2 M KCl + 2%
biocytin buffered with 50 mM Tris HCl, pH 7.4) using a
single electrode current- and voltage-clamp amplifier (Axo-
clamp-2A). The approximate locations of impaled neurones
were plotted on an atlas of the rat PAG (Paxinos & Watson,
1986). Recordings of membrane potential and applied current
were plotted directly on chart recorder paper as well as being
digitized for later analyses (PCLAMP and AXOTAPE soft-
ware, Axon Instruments). Electrode resistance was monitored
and balanced throughout experiments. For measurement of
the amplitude of hyperpolarizations, membrane potential was
held between -65 and -75 mV by application of constant
current through the recording electrode. Input resistance was
determined throughout with brief (250 ms) hyperpolarizing
current pulses (0.3 Hz, -40 to - 200 pA). The same currents
were applied throughout drug applications. For determina-
tion of voltage-current relationships, membrane potential was
monitored over a range (usually -50 to - 150 mV) by
applying an incremental series of current pulses of 200 ms
duration. In these cases, the basal membrane potential was
adjusted to control values during drug application by appli-
cation of constant current. The total applied current was

used to determine voltage-current relationships. In several
cases stable recordings were achieved with sufficiently low
resistance electrodes (70-80 MC) to permit the use of discon-
tinuous voltage-clamp at switching frequencies of 2-3 kHz
while continuously monitoring the potential at the headstage
with a separate oscilloscope. All data are expressed as
mean ± s.e. mean.

Histochemistry

After recording, slices were fixed for at least 12 h in 10%
formalin/phosphate buffer solution at 4°C. Slices were then
rinsed in phosphate buffer and incubated in 0.3% H202/
phosphate buffer (0.1 M pH 7.2) solution for 30 min. A fur-
ther rinse was performed before incubating the slice in 0.3%
Triton X-100/phosphate buffer solution for four days at 4°C.
Slices were then rinsed and incubated in a solution contain-
ing 1:200 dilution of Extravidin peroxidase (Sigma, St
Louis), and phosphate buffer for 2 h at room temperature
with gentle rotations. This was followed by a rinse in 0.04%
nickel/phosphate buffer solution for 1 h. The final incubation
was in a solution containing 3,3'-diaminobenzidine (0.05%),
nickel (0.04%), H202 (0.005%) and phosphate buffer. The
reaction was stopped by rinsing the slice several times in
phosphate buffer, when background staining started to
become prominent. Slices were then mounted on gelatinised
slides, dried, dehydrated in a graded series of alcohol and
histolene, and coverslipped in D.P.X. mounting medium
(BDH, UK). The coordinates of each stained section were
identified from a rat brain atlas (Paxinos & Watson, 1986)
and morphological properties were characterized as described
in the results section. All morphological data are expressed as
mean ± s.e. mean.

Drugs and reagents

Biocytin, Met-enkephalin and tetrodotoxin were obtained
from Sigma (St Louis, U.S.A.), Tyr-D-Ala-Gly-MePhe-Glyol
(DAMGO) and Tyr-D-Pen-Gly-Phe-D-Pen (Pen = penicillam-
ine, DPDPE) from National Institute on Drug Abuse
(U.S.A.), trans-( + )-3,4-dichloro-N-methyl-N-[2-(1-pyrro-

a
Met-enkephalin (30 gM)

Jilil

b
Met-enkephalin (30 jiM)

10 mV

1 min

Figure 1 Responses of PAG neurones to Met-enkephalin (30 tM).
(a) Example of a neurone hyperpolarized by Met-enkephalin. The
hyperpolarization was associated with decreased input resistance
(decreased amplitude of downward deflections). (b) Example of lack
of effect of Met-enkephalin on membrane potential or input resis-
tance. Downward deflections are membrane potential responses to
constant current pulses passed through the recording electrode
(- 120 pA, 250ms in a, -50pA, 250ms in b).
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lidinyl)-cyclohexyl]benzeneacetamide methane sulphonate
(U50488H) from Upjohn and naloxone hydrochloride from
Research Biochemicals Inc (Natick, MA, U.S.A.).

Results

Opioids acting on p-receptors directly hyperpolarize a
sub-population ofPAG neurones

Superfusion of Met-enkephalin (10-30 ltM) produced a
hyperpolarization in 29% of PAG neurones (38/130). Hyper-
polarizations were associated with a decrease in membrane
resistance (Figure la, Figure 4). Met-enkephalin did not
affect the membrane properties of the other 92 neurones
tested (Figure lb). The hyperpolarization induced by Met-
enkephalin persisted in the presence of agents which block
synaptic transmission (n = 3, 1 gLM tetrodotoxin or tetrodo-
toxin + 4 mM Co2+), suggesting a direct action on impaled
neurones. These agents completely abolished electrically-
evoked postsynaptic potentials (see Chieng & Christie,
1994).
Neurones which were hyperpolarized by Met-enkephalin

were also hyperpolarized by the selective preceptor agonist,
DAMGO (e.g. Figure 2a, n = 17). The effects of DAMGO
were completely reversed by the opioid antagonist, naloxone
(1 SAM, n = 3, e.g. Figure 2b). Figure 3 depicts the con-
centration-response relationship of DAMGO. The EC50 was
approximately 80 nM, and maximum response was achieved
at approximately 3 tM. When tested in the same neurones,
the maximum amplitudes of the hyperpolarizations produced
by DAMGO (8.5 ± 1.2 mV, n = 17) and Met-enkephalin
(Figure 3, 7.7 ± 1.2 mV, n = 17) were similar (paired-t = 2.0,
P>0.05).
The membrane properties of neurones which were hyper-

polarized by Met-enkephalin were not affected by selective 6-
(DPDPE, 3 tM, n = 7, Figure 2c) or K-receptor (U50488H,
3 EM, n = 5, Figure 2d) agonists. The solutions of DPDPE

and U50488H used in these experiments were subsequently
found to be pharmacologically active at appropriate concen-
trations on 6- and K-receptors in mouse vas deferens (N.
Lavidis, personal communication) and guinea-pig ileum pre-
parations (data not shown) respectively.

Opioids increase an inwardly rectifying potassium
conductance

Opioids decreased input resistance at all potentials tested
(Figures 4 and 5). For determination of voltage-current rela-
tionships (Figure 4), an incremental series of current pulses
was applied through the recording electrode. The membrane
potential during the application of Met-enkephalin or
DAMGO was adjusted to the pre-drug level by application
of constant current and the same series of current pulses was
then applied. The hyperpolarization produced by opioids

120
0

0
0.u' 80
X4
E

m 40
E

0
0.3

[DAMGOI (pM)

Figure 3 Concentration-response curve of DAMGO in neurones
which were hyperpolarized by Met-enkephalin. The effect of
DAMGO is expressed on the ordinate scale as a percentage of the
hyperpolarization produced by Met-enkephalin (10 or 3014M) in the
same neurone. The EC50 for DAMGO was approximately 80 nM.

b DAMGO (3 gM)

DAMGO (3 gM)

18 min

10 mV

1 min

c

Naloxone (1 g.M)
r~~~~~~~~~~~ I~~~~~~

10 mV

1 min

d

DPDPE (3 gM)

w0W_|R~~~lAAHH AMAlEMI
U50488H (3 g.m)

HI J!IAB ~H~Hll HiI
20 mV 20 mV

1 min 1 min
Figure 2 Hyperpolarizations induced by selective is-, but not 6- or K-receptor agonists. (a) DAMGO (3 JiM) induced a reversible
hyperpolarization and decreased input resistance. (b) The hyperpolarization induced by DAMGO was completely antagonized by
naloxone (I ;LM). The selecitve 6-receptor agonist DPDPE (3 lMm, c) and x-receptor agonist U50488H (3 JIM, d) had no effect. These
recordings (c and d) are from a single neurone which were hyperpolarized by Met-enkephalin (- 5 mV at - 71 mV). Drugs were

superfused during periods indicated by solid bars. Resting membrane potentials of neurones were maintained at -71 mV.
Downward deflections are membrane potential responses to constant current pulses passed through the recording electrode
(-70 pA, 250 ms in a and b; -300 pA, 250 ms in c and d). Periods of superfusion of drugs are shown by bars. For abbreviations,
see text.

a
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a b

20 mV 40m-s

c d

20 mV

40 ms

Figure 4 Voltage-current relationships (raw data) of two neurones (one neurone in a and b, another in c and d) to opioids. Left
figures (a and c) were sampled just prior to superfusion of opioids, and right figures (b and d) during opioid superfusion.
Incremental step current pulses (60 pA increments from - 270 pA, 200 ms in a and b, 70 pA from - 350 pA in c and d) were
applied for 200 ms (current record not shown). Resting membrane potential was maintained at -70 mV in each example by
applying a constant current to the recording electrode (a = -10 pA, b = 80 pA, c = -70 pA, d = - 50 pA). Resting (i.e., without
superfusion of opioids) inward rectification (decreased membrane resistance at very negative membrane potentials) was evident in
both neurones. DAMGO (3 0LM, b) and Met-enkephalin (30 gM, d) hyperpolarized (compensated by application of constant current
in record, see above) and decreased input resistance of each neurone at all potentials tested. The second neurone (c and d)
displayed a slowly developing depolarization during large hyperpolarizing current pulses, which slowly relaxed on repolarization.
Met-enkephalin had no effect on this slowly developing depolarization. Met-enkephalin and DAMGO did not substantially affect
action potentials or afterhyperpolarizations in either neurone.

J-40

Figure 5 Effects of Met-enkephalin (30 ;LM) on subtracted steady-
state current-voltage relationship of a single neurone in two extracel-
lular potassium concentrations (control current subtracted from cur-

rent in the presence of Met-enkephalin): (0) 2.5 mM, (0) 6.5 mM
potassium.

(10-30 llM Met-enkephalin, n = 10, or 3 gM DAMGO, n = 6)
reversed polarity at -111 ± 3 mV (n = 16, Figures 4 and 5).
Using voltage-clamp, the reversal potential shifted from
-110 mV to -86 mV when the extracellular potassium con-

centration was raised from 2.5 mM to 6.5 mM (Figure 5).
This 24 mV shift is in close agreement with the value
predicted by the Nernst equation (25 mV) for a potassium
conductance. In this experiment, the slope conductance of the
opioid-induced current showed inward rectification both in
2.5mM (1.1 nS at -70mV and 2.3nS at -120mV) and

6.5 mM extracellular potassium (1.8 nS at -70 mV and
10.7 nS at -90 mV). Complementary results were obtained
from recordings of membrane potential. The opioid-induced
decrease in input resistance was smaller when determined
between -70 and -80mV (17±4%, n= 16) than between
-110 and-140 mV (37± 6%, n = 16, difference = 20± 6%,
paired t = 3.37, P <0.005). Other membrane properties includ-
ing amplitude and duration of action potentials and after-
hyperpolarizations, and the slowly developing depolarization
at negative potentials were not affected (Figure 4).

Other membrane properties of opioid-sensitive and
-insensitive neurones

In the absence of applied opioids, opioid-sensitive neurones
displayed more resting inward rectification than -insensitive
neurones. The input resistance of opioid-sensitive neurones
was significantly smaller at more negative membrane poten-
tials (-110 to - 140 mV, 147 ± 18 MO, n = 19) than between
-70 and -80mV (288 ± 36 MQ, difference = 140 ± 31 ML,
paired t = 4.59, P <0.001). Input resistance of opioid-insen-
sitive neurones was also smaller at negative membrane poten-
tials (-110 to - 140 mV, 248 ± 13 MCI, n = 67) than between
-70 and -80 mV (289 ± 13, difference = 47 ± 5 MCI, paired
t = 6.00, P<0.0001). However, the decrease in input resis-
tance at negative potentials was significantly larger in opioid-
sensitive than -insensitive neurones (40 + 6%, n = 19 versus
17+2%, n=67, unpaired t=4.9, P<0.001).
With the exception of the amplitude of afterhyperpolariza-
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Figure 6 Examples of three morphological types of biocytin-filled
PAG neurones. (a) Fusiform, (b) triangular and (c) multipolar, from
horizontal midbrain sections. The somata are ovoid shaped and
primary dendrites arise from thick extensions of somata. Dendrites
branch out in a radiating pattern. Note varicosities, as well as
isolated and sparse dendritic spines. Scale bar = 50 im.

tions, other membrane properties of opioid-sensitive and
-insensitive neurones did not differ signficantly. The ampli-
tude of afterhyperpolarization was 20 ± 2 mV (n = 16) in
opioid-sensitive and 25 ± 1 mV (n = 58, unpaired t = 2.45,
P<0.02). Sixty-three percent (12/19) of opioid-sensitive
neurones fired spontaneous action potentials at 10 ± 4 Hz
(range 0.2 to 50 Hz) in the absence of applied current, versus
50% (34/68) of opioid-insensitive neurones (4 ± 1 Hz, range
0.2 to 14 Hz). Resting membrane potential was -66 4 mV
(n = 7) in quiescent opioid-sensitive neurones (versus -71 +
2 mV in opioid-insensitive neurones, n = 32). Action poten-
tials had a threshold of -56 1 mV (n = 16) in opioid-
sensitive neurones, versus -54 1 mV (n = 58) in opioid-
insensitive neurones, amplitude of 62 ± 2 mV (versus 63 +
1 mV), duration at threshold of 1,1 ± 0.1 ms (versus 1.4 +
0.1 ms) and 10-90% rise-time 0.27 ± 0.02 ms (versus 0.31 ±
0.01 ms). During large hyperpolarizing current pulses, a

Figure 7 Anatomical locations of opioid-sensitive (0) and -in-
sensitive (0) neurones in four dorso-ventral levels of horizontal
PAG sections (5.1, 5.6, 6.1 mm and 6.6mm ventral to bregma). The
precise locations of neurones were determined by visualization of
biocytin staining and plotted on diagrams prepared from a
stereotaxic atlas of the rat brain (Paxinos & Watson, 1986). Abb-
reviations: 4v, fourth ventricle; aq, aqueduct; DR, dorsal raphe
nucleus; ldtg, laterodorsal tegmental necleus.

slowly developing depolarization which slowly relaxed on
repolarization occurred in 21% (4/19) of opioid-sensitive
neurones and 8% (5/65) of opioid-insensitive neurones (e.g.
Figure 4c,d). The membrane time constant of opioid-sensitive
neurones was 22 ± 2 ms (n = 19) between -60 and -80 mV
(versus 26 ± 1 ms, n = 67 for opioid-insensitive neurones).

Morphology of opioid-sensitive and -insensitive neurones

No significant morphological differences were observed
between opioid-sensitive and -insensitive neurones (Figure 6).
Soma diameters (measured along the longest axis) of opioid-
sensitive neurones (22 ± 1 Am, range 13 to 30 Am, n = 20)
were nearly identical to opioid-insensitive neurones (22 +
1 Am, range 10 to 331m, n = 48). Of the opioid-sensitive
neurones, 58% were multipolar (11/19) with ovoid shaped
soma (versus 49% [21/43] of opioid-insensitive neurones);
37% were triangular (versus 30% of opioid-insensitive
neurones) and 5% fusiform (versus 21% of opioid-insensitive
neurones). Orientations of the somata were mostly in the
horizontal plane (16/21 versus 37/40 opioid-insensitive
neurones). Dendritic spread was usually in a radiating pat-
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tern in all directions. Primary dendrites of opioid-sensitive
and -insensitive neurones arose from thick extensions of the
soma and formed a number of branches (mode = 4 for
opioid-sensitive and 3 for -insensitive neurones). Of opioid-
sensitive neurones, 29% (6/21) had spines on the primary
dendrites (versus 56% [23/41] of opioid-insensitive neurones)
and 10% had varicosities (versus 26% of opioid-insensitive
neurones). The length of the primary dendrites was 33 ±
10 Elm (n = 21) with a diameter 2.5 ± 0.2 Elm (n = 21) (versus
45 + 8, and 2.7 ± 0.1, n = 47 respectively for opioid-insensi-
tive neurones). Secondary dendrites were usually very long
(155 26 im, n = 21) and thin (1.3 ± 0.1 gm, n = 21) (versus
113 ± 15 Elm and 1.4 ± 0.1 gm, n = 44 respectively for opioid-
insensitive neurones). Spines were visible on 71% of secon-
dary dendrites, and 67% had varicosities (versus 72% and
49% respectively for opioid-insensitive neurones). In all cases
spines and varicosities were isolated and sparse (Figure 6).
Tertiary dendrites usually appeared to have been damaged
during slice preparation. Where they could be identified,
axons (<0.5 gm diameter) were usually branched with abori-
sations oriented in many directions. Axons appeared to
originate from the soma in 38% of opioid-sensitive neurones
(3/8 versus 73% [24/33] for opioid-insensitive neurones), and
from primary dendrites in others.

Anatomical location of opioid-sensitive and -insensitive
neurones

Figure 7 depicts the anatomical location of opioid-sensitive
and -insensitive neurones in horizontal sections of PAG. The
proportions of neurones hyperpolarized by opioids signifi-
cantly differed among the three main dorso-ventral levels
categorized (5.1, 5.6 and 6.1 mm ventral to bregma, x2 = 29,
2 d.f., P <0.001). All neurones impaled in the most dorsal
slices (lateral PAG, approximately 5.1 mm ventral to bregma)
were hyperpolarized by opioids (9/9). In intermediate slices
50% of neurones (15/30) were hyperpolarized by opioids. At
this dorso-ventral location the majority of opioid-sensitive
neurones appeared to lie adjacent to the dorsal raphe
nucleus. In more ventral slices (ventrolateral PAG, approx-
imately 6.1 mm ventral to bregma), only 19% (14/75) of
neurones scattered throughout the region were hyper-
polarized by opioids. Although 20% (1/5) of neurones in the
most ventral section (6.6 mm ventral to bregma) were also
hyperpolarized by opioids, too few neurones were impaled
for reliable comparisons to be made with other sections.

Discussion

The present study demonstrated that opioid agonists selective
for L-receptors directly hyperpolarized a sub-population of
PAG neurones by increasing an inwardly rectifying potas-
sium conductance. Opioid-sensitive neurones were impaled
more frequently in lateral than in ventrolateral PAG. With
the exception of greater resting inward rectification and
smaller amplitude of afterhyperpolarizations in opioid-sen-
sitive neurones, other membrane and morphological proper-
ties did not discriminate the sub-populations.

Opioids directly hyperpolarized PAG neurones by increas-
ing an inwardly rectifying potassium conductance. The
hyperpolarization reversed polarity at the expected equili-
brium potential for potassium ions (EK), assuming an intra-
cellular potassium concentration of 165 mm. The reversal
potential became less negative in close agreement with the
Nernst equation when the external potassium concentration
was increased, strongly suggesting that the hyperpolarization
was due to increased potassium conductance. The opioid-
induced potassium conductance displayed inward rectifi-
cation at hyperpolarized potentials, i.e. the change in input
resistance (or conductance using voltage-clamp) was greater
at potentials negative to EK than at more positive potentials.
A similar mechanism of action of opioids has been described

in a variety of central and peripheral neurones (e.g. Williams
et al., 1982; North et al., 1987; Christie & North, 1988;
Madison & Nicoll, 1988; Lacey et al., 1989; Pan et al., 1990;
Johnson & North, 1992).
The opioid-induced hyperpolarization of PAG neurones

was due to activation of IL-receptors. The n-receptor selective
agonist, DAMGO, produced hyperpolarizations of similar
amplitude to Met-enkephalin, whilst 6- and K-receptor selec-
tive agonists had no effect. The effects of DAMGO and
Met-enkephalin were fully antagonized by naloxone. Further-
more, the potency of DAMGO was similar to that previously
reported for s-receptor actions in central neurones (e.g.
Christie & North, 1988). Inhibition of synaptic transmission
by opioids was also largely mediated by n-receptors in PAG
(Chieng & Christie, 1994). These results agree with reports of
a moderate (Mansour et al., 1987; Tempel & Zukin, 1987) to
high (Waksman et al., 1986) density of Preceptor binding
sites, but not 6-receptor binding sites (Waksman et al., 1986;
Mansour et al., 1987; Tempel & Zukin, 1987) in rat PAG.
The IA-receptor-mediated effects observed in the present study
are also generally compatible with the strong antinociception
induced by microinjections of opioids into the PAG (e.g.
Yaksh et al., 1988), and induction of withdrawal behaviour
by microinjections of opioid antagonists into PAG of
morphine-dependent rats (e.g. Maldonado et al., 1992), or by
chronic infusion of morphine into PAG (Bozarth & Wise,
1984). However, no direct effects of x-receptor agonists were
observed in the present study despite reports of a high den-
sity of K-receptor binding sites in PAG (Mansour et al., 1987;
Tempel & Zukin, 1987).

Opioids directly hyperpolarized a sub-population of
neurones in PAG. The reasons for more pronounced resting
inward rectification and smaller afterhyperpolarizations in
opioid-sensitive neurones are unclear at present, but might
suggest that other receptors and/or ion channels in addition
to p-receptors differ between sub-populations. It might be
argued that neurones were artefactually classified as opioid-
insensitive in the present study, perhaps due to poor quality
of impalements. However, this is unlikely because only
impalements considered to be of high quality were used (see
methods), and most other physiological properties did not
differ between sub-populations. Furthermore, 100% (n = 16)
of the opioid-insensitive neurones were hyperpolarized by the
GABAB-receptor agonist, baclofen (Chieng & Christie,
unpublished observation), which presumably acts via a
similar intracellular mechanism to g-receptor agonists (e.g.
Christie & North, 1988) and suggests that second messenger
systems were functional in opioid-insensitive neurones.

Populations of opioid-sensitive and -insensitive neurones
studied in other brain regions were easily discriminated on
the basis of physiological and/or morphological properties,
e.g. in the hippocampus (Madison & Nicoll, 1988), substantia
nigria (Lacey et al., 1989), ventral tegmental area (Johnson &
North, 1992) and nucleus raphe magnus (Pan et al., 1990).
However, with the exception of significantly greater resting
inward rectification and smaller afterhyperpolarizations in
opioid-sensitive neurones, other physiological and mor-
phological features of PAG neurones failed to distinguish
separate sub-populations. Glutamatergic and GABAergic
components of spontaneous and electrically-evoked synaptic
potentials also failed to discriminate the two sub-populations
(Chieng & Christie, 1994). Membrane properties of neurones
were similar to those previously described for guinea-pig
PAG neurones (Sanchez & Ribas, 1991).

It is not clear whether the relatively uniform properties of
opioid-sensitive and -insensitive neurones observed in the
present study suggest a novel organisation of opioid-sensitive
and -insensitive neurones in PAG, or are perhaps due to
biased sampling of large cells by intracellular recording tech-
niques. The mean soma diameter of impaled neurones were
221m and very few small (< 15 ,m diameter) neurones were
sampled. In contrast, the mean diameter was reported to be
14 gm in Nissl and Golgi staining studies of rat lateral and
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ventrolateral PAG (Beitz, 1985; Beitz & Shepard, 1985). Only
33% of Golgi-stained neurones correspond the large fusi-
form, triangular, and multipolar types impaled in the present
study (Beitz & Shepard, 1985). Barbaresi & Manfrini (1988)
also reported that most glutamate decarboxylase immuno-
reactive interneurones in lateral and ventrolateral PAG were
small (mean diameter of 10 ttm calculated from reported
area). It is therefore possible that opioids also act on
physiologically distinct small neurones. It is also possible that
3- and K.-receptors on small neurones mediate some actions
of opioids in PAG.
The anatomical locations of the two types of PAG

neurones found in the present study support the concept that
PAG is organised into functional columns extending along
the rostrocaudal axis (see Bandler et al., 1991). Opioids
hyperpolarized a greater proportion of neurones located in
the lateral column (100% of neurones) and dorsal parts of
the ventrolateral column (50% of neurones) than in the
ventrolateral PAG (19% of neurones, Figure 7). Behbehani
et al. (1990) also reported that Met-enkephalin hyper-
polarized 95% of neurones located in dorsolateral PAG. In
contrast, the main antinociceptive zone identified by microin-
jections of opioids or electrical stimulation was reported to
lie within the caudal ventrolateral region of PAG (Yaksh et
al., 1988). The somata of neurones which were hyperpolar-
ised by opioids therefore appear to lie outside of the main
antinociceptive zone of PAG. However, this discrepancy
should not be viewed as critical. Firstly, it is possible that
most of the opioid-sensitive neurones sampled in this study
have nothing to do with eliciting antinociception, i.e. they
might not interact with projection neurones which are parts
of the descending antinociceptive pathway. Our physiological
roles of PAG influenced by opioids might include organis-

ation of autonomic and somatic components of defence and
escape behaviours, or perhaps cardio-respiratory functions
(see Bandler et al., 1991). Second, it is conceivable that the
abundant small neurones which were not sampled in the
ventrolateral PAG (see above) do respond to opioids and are
involved in antinociception. Finally, it should be noted that
inhibition of synaptic transmission by opioids occurred
throughout the lateral and ventrolateral PAG and could be
important for the antinociceptive actions of opioids (Chieng
& Christie, 1994).

Disinhibition of neurones which project to the ventral
medulla was proposed as the mechanism by which opioids
act in PAG to induce antinociception (Basbaum & Fields,
1984). This has been postulated to occur via opioid inhibition
of tonically active GABAergic interneurones, thereby disin-
hibiting PAG output neurones projecting to the ventral
medulla. Although neurones which were hyperpolarized by
opioids in the present study could conceivably participate in
this kind of disinhibition, it is unlikely that they were
GABAergic because neurones in PAG reported to be immu-
noreactive for glutamate decarboxylase (Barbaresi & Man-
frini, 1988) were much smaller than the neurones sampled in
the present study. The neurotransmitters present and ana-
tomical organisation of opioid-sensitive and -insensitive
neurones in the PAG have yet to be directly established.
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Effects of chronic infusions of a-trinositol on regional and
cardiac haemodynamics in conscious rats

'S.M. Gardiner, P.A. Kemp, *B. Fallgren & T. Bennett

Department of Physiology & Pharmacology, University of Nottingham Medical School, Queen's Medical Centre, Nottingham
NG7 2UH, England and *Perstorp Pharma, Science Park, Ideon, S-223 70 Lund, Sweden

1 Male, Long Evans rats (350-450 g) were chronically instrumented for the measurement of renal,
mesenteric and hindquarters haemodynamics, and were given three consecutive, 24 h infusions of vehicle
(sterile saline at 0.3 ml h-'; n = 8) or a-trinositol (D-myo-inositol-1,2,6-triphosphate) at 5, 20 and
80mg kg' h-' (0.3 ml h'; n = 9). During infusion of a-trinositol at 5 or 20mg kg-I h-', cardiovas-
cular changes were little different from those seen during saline infusion. However, during infusion of
a-trinositol at 80 mg kg-' h-' there were increases in hindquarters vascular conductance, renal flow and
vascular conductance, that were all significantly different from the changes seen in the saline group.

Infusion of a-trinositol at the high dose in naive rats (n = 8) had even more marked vasodilator effects.
2 Two groups of rats (n = 8 in each), chronically instrumented for the measurement of cardiac
haemodynamics, were given 48 h infusions of saline (0.3 ml h-1) or a-trinositol (2 mg kg-' bolus,
80 mg kg' h-' infusion at 0.3 ml h-'). During the infusion of saline, there were slight reductions in
heart rate, cardiac index, peak aortic flow, dF/dtmax and central venous pressure. In the animals receiving
a-trinositol, with the exception of central venous pressure, all the above variables, together with total
peripheral conductance, increased.
3 These results, collectively, indicate that incremental infusions of a-trinositol do not reveal its full
vasodilator potential, possibly due to concurrent activation of counter-regulatory vasoconstrictor
mechanisms. However, infusion of a-trinositol at a high dose causes substantial increases in renal,
mesenteric and hindquarters flows and vascular conductances, supported by significant increases in
indices of cardiac inotropism. Such effects, in the absence of significant hypotension, tachycardia or

signs of desensitization, give a-trinositol a unique cardiovascular profile.
Keywords: a-Trinositol; regional vasodilatation; cardiac inotropism

Introduction

There is increasing evidence that D-myo-inositol-1,2,6-tri-
phosphate (a-trinositol, previously known as PP56) has un-
usual pharmacological attributes. For example, x-trinositol
appears to act as an antagonist of the effects of exogenous
neuropeptide Y (NPY), both in vivo and in vitro (Edvinsson
et al., 1990; Adamsson & Edvinsson, 1991; Edvinsson &
Adamsson, 1992; Sun et al., 1991a,b; 1992; 1993; Potter et
al., 1992; Donoso et al., 1993; Schweiler & Hjemdahl, 1993),
although this finding is not unanimous (Pernow et al., 1992;
Feth et al., 1993). However, in the study of Pernow et al.
(1992) only a single bolus injection of a-trinositol was given
and Feth et al. (1993) performed only few experiments.
Moreover, while recent findings indicate that x-trinositol may
also act as an antagonist of the vasoconstrictor effects of
exogenous ATP on the basilar artery of the guinea-pig
(Wahlestedt et al., 1992), this effect required higher doses of
m-trinositol than those needed to antagonize the actions of
NPY.

It has been shown that m-trinositol normalizes platelet
aggregation to ADP and thrombin in rats with streptozotocin
(STZ)-induced diabetes mellitus (Ruf et al., 1991), and, in the
same experimental model, x-trinositol has been found to
prevent the reduction in sciatic motor nerve conduction
velocity and to suppress partly the increased resistance to
hypoxic conduction block (Carrington et al., 1993). It is not
known if these actions of m-trinositol in STZ-treated rats are
due to inhibition of an effect mediated by endogenous NPY
and/or ATP, although Carrington et al. (1993) suggested that
the beneficial effects of x-trinositol on sciatic neuronal func-
tion may have been due to a vascular action. However, the in
vivo haemodynamic effects of a-trinositol are not known in

Author for correspondence.

detail, because previous studies in conscious animals involved
measurements of blood pressure and heart rate only.

Therefore, the first objective of the present work was to
assess the regional haemodynamic effects of incremental, 24 h
infusion of vehicle or x-trinositol in conscious rats. From this
experiment we obtained evidence (see Results) that infusion
of a-trinositol at 80 mg kg- ' h-' exerted vasodilator actions,
particularly in the hindquarters vascular bed. Thus, our
second objective was to investigate the regional haemo-
dynamic effects of a primed infusion of a-trinositol (2 mg
kg- I bolus, 80 mg kg-' h-') over 72 h. From this experiment
it became clear (see Results) that a-trinositol caused substan-
tial increases in renal, mesenteric and, particularly, hind-
quarters flows and vascular conductances. These findings
indicated that marked changes in cardiac haemodynamics
were probably occurring. So, our final objective was, in a
third experiment, to assess cardiac haemodynamics during
primed infusion of vehicle or a-trinositol (as above).

Methods

Experiments were carried out on male, Long Evans rats
(350-450 g) bred in the Biomedical Services Unit, Notting-
ham University Medical School. All surgery was carried out
under sodium methohexitone anaesthesia (Brietal, Lilly; 40-
60 mg kg-', i.p., supplemented as required). All details of
pulsed Doppler probe implantation, aortic electromagnetic
flow probe placement, and intravascular catheter implanta-
tion have been published (Gardiner et al., 1990a,b; 1991a,
b,c). At least 24 h after the final surgical intervention
(catheter implantation) the following experiments were
performed:-

'." Macmillan Press Ltd, 1994
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Regional haemodynamic effects of infusion of vehicle
(saline) or incremental doses of cx-trinositol

One group of animals (n = 8), instrumented for measurement
of regional haemodynamics was monitored for 30 min (06 h

30 min-07 h 00 min) before an infusion of sterile isotonic
saline (154mmoll1' NaCl) was begun (at 0.3mlh-') and
maintained for 3 days. Recordings (see below) were also
made up to 24 h after the end of the saline infusions.

In another group of rats (n = 9), instrumented for meas-

Table 1 Resting cardiovascular variables before infusion of saline or a-trinositol in three separate groups of conscious, Long Evans
rats, instrumented for the measurement of regional haemodynamics

Heart rate (beats min-')
Mean arterial blood pressure (mmHg)
Renal flow (kHz)
Mesenteric flow (kHz)
Hindquarters flow (kHz)
Renal conductance ([kHzmmHg-']103)
Mesenteric conductance ([kHzmmHg-']103)
Hindquarters conductance ([kHzmmHg-']103)

Values are mean ± s.e.mean.
*P<0.05 versus pre-a-trinositol (incremental).
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Figure 1 Cardiovascular changes in conscious Long Evans rats during infusion of saline (A; n = 8) or during consecutive
infusions of a-trinositol (0) at increasing doses of 5, 20 and 80 mg kg- ' h ' for 24 h, and during 24 h after cessation of the latter
dose (n = 9). HR = heart rate; MAP = mean arterial blood pressure. Values are mean ± s.e.mean; *P< 0.05 versus first pre-
infusion baseline; OP<0.05 versus corresponding integrated change during saline infusion.



HAEMODYNAMIC EFFECTS OF a-TRINOSITOL 131

urement of regional haemodynamics, 3 consecutive, 24 h
infusions of a-trinositol were administered at doses of 5, 20
and 80 mg kg-' h-'. On the first experimental day, following
a pre-infusion baseline recording period of 30 min (06 h 30
min-07 h 00 min), -trinositol infusion (0.3 ml h-') at 5 mg
kg-' h-' was begun, and continued until 07 h 00 min the
following day, when the infusion was changed to 20 mg
kg-' h-'. On the following day at 07 h 00 min the infusion
was changed to 80 mg kg-' h-', and was maintained for
24 h; the experiment was continued for 24 h after the end of
infusion. Recordings were made for 10 min across the time
points 0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 24 h on each day during,
and for the day after, infusion of saline or a-trinositol.

Regional haemodynamic effects ofprimed infusion of
cx-trinositol

On the basis of the first experiment (see Results), we inves-
tigated the regional haemodynamic changes in a group
(n = 8) of rats during primed infusion (2 mg kg-' bolus,
80 mg kg' h-') of o-trinositol for 72 h, and for 24 h after
the infusion had been stopped. Measurements were made at
the same time points as above on the first and last experi-
mental day, but only at 4, 8 and 24 h on the second and
third experimental days.

Cardiac haemodynamic effects ofprimed infusion of
saline or c*-trinositol

From the second experiment it seemed that the cardiovas-
cular effects of o-trinositol had reached a steady state by 48 h
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into the infusion (see Results). Therefore, in another 2 groups
(n = 8 in each) of rats, instrumented for measurement of
cardiac haemodynamics (Gardiner et al., 1990a,b; 1991a), we
gave infusions of vehicle (isotonic saline) or x-trinositol
(2 mg kg-' bolus, 80 mg kg-' h-'). Measurements were made
at 1, 2, 3, 4, 5, 6, 7, 8, 24 and 48 h during infusion, and at
the same time intervals after infusion.

Data analysis

The pulsed Doppler system does not provide an absolute
measure of volume flow, but under conditions of chronic
probe implantation, changes in the mean pulsed Doppler
shift signal provide a good index of changes in volume flow
(Gardiner et al., 1990b). Since, under this condition, the
changes in mean Doppler shift signal are determined by the
behaviour of the downstream resistance vessels, rather than
the vessel under the probe, then calculation of % changes in
vascular conductance from % changes in mean Doppler shift
and mean systemic arterial blood pressure provides a useful
index of changes in regional haemodynamics (e.g., Gardiner
et al., 1991a).

Since the system used for monitoring cardiac haemo-
dynamics gives absolute values for thoracic aortic flow (Gar-
diner et al., 1990a,b; 1991 a), then changes in cardiac
haemodynamic variables were not expressed as percentages.
Within-group analysis of responses during or after infusion
of saline or x-trinositol was by Friedman's test (Theodors-
son-Norheim, 1987). Comparison of responses during or
after infusion of saline or a-trinositol was by Wilcoxon's

o 24 48 72 96

t t t Time (h)

ax-Trinositol a-Trinositol a-Trinositol Infusion off
5 mg kg-' h-' 20 mg kg-' h-' 80 mg kg-' h-'

Figure 2 Cardiovascular changes in conscious Long Evans rats during infusion of saline (A; n = 8) or during consecutive
infusions of a-trinositol (@) at increasing doses of 5, 20 and 80 mg kg- ' h-' for 24 h, and during 24 h after cessation of the latter
dose (n = 9). Values are mean ± s.e.mean; *P< 0.05 versus first pre-infusion baseline; OP< 0.05 versus corresponding integrated
change during saline infusion.
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ranks sums test or the Mann-Whitney U test (as appropriate)
applied to integrated responses (i.e. areas under or over
curves) measured over each experimental day. A P value
<0.05 was taken as significant.

Drugs

a-Trinositol (Na' salt) was supplied by Perstorp Pharma as a
freeze-dried powder in sealed vials. This was reconstituted in
sterile water immediately before use to give a stock solution
of 200 mM; this stock solution was diluted with sterile
isotonic saline to give lower concentrations of a-trinositol.
This procedure allowed reasonable matching of the tonicity
of the saline and x-trinositol infusions, within the constraint
of keeping the infusion rate constant.

Results

Resting cardiovascular variables in the 3 groups of animals
instrumented for the measurement of regional haemo-
dynamics are shown in Table 1.

Regional haemodynamic effects of saline or incremental
infusions of x-trinositol

Cardiovascular changes during and after infusion of saline
During and after infusion of saline, mesenteric flow and
conductance showed some circadian variation, but other
variables showed little change (Figures 1 and 2).
Cardiovascular changes during and after infusion of o-
trinositol With infusion of a-trinositol at 5 or 20 mg kg-'
h-' cardiovascular changes were generally similar to those
seen during saline infusion (Figures 1 and 2). However,
during infusion of m-trinositol at 80 mg kg-' h-' there were
increases in renal flow and conductance and in hindquarters
conductance that were significantly different from those dur-
ing saline infusion (Figures 1 and 2). Following infusion of
a-trinositol, changes in cardiovascular variables were gener-
ally similar to those following saline infusion (Figures 1 and
2).

Regional haemodynamic effects ofprimed infusion of
cx-trinositol

There was a slight, progressive tachycardia which became
significant 6-8 h after onset of x-trinositol infusion (Figure
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Figure 3 Cardiovascular changes during and after chronic infusion of saline (A; n = 8) or m-trinositol (@) (2 mg kg-' bolus,
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3), but thereafter (except at 28 h) heart rate was not
significantly different from baseline (Figure 3). The initial
tachycardia was significantly different from the change seen
during infusion of saline (Figure 3).
Over the first 1 h after the onset of the x-trinositol

infusion, there was no significant change in mean arterial
blood pressure (Figure 3). However from 3-5 h after the
onset of o-trinositol infusion there was a small, but signi-
ficant, hypotension and this was significantly different from
the change seen during saline infusion (Figure 3).
By 3 h after the onset of x-trinositol infusion, renal blood

flow and vascular conductance were increased significantly,
and these variables rose progressively throughout the infu-
sion period. Although there was some circadian variation,
renal flow and vascular conductance were significantly higher
than they were during infusion of saline (Figures 3 and 4).
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After the infusion of x-trinositol was stopped, renal blood
flow and vascular conductance fell, but they remained
significantly above baseline levels for up to 4 h. During this
time, the elevations in renal flow and vascular conductance
were significantly different from the changes seen following
saline infusion (Figures 3 and 4).

Within the first I h after the onset of x-trinositol infusion,
mesenteric blood flow and vascular conductance showed
small, but significant, increases (Figures 3 and 4) and by 24 h
after the onset of x-trinositol infusion, there were substantial
increases in mesenteric flow and vascular conductance that
were significantly greater than those during infusion of saline
(Figures 3 and 4). Within 30 min of the end of the x-
trinositol infusion, mesenteric flow and vascular conductance
fell towards the baseline level.
During the first 30 min after the onset of x-trinositol

*

0 24
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48 72
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Figure 4 Cardiovascular changes during and after chronic infusion of saline (A; n = 8) or a-trinositol (A) (2 mg kg-' bolus,
80mg kg-' h-'; n = 8) in conscious Long Evans rats. Values are mean ± s.e.mean; *P<0.05 versus original baseline; 0 P<0.05
versus corresponding integrated change during saline infusion.

Table 2 Resting cardiovascular variables before infusion of saline or a-trinositol in two separate groups (n = 8 in each) of conscious,
Long Evans rats instrumented for the measurement of cardiac haemodynamics

Pre-saline

Mean arterial blood pressure (mmHg)
Heart rate (beats min-')
Cardiac index (ml min-' 100 g-')
Stroke index (yll min-' 100 g-')
Peak aortic flow (mlmin-' 100g')
dF/dtmax (I min'2 100 g ')
Total peripheral conductance (jilmin' mmHg' 100g-')
Central venous pressure (cmH2O)

Values are mean ± s.e.mean.

100±2
373 ± 10
24.9 ± 1.4
67±4
101 ± 5
433 ± 23
252 ± 18
3.3 ± 0.4

Pre-
ax-trinositol

96 ± 2
370± 14
25.4 ± 1.5
69 ± 5
105 ±4
443 ± 20
266± 19
3.9 ± 0.2

96
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Figure 5 Cardiovascular changes during and after infusion of saline (A) or a-trinositol (@, 2 mg kg-', 80 mg kg-'h-') in
separate groups of conscious Long Evans rats (n = 8 in each group). HR = heart rate; MAP = mean arterial blood pressure;
CI = cardiac index; SI = stroke index; PF = peak aortic flow; dF/dtmax = maximum rate of rise of aortic flow; TPC = total
peripheral conductance; CVP = central venous pressure. Values are mean ± s.e.mean; *P< 0.05 versus original baseline; 0 P< 0.05
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Table 3 Integrated cardiovascular responses (areas under or over curves, AUC or AOC, respectively) during 48 h infusion of saline or
a-trinositol (2 mg kg-' bolus, 80 mg kg-' h-'), and for 7 h following infusion in separate groups (n = 8 in each) of conscious, Long
Evans rats

During infusion
Saline a- Trinositol Saline

After infusion
a- Trinositol

Heart rate
Mean blood pressure
Cardiac index
Stroke index
Peak aortic flow
dF/dtmax
Total peripheral conductance
Central venous pressure

- 993 ± 177
- 271 ± 55

58 ± 20
251 ± 61
195 ± 56

- 864 ± 300
1015 ± 241
15.9 ± 7.8

945 ± 305*
- 393 ± 81

205 ± 41*
428 ± 128
207 ± 86
1290 ± 623*
3366 ± 745*
33.1 ± 10.2

- 164 ± 31
-39± 14

8 ± 3
44± 10
24± 10

- 128 ± 40
155 ± 48

- 5.3 ± 1.3

- 123 ± 57
-37 ± 16
- 15 ± 5
- 153 ± 60
- 55 ± 18*
- 315 ± 96
- 170± 55
- 12.1 ± 1.9

During and after infusion of a-trinositol, the preinfusion baseline values were used as the reference level for the integrated changes.
Following infusion, the latter were calculated starting 2 h and ending 8 h after the offset of the infusion. Values are mean ± s.e.mean in
arbitrary units.
*P<0.05 versus the corresponding value in the saline group.



HAEMODYNAMIC EFFECTS OF a-TRINOSITOL 135

infusion, hindquarters blood flow and vascular conductance
were increased significantly above baseline and above the
saline control, and they remained so throughout the period
of ox-trinositol infusion (Figures 3 and 4). By 30 min after the
end of the o-trinositol infusion, hindquarters blood flow and
vascular conductance were not significantly different from
baseline levels (Figures 3 and 4). There were no differences,
under these conditions, between hindquarters haemodyn-
amics following infusion of o-trinositol or saline (Figures 3
and 4).

Cardiac haemodynamic effects ofprimed infusion of
saline or a-trinositol

Prior to infusion of saline or a-trinositol, there were no

significant differences in resting cardiovascular variables in
the two groups studied (Table 2).

Cardiovascular changes during and after infusion of saline
There were only slight changes in cardiac haemodynamic
variables during and after infusion of saline (Figure 5).

Cardiovascular changes during and after infusion of 0-trin-
ositol The notable difference between changes during saline
and a-trinositol infusion was that the latter caused signi-
ficantly greater increases in cardiac index and total peripheral
conductance (Figure 5, Table 3).

Discussion

In the present work, during infusion of saline, although mean

arterial blood pressure and heart rate were relatively stable,
there were circadian variations, particularly in mesenteric
haemodynamics, with the highest values being noted at the
beginning of the recording period (i.e. 06 h 30 min-07 h
00 min). Since rats are nocturnal feeders, and since the
animals were kept on a 12 h light/dark cycle, with the light
period beginning at 06 h 00 min, it is likely the rats were in a

post-prandial state when recordings began. Thus, throughout
the day, the mesenteric hyperaemic vasodilator effects of
feeding were probably waning. Against this background,
incremental infusions (5 and 20 mg kg-' h-' over 24 h) of
o-trinositol had only small regional haemodynamic effects,
and, although subsequent infusion at 80 mg kg- lh-' did
increase renal and hindquarters flows and vascular conduc-
tances, these effects were modest, and there were no increases
in mesenteric haemodynamics. While this picture could
indicate that o-trinositol is relatively inert, when the infusion
was stopped there were substantial falls in renal, mesenteric
and hindquarters flows. This finding is consistent with activa-
tion of counter-regulatory vasoconstrictor mechanisms dur-
ing administration of a-trinositol. Since the infusion of the
high dose of a-trinositol (2mgkg-' bolus, 80mgkg-'h-'
infusion) in naive rats caused substantial increases in renal,
mesenteric, and, particularly, hindquarters flows and vascular
conductances over a period of 3 days, and because these
effects appeared well within the first 24 h of infusion, then it
seems that incremental infusion of a-trinositol may not reveal
its full vasodilator potential.
With the high dose infusion of a-trinositol in naive rats,

there were significant rises in blood flow, and vascular con-

ductance, in the renal, mesenteric and hindquarters vascular
beds, although the patterns of change differed. Thus, the
increases in hindquarters flow and vascular conductance were

almost maximal within 3 h of the onset of a-trinositol
infusion, whereas the effects in the renal and mesenteric
vascular beds developed much more slowly. While it is feas-
ible that the mechanisms of the a-trinositol-induced vasodila-
tation were different in the different vascular beds, we cannot
discount the possibility that the slower onset of the renal and
mesenteric vasodilator effects of x-trinositol was due to more

effective autoregulation in these vascular beds, than in the

hindquarters. However, if this were the case, it appears that
such mechanisms were not capable of suppressing the effects
of x-trinositol during chronic administration, because, at the
end of the 3 day infusion period, the increases in renal,
mesenteric and hindquarters flows and vascular conductances
were similar, and all substantial. The fact that there was no
significant hypotension or tachycardia at this stage indicates
that the increases in regional blood flow must have been met
by an increase in cardiac output, or by substantial steal from
other vascular territories. However, in the final experiment
we demonstrated a sustained increase in cardiac output dur-
ing chronic infusion of x-trinositol, so it is likely that this
effect provided for the observed increases in regional blood
flows.

In the experiment in which cardiac haemodynamics were
measured, we found that during infusion of saline there was
a slight, slowly developing, bradycardia accompanied by ear-
lier, transient reductions in cardiac index, peak aortic flow,
dF/dtmax and central venous pressure. It is likely the bradycar-
dia represented the animals becoming acclimatized to the
experimental conditions, whereas the initial changes in car-
diac haemodynamics may well have been due to diminution
of feeding-induced myocardial stimulation (see above). What-
ever the explanation, it is notable that the changes were
directionally opposite to those seen in the animals infused
with a-trinositol. Chronic infusion of a-trinositol caused sus-
tained increases in cardiac index and total peripheral conduc-
tance, with no accompanying change in mean systemic
arterial blood pressure or central venous pressure. It is feas-
ible that the increase in cardiac index caused by m-trinositol
was due to a preferential reduction in afterload (i.e., a rise in
total peripheral conductance in the absence of a reduction in
central venous pressure) (Bhatia & Frohlich, 1973; Tarazi et
al., 1976; Tarazi, 1978; Trapani et al., 1991). However, the
increase in cardiac index caused by a reduction in afterload is
not accompanied by any significant change in dF/dtma, (de
Wildt & Sangster, 1983), whereas, compared to saline, x-
trinositol caused a significant increase in dF/dtmax. There is
evidence that, in the absence of a change in heart rate, a
relative increase in dF/dtmax is a reliable index of a positive
inotropic effect (de Wildt & Sangster, 1983). Thus, overall, it
is feasible that a-trinositol has a positive inotropic action, in
addition to its vasodilator effect, although there are no in
vitro data supporting this proposition.
At first sight this haemodynamic profile of o-trinositol does

not appear to be unique since, for example, ( ± )-dobutamine
has similar attributes (Gardiner et al., 1991a). However, a-
trinositol differs in several fundamental ways from any com-
pounds we have studied previously. Thus, without causing
hypotension or tachycardia, a-trinositol (2 mg kg-' bolus,
80 mg kg-' h-' infusion) evoked sustained increases in renal,
mesenteric and hindquarters flow. In contrast, although ( ± )-
dobutamine elicited sustained (over 1 h) increases in cardiac
function and hindquarters blood flow, these effects were
accompanied by substantial tachycardia and hypotension,
with no increase in mesenteric flow, and a reduction in renal
blood flow (Gardiner et al., 1991a). Likewise, during the
infusion of human ax-CGRP, although hindquarters flow was
increased, renal and mesenteric blood flows were reduced,
and significant hypotension and tachycardia occurred (Gar-
diner et al., 1989; 1991a,b).

Another notable difference between a-trinositol and human
a-CGRP is that during chronic (3 day) infusion of the latter,
marked desensitization occurred (Gardiner et al., 1991 b),
whereas in the present work we found that the hindquarters
hyperaemic effect of x-trinositol was sustained, and the renal
and mesenteric haemodynamic actions of a-trinositol pro-
gressively increased during the 3 day infusion period. A
further remarkable feature of the pharmacodynamic profile
of a-trinositol was that, following the offset of the 3 day
infusion, there was little evidence of undershoot (i.e., reduc-
tion below pre-infusion baseline) in the variables measured.
Hence, it appeared that there may not have been sustained
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activation of counter-regulatory vasoconstrictor mechanisms
during infusion of x-trinositol. This picture contrasts starkly
with that seen with ( ± )-dobutamine, where, following the
end of infusion, there was rebound hypertension and depres-
sion of cardiac function accompanied by impairment of renal
and mesenteric blood flow (Gardiner et al., 1991a). A similar
change in renal haemodynamics was seen after infusion of
human x-CGRP, if desensitization had not occurred (Gar-
diner et al., 1989; 1991b). A likely explanation of the ability
of a-trinositol to cause marked increases in renal, mesenteric
and hindquarters vascular conductances, without triggering
counter-regulatory vasoconstrictor mechanisms, is the ab-
sence of a hypotensive stimulus for activation of the latter,
due to the concurrent increase in cardiac output. However,
we cannot preclude the possibility that there was adaptation
of the counter-regulatory mechanisms during the 3 day
infusion of a-trinositol; this would be consistent with the

more marked undershoot in haemodynamic variables follow-
ing the infusion of the high dose of a-trinositol for only 24 h.
The present results cannot be compared with previous
reports of the cardiovascular effects of a-trinositol (see In-
troduction) since those studies involved relatively short dura-
tion administration of the drug, and only heart rate and
blood pressure were measured. It remains to be determined
what accounts for the remarkable haemodynamic profile of
x-trinositol during chronic infusion.

In summary, x-trinositol possesses a unique cardiovascular
profile that may make it useful in a variety of clinical condi-
tions, including the critically ill patient (Kulka & Tryba,
1993).

We are grateful to J.E. March for technical assistance. This work
was supported by a donation from Perstorp Pharma.
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Generation by the phosphoramidon-sensitive peptidases,
endopeptidase-24. 11 and thermolysin, of endothelin- 1 and
C-terminal fragment from big endothelin-1

Leonard J. Murphy, *Roger Corder, tAnthony I. Mallet & 'Anthony J. Turner

Department of Biochemistry & Molecular Biology, University of Leeds, Leeds LS2 9JT; *The William Harvey Research
Institute, St Bartholomew's Hospital Medical College, Charterhouse Square, London ECIM 6BQ and tMass Spectrometry
Facility, St. John's Institute of Dermatology, St. Thomas' Hospital, Lambeth Palace Road, London SEl 7EH.

1 Phosphoramidon, a potent inhibitor of endopeptidase-24.11 (E-24.11) and thermolysin, has been
shown to reduce the hypertensive effect of exogenous big endothelin-l (big ET-1) in rats. To examine
whether E-24.11 or thermolysin convert big ET-1 to endothelin-1 (ET-1) and C-terminal fragment
(CTF), the effects on porcine and human big ET-1 of each of the purified enzymes were compared in
vitro.
2 For E-24.11, the relative rates of hydrolysis were ET-l > CTF >>big ET-1. The relative half-lives
for hydrolysis of 3 nmol of each peptide by 200 ng enzyme were: big ET-l > 24 h; ET-1, 37 min; CTF,
57 min. For comparison, the half-life for hydrolysis of substance P under similar conditions was 2.1 min.
3 For thermolysin the relative rates of hydrolysis were found to be big ET-l > CTF > ET-1. The
relative half-lives for hydrolysis of 3 nmol peptide by 50 ng enzyme were: big ET-1, 25 min; ET-1,
56 min; CTF, 47 min.
4 Because the low rate of conversion of big ET-1 to ET-1 by E-24.11 did not yield sufficient ET-1 for
h.p.l.c. quantification a RIA specific for ET-1(16-21) was used to study further the hydrolysis of big
ET-1 by E-24.11. Incubation of big ET-1 (0.2-2 nmol) with E-24.11 (4-400 ng) generated ET-1 levels of
between 1.7 and 33 pmol measured by RIA. Incubation of big ET-1 (2 nmol) with E-24.11 (40 ng) for
8 h showed that steady state levels of ET-1 were achieved after 4 h indicating that the rate of ET-1
degradation was then equal to the formation of new ET-1. Characterization of the immunoreactivity by
h.p.l.c. and RIA confirmed that authentic ET-1 had been produced, but the yield was insufficient for
verification by mass spectrometry.
5 Both ET-l-like and CTF-like peaks were detected at 214 nm when the products of big ET-1
hydrolysis by thermolysin were resolved by h.p.l.c. RIA and mass spectrometry confirmed the produc-
tion of ET-1 with amounts in the range 120-160 pmol.
6 The hydrolysis profile of ET-1 by E-24.11 and thermolysin shows that both enzymes have some
common cleavage sites consistent with their similar specificities hydrolysing on the amino side of a

hydrophobic residue.
7 Thermolysin, for which 3D structural information is available, may represent a better model for
endothelin converting enzyme (ECE) action than E-24.11 and could be useful for the design of ECE
inhibitors. Since E-24.11 can both synthesize and hydrolyse ET-1, the presence of E-24.11 in membrane
fractions or in partially purified ECE preparations may produce misleading estimates of ECE activity.

Keywords: Endopeptidase-24.11; endothelin converting enzyme; thermolysin; phosphoramidon; thiorphan

Introduction

Endothelin- 1, a 21 amino acid, potent vasoconstrictor pep-
tide, is produced by cleavage of its precursor 'big endothelin'
at the Trp2'-Val22 bond by a putative endothelin converting
enzyme (ECE) (Yanagisawa et al., 1988). Several lines of
study have recently implicated a phosphoramidon-sensitive
metalloendopeptidase in the physiological conversion of big
endothelin-1 to endothelin-1 and its C-terminal fragment (big
ET-1(22-39)) (Ikegawa et al., 1990; Matsumura et al., 1990;
1991; McMahon et al., 1991; Pollock & Opgenorth, 1991).
For example, phosphoramidon was found to reduce the
hypertensive effect of exogenous big ET-1, but not that of
ET-1, in rats (McMahon et al., 1991; Pollock & Opgenorth,
1991).
The fungal metabolite, phosphoramidon, was first recog-

nised as an inhibitor of certain bacterial neutral metallopro-
teases such as thermolysin (EC 3.4.24.4) (K, = 28 nM; Suda et
al., 1973). Subsequently, phosphoramidon was shown to be a

highly selective and potent (Ki = 2 nM) inhibitor of mam-

malian endopeptidase-24. 11 (EC 3.4.24.11; E-24.11) (Kenny,
1977; Turner, 1987). Endopeptidase-24.11 is a membrane

Author for correspondence.

glycoprotein existing as an ectoenzyme (Mr approx 90 kDa).
It exhibits a broad tissue distribution and substrate specifi-
city, hydrolysing a wide range of biologically active peptides
by cleaving on the amino side of a hydrophobic residue
(Turner et al., 1987; Roques et al., 1993). This would suggest
the enzyme to be a possible candidate for cleavage of the
Trp21-Val22 bond of big ET-1. However E-24.11 also hyd-
rolyses ET-1 in vitro (Vijayaraghavan et al., 1990; Fagny et
al., 1991) and has been implicated in the physiological inac-
tivation of endothelin (Abassi et al., 1992). For this reason
E-24.11 seems unlikely to serve as the principal ECE activity
in cells. Furthermore, Abassi et al. (1993) have recently
suggested that recombinant E-24.11 is unable to generate
ET-1 and C-terminal fragment from big ET-1.
The substrate specificity of E-24.11 is similar to that of

thermolysin. Thus, thermolysin also hydrolyses peptide bonds
involving the amino groups of hydrophobic amino acid
residues with bulky side chains (Monzingo & Matthews,
1984). The active site of E-24.11 has been explored by
chemical modification (Beaumont & Roques, 1986; Jackson
& Hersh, 1986), site-directed mutagenesis (Bateman & Hersh,
1987; Devault et al., 1988) and by hydrophobic cluster
analysis of the primary sequence (Benchetrit et al., 1988).

'PI Macmillan Press Ltd, 1994
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These studies have revealed that the Zn2+-binding and
catalytic residues present in thermolysin are conserved in
E-24. 11. Although E-24.11 and thermolysin are sensitive to
phosphoramidon in the nanomolar range, they differ substan-
tially in their sensitivity to thiorphan (Fulcher et al., 1982).
In this respect thermolysin more closely resembles ECE
which is relatively insensitive to thiorphan (Ohnaka et al.,
1993).
As yet, no data have been reported comparing the actions

of these two enzymes on big ET- 1. We have re-evaluated the
potential of E-24.11 to function as an endothelin converting
enzyme and have studied its ability to degrade ET-1 and
CTF. These actions have been compared with those of ther-
molysin to determine if the bacterial phosphoramidon-
sensitive metalloprotease may represent a more useful model
for metallopeptidase ECE, especially since the 3D structure
of thermolysin has been solved both in the absence and
presence of inhibitors (Weaver et al., 1977; Monzingo &
Matthews, 1982; 1984).

Methods

Hydrolysis ofpeptides by E-24. 11 and thermolysin

Time courses of hydrolysis of ET-J, big ET-J (1-39), pCTF
and substance-P by E-24.11 Endopeptidase-24.11 (200 ng
protein) in 0.1 M Tris/HCI at pH 7.4 was incubated with
ET-1, big ET-1 (1-39), pCTF or substance P (3 nmol of each)
at 370C (final volume 100pl) for up to 180min. Reactions
were stopped either by acidification with 50 pl 9% v/v
trifluoroacetic acid (TFA) or by addition of 50MI of phos-
phoramidon (150 SAM). The hydrolysis of each of the peptides
was monitored by reverse phase high performance liquid
chromatography (r.p.-h.p.l.c.) analysis as described below.
The above procedure was also repeated for big ET-1 but
using 4 jig E-24.11 protein instead of 200 ng.

Time courses of hydrolysis of ET-J, big ET-J and pCTF by
thermolysin Thermolysin (50 ng) in 0.1 M Tris/HCl, 3 mM
CaCl2 at pH 7.4 was incubated with either ET-1, big ET-1
(1-39) or pCTF (3 nmol of each) at 37°C (final volume 100IOl)
for up to 80 min. All reactions were stopped by acidification
with 50 Ail 30% v/v acetic acid. The hydrolysis of each of the
peptides was monitored by r.p.-h.p.l.c. analysis as described
below. Hydrolysis was completely inhibited by 1O AM phos-
phoramidon.

R.p.-h.p.l.c. methods for time course studies

(a) Endothelin peptides - big ET-1 (1-39), ET-1 and pCTF
were resolved by r.p.-h.p.l.c. on a piBondapak C18 column
(3.9 x 300 mm, Millipore Corporation, Milford, MA, U.S.A.)
using a Waters h.p.l.c. system. Elution was performed by
using 0.02% TFA in water (solvent A) and 0.02% TFA in
acetonitrile (solvent B). The gradient was linear from 10 to
36.5 %v/v solvent B in 15 min, followed by a further
gradient up to 43% v/v solvent B over the next 20 min. The
flow rate was 1 ml min' and detection was at 214 nm.
pCTF, big ET-1 (1-39) and ET-l typically eluted with reten-
tion times of 17.2 min, 23.5 min and 25.3 min respectively.
Samples from reactions were centrifuged and a known
volume of the supernatant analysed by r.p.-h.p.l.c.

(b) Substance P - substance P was resolved using the same
column as above but under different conditions. Solvent A
was 0.08% H3PO4 while solvent B consisted of 45%
acetonitrile/0.08% H3PO4. The gradient was linear from 9%
to 100% v/v solvent B in 20 min followed by 5 min at final
conditions. Substance P typically eluted with a retention time
of 16.9 min.

Characterization by radioimmunoassay, h.p.l.c. and mass
spectrometry of the products of human big ET-]
incubation with E-24.11 or thermolysin

The studies described above used porcine big ET-1. However,
to facilitate the identification of ET-1 and CTF by radioim-
munoassay, human big ET-1 was employed because a specific
RIA for human big ET-1(22-38) (hCTF) was available (Cor-
der et al., 1993).

Incubations with E-24.11 and thermolysin: E-24.11 To define
the most appropriate enzyme to substrate ratio for E-24.11,
either 1 IM (0.2 nmol) or 1OAM (2 nmol) human big ET-1
was incubated with a range of concentrations of E-24.11
(20ngmlP'-2gtgml-') for 2h at 37°C in a total volume of
200 1al. The reaction was terminated by 10 min of heat treat-
ment at 80°C. Samples were centrifuged at 10,000 g and, after
appropriate dilutions in RIA buffer, the ET-l generated in
each sample was assayed by RIA. The time course for ET-1
formation by E-24.11 was investigated by incubating 2 nmol
human big ET-1 with 40 ng E-24.11 in a total volume of
200 gl, and samples were taken for RIA at 1, 2, 4 and 8 h.
All incubations were performed in triplicate.

Thermolysin 1O IAM (2 nmol) big ET-1 was incubated with
thermolysin at 40 or 400 ng for 2 h at 37°C in a total volume
of 2001l. At the end of the incubation the samples were
processed as described above and subjected to RIA for ET-1
immunoreactivity.

RIA of ET-J and hCTF ET-1 was measured using a RIA
specific for the C-terminal ET-1(16-21) sequence (crossreac-
tivity with big ET-l <0.015%) (Corder et al., 1993). This
antibody was raised by injecting rabbits with His-Leu-Asp-
Ile-Ile-Trp conjugated to bovine thyroglobulin with glutaral-
dehyde. ['25I]-ET-1 was used as tracer and dilutions of ET-1
were used as standard. Samples from incubations with big
ET-l or h.p.l.c. fractions were measured for ET-1(16-21)-
immunoreactivity after appropriate dilution. Identification of
hCTF in h.p.l.c. fractions was performed using a RIA
specific for the C-terminal 22-38 sequence of human big
ET-1. This antibody was raised by injecting rabbits with
hCTF (Val-Asn-Thr-Pro-Glu-His-Val-Val-Pro-Tyr-Gly-Leu-
Gly-Ser-Pro-Arg-Ser) conjugated to bovine serum albumin
with glutaraldehyde (Corder et al., 1993). [1251]-human big
ET-1 was used as tracer and dilutions of human big ET-1
were used as standard.

Both RIAs were performed as follows: standards or un-
knowns (200 y1) in RIA buffer (50 mM sodium phosphate
buffer, pH 7.4, containing 0.15% bovine serum albumin,
0.005% Triton X-100 and 0.01% sodium azide) were
incubated overnight at 4°C with 501AI antibody and 50AI1
tracer (7500c.p.m.). The following day, 10014l sheep anti-
(rabbit IgG Fc region) serum and 100 Al normal rabbit serum
were added to each tube and left to incubate for 3 h. At the
end of the incubation period, 500 tl of 4% polyethylene
glycol was added to each tube and bound ligand was
separated from free by centrifugation at 2000 g for 30 min.

Identification by h.p.l.c. of ET-J, big ET-J and big ET-1(22-
38) This was performed using a column of 5 Am TSK gel
ODS-120T, (4.6 x 250 mm; TOSOH Corporation, Japan
from Anachem, Luton, Beds). Samples were first acidified
and extracted using TechElut SPE C18 columns, eluted with
1 ml 80% acetonitrile containing 0.1% TFA, concentrated to
0.2 ml under a stream of N2, and injected onto the h.p.l.c.
system. The h.p.l.c. column was eluted at a flow rate of
1 ml min ' with a gradient of acetonitrile in 0.1% TFA using
a Pharmacia LKB model 2249 gradient pump and 0.5 min
fractions were collected. The acetonitrile gradient used was
0-20% over 3 min, 20-32% over 12 min, 32-40% over
15 min, 40-48% over 8 min. The column effluent was
monitored at 280nm using a Pharmacia LKB model 2141
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variable wavelength monitor. Using this system, elution times
for standard peptides were hCTF 15.1 min, big ET-1
27.5 min and ET-1 30.1 min.

Mass spectrometry To verify the identity of the immuno-
reactivity measured in h.p.l.c. fractions, samples were sub-
jected to continuous flow FAB mass spectrometry using a
VG-analytical 70 VSEQ mass spectrometer (Fisons Instru-
ments, Manchester).

Materials

Porcine big ET-1 (1-39), human big ET-1 (1-38) and ET-1
were purchased from the Peptide Institute Inc., Osaka,
Japan. Porcine big ET-1 (22-39) (porcine C-terminal frag-
ment; pCTF) and phosphoramidon were obtained from
Peninsula Laboratories Europe Ltd., St. Helens, Lancs. ET-
1(19-21) Ile-Ile-Trp (IIW) was from Zinsser Analytic (UK)
Ltd, Maidenhead, Berks. Human big ET-1 (22-38) (human
C-terminal fragment; hCTF) was synthesized by Prof.
Ramage and Dr A. Stewart, Department of Chemistry,
University of Edinburgh. Substance P and recrystallized ther-
molysin (type X protease) were from the Sigma Chemical
Company, Poole, Dorset. Porcine endopeptidase-24.11 was
isolated by immunoaffinity chromatography as described by
Gee et al. (1983), except that the monoclonal antibody used
was GK4A9 (Gee & Kenny, 1985). The purified enzyme was
homogeneous as assessed by polyacrylamide gel electro-
phoresis in the presence of sodium dodecylsulphate. ['25I]-ET-
1 and ['25I]-big ET-1 were from Amersham International plc,
Amersham, Bucks.
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Results

ET-I and pCTF were efficiently hydrolysed by E-24.11. The
respective half-lives for hydrolysis of 3 amol of ET-1 and
CTF by 200 ng E-24. 11 were 37 and 57 min respectively
(Figure 1) which compares with a t1 of 2 min for substance P,
one of the best substrates identified to date for this enzyme

(Turner et al., 1987). In contrast, less than 5% of porcine big
ET-1 at a similar concentration was degraded by 200 ng
E-24.11 in 3 h (Figure 1). Using as much as 4jg E-24.11, a t:
of 150 min was calculated. No such marked differences in
half-lives were seen when the peptides were hydrolysed by
thermolysin. The respective half-lives under comparable con-

ditions were estimated as porcine big ET-1 (25 min), ET-1
(56 min) and pCTF (47 min) (Figure 2).
When porcine big ET-1 (3 nmol) was incubated with either

200 ng or 4 jig E-24.11 and the products were resolved by
reverse phase h.p.l.c. there was insufficient yield of product
with the retention time of ET-1 for quantification by h.p.l.c.
However, radioimmunoassay confirmed that under certain
conditions of substrate/enzyme ratio, ET-1 immunoreactivity
was a detectable product (Table 1). In a subsequent experi-
ment, evaluation of the time course of ET-1 production by
E-24.11 (40 ng) from big ET-1 (2 nmol) showed levels of
immunoreactivity of 16.1 ± 0.6, 22.8 ± 1.1, 30.8 ± 1.8 and
34.0 ± 3.8 pmol 200 Itl-1 incubation volume at 1, 2, 4 and
8 h, compared to control values of < 0.06 pmol 200 t1 ',
illustrating the rapid rise in immunoreactivity during 1 h and
approximately steady state levels by 4 h.

Characterization of the products by h.p.l.c. combined with
RIA showed the presence of authentic ET-1 and hCTF
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Figure 1 Hydrolysis of big endothelin-l (big ET-1), ET-1, C-
terminal fragment and substance P by purified porcine E-24. 11.
Peptide (3 nmol) was incubated at 37'C, pH 7.4 with E-24. 11 (200 ng
protein) for up to 180 min. Products were separated and analysed by
reverse phase h.p.l.c. and depletion of substrate was quantified by
A2,14. The symbols correspond to: (0) ET-1; (0) substance P; (U)
big ET-1; (@) C-terminal fragment. The experiment was repeated
twice, with similar results.
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Figure 2 Hydrolysis of big endothelin-l (big ET-1), ET-1 and C-
terminal fragment by thermolysin. Peptide (3 nmol) was incubated at
37°C, pH 7.4 with thermolysin (50 ng protein) for up to 80 min. All
incubations were in the presence of 3 mm CaC12. Products were
separated and analysed by reverse phase h.p.l.c. and depletion of
substrate was quantified by A2,14. The symbols correspond to: (0)
ET-1; (U) big ET-1; (@) C-terminal fragment. The experiment was
repeated twice, with similar results.
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(Figure 3). Although insufficient ET-1 was generated for
unequivocal identification by mass spectrometry, the identity
of hCTF was confirmed (MH' = 1809) hence demonstrating
that E-24.11 is able to cleave the Trp21-Val22 bond of big
endothelin-l. In addition to ET-1 a second peak of ET-1(16-
21) immunoreactivity was observed. This was identified by
mass spectrometry to be ET(17-21) (MH' = 659, LDIIW).
The major product of E-24.11 incubations with big ET-1, in
terms of A280, eluted in the position of the ET(19-21) stan-
dard (IIW) (Figure 3), and this product was also confirmed
by mass spectrometry. In agreement with studies using por-
cine big ET-1, the majority of human big ET-1 remained
undigested at the end of the incubation period.
When thermolysin was incubated with big ET-1, both

ET-l-like and CTF-like products were detected at 214 nm by
h.p.l.c. The formation of ET-1 was confirmed by RIA in
amounts approximately 5 fold greater than seen with E-24.11
(Figure 4 and Table 1). As with E-24.1 1, h.p.l.c. characteriza-

Table 1 RIA values for endothelin-1 (ET-1) production
from big ET-1 catalysed by E-24.11 and thermolysin

Endothelin-J like immunoreactivity
(pmol 200 JL1')

20ngml-' 200ngml-' 2jgml'
E-24.11
big ET- I (1 I4M)
big ET-1 (1O AM)
Therrnoltsin
big ET-1 (1O AM)

1.7±0.1 6.1 ±0.1 2.3±0.1
7.5±0.1 27.6±0.3 33.4±0.4

161 ± 4 121 ± 4

Values are mean ± s.e.mean; n = 3 for each 2 h incubation.
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tion of the products from human big ET-l demonstrated
ET-1 and a second immunoreactive product corresponding to
ET-1 (17-21). Mass spectrometry confirmed the identity of
ET-1, ET-1(17-21) and hCTF (MH+ of 2493, 659, 1809
respectively). Like E-24.11 the major peak in terms of u.v.
absorbance from thermolysin incubations eluted in the posi-
tion of ET-1(19-21) standard (Figure 4).

Discussion

The nature and identity of the physiological ECE has
generated considerable controversy in the literature (Opgen-
orth et al., 1992; Turner, 1993). The consensus is that a
phosphoramidon-sensitive membrane metallopeptidase effects
this conversion. However, the cellular and subcellular loca-
tion of this activity is still unclear as is the cell biology of
endothelin processing itself (Harrison et al., 1993). The sen-
sitivity of ECE to phosphoramidon suggests a similarity with
the well characterized metallopeptidases E-24.11 and ther-
molysin. However, Abassi et al. (1993) failed to detect prod-
uction of ET-1 from big ET-1 by recombinant E-24.11. The
ability of thermolysin to generate ET-1 from its precursor
has not previously been examined. A possible candidate for
the physiological ECE has recently been isolated from rat
lung and porcine aortic endothelial cells and is characterized
by sensitivity to phosphoramidon (IC50 in the range 0.1-1
fiM) but not by another E-24.11 inhibitor, thiorphan (Taka-
hashi et al., 1993; Ohnaka et al., 1993).

In the present study, a marked difference was seen in the
abilities of E-24.11 and thermolysin to metabolize big ET-1.
Thermolysin degraded big ET-1, ET-1 and CTF at broadly
similar rates. When big ET-1 was the substrate, both ET-1
and CTF were detected by RIA and h.p.l.c. as intermediates
and their production was confirmed by mass spectrometry. In
contrast, E-24. 11 degraded big ET-1 approximately two
orders of magnitude more slowly than the product peptides.
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Figure 3 High performance liquid chromatography (h.p.l.c.) charac-
terization of products of E24.11 incubation with human big endo-
thelin-l (big ET-1). H.p.l.c. was performed on the pooled material
obtained after 8 h incubation of E.24.11 and human big ET-1;
equivalent to 100 ng enzyme and 5 nmol peptide. (a) u.v. absorption
at 280 nm; (b) hatched columns = hCTF immunoreactivity; solid
columns = ET-1(16-21) immunoreactivity. The elution positions of
the standard peptides, hCTF, IIW, human big ET-1 and ET-1 are

indicated.

Figure 4 High performance liquid chromatography (h.p.l.c.) charac-
terization of products of thermolysin incubation with human big
endothelin-1 (big ET-1). H.p.l.c. was performed on the pooled
material obtained after 2 h incubation of thermolysin and human big
ET-1; equivalent to 120 ng enzyme and 6 nmol peptide. (a) u.v.

absorption at 280 nm; (b) hatched columns = hCTF immunoreac-
tivity; solid columns = ET-1(16-21) immunoreactivity. The elution
positions of the standard peptides, hCTF, IIW, human big ET-1 and
ET-1 are indicated.
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Nevertheless, low, steady state levels of ET-1 were clearly
detected by RIA and confirmed by h.p.l.c. In addition,
confirmation of the Trp21-Val22 cleavage was obtained by the
production of ET-1 and CTF, with the identity of the latter
being verified by mass spectrometery. However, the levels of
detectable ET-1 depend critically on the enzyme-big ET-l
ratio as the generated ET-1 is degraded rapidly to the 17-21
and 19-21 fragments. The failure of Abassi et al. (1993) to
detect ET-1 production from big ET-1 by recombinant E-
24.11 may reflect not only the lack of sensitivity of their
assay system and relatively poor resolution of substrate and
product peptides by h.p.l.c., but also the ratio of enzyme to
substrate used, which would have favoured degradation of
any ET-1 generated. Earlier reports of the hydrolysis of ET-1
by E-24.11 described the formation of ET-1(17-21) (LDIIW)
and ET-1(19-21) (11W), with the latter being the predominant
fragment obtained from metabolism of the C-terminal hex-
apeptide sequence of ET-1 (Vijayaraghavan et al., 1990;
Fagny et al., 1991). Under our conditions, the major product
in terms of A280 from thermolysin or E-24.11 incubations
eluted in the position of ET-1(19-21) (Figures 3 and 4). The
identification of this fragment, and the observations from the
time course of ET-1 production by E-24.11 suggest that ET-1
reaches a critical concentration, and then degradation mat-
ches the formation of fresh ET-1, hence the large peak of
IIW compared to the ET-1 peak. We predict that the forma-
tion of this fragment required the initial cleavage of big ET-1
at Trp21-Val22 to form ET-1, which then underwent hyd-
rolysis in the manner described for ET-1.
The marked differences in the relative rates of metabolism

of big ET-1 and ET-1 by E-24.11 and thermolysin can be
rationalised in terms of their individual specificity require-
ments. Both Hersh & Morihara (1986) and Poszgay et al.
(1986) have compared some of the properties of E-24.11 and
thermolysin in detail. In summary, a major difference was
seen between the active site of E-24.11 and thermolysin in
terms of hydrophobicity. Thermolysin appears to utilise hyd-
rophobic interactions as a major binding force whereas E-
24.11 utilises weaker hydrophobic binding interactions but
also make use of an ionic interaction with the C-terminal
carboxylate of its substrates. Thus, E-24.11 prefers small
peptide substrates and exhibits some of the characteristics of
a carboxydipeptidase as in the cleavage of the Gly3-Phe4
bond in [Leu5]-enkephalin. In addition, thermolysin prefers a
bulky hydrophobic residue in the PI position and a small
hydrophobic residue in the P2 position (Poszgay et al., 1986).
Big ET- 1 fits these requirements for thermolysin with the

presence of Trp at the P1 position and Ile at the P2 position.
Thus, although thermolysin further degrades ET-1 and can-
not be regarded as an endothelin converting enzyme in the
strict sense of the term, it may represent a more useful model
for ECE than E-24. 11. In particular, it is readily available in
homogeneous form and X-ray crystal structures of inhibitor-
thermolysin complexes are available (Weaver et al., 1977;
Monzingo & Matthews, 1982; 1984). In the case of the
phosphoramidon-thermolysin complex, the inhibitor is bound
with its phosphoramide function mimicking the proposed
tetrahedral transition state for peptide bound hydrolysis
(Weaver et al., 1977). Unlike E-24. 11, which is equally sen-
sitive to phosphoramidon and thiorphan, thermolysin is
much less sensitive to inhibition by thiorphan (I50 = 60 JuM;
Fulcher et al., 1982), reinforcing the similarity with ECE.
The relative stability of big ET-1 in the presence of E-24.11

compared to ET-1 and CTF is consistent with the known
preference of the enzyme for oligopeptides. The present
studies provide little evidence of metabolism of big ET-1 at
the cleavage sites of ET-1 without first undergoing the initial
cleavage at the Trp21-Va122 bond. This indicates that the
conformation of big ET-1 under these conditions favours this
particular cleavage, and protects against hydrolysis of other
bonds.
An enzyme-linked immunoadsorbent assay has been used

to demonstrate that E-24.11 is widely distributed on mam-
malian cells and tissues although the enzyme is predomin-
antly localized to the brush border epithelial cells of intestine
and kidney (Howell et al., 1991). Low levels of the enzyme
have, however, been detected on endothelial cells of venous
or arterial origin (Llorens-Cortes et al., 1992). Thus, E-24.11
has the required specificity, cellular localization and topology
to function in the processing and metabolism of big ET-1.
The kinetics of metabolism of big ET-1 and ET-1 by E-24.11
(Figure 1) would tend to favour a role for the enzyme in
ET-1 inactivation rather than the processing of big ET-1.
Nevertheless, the presence of E-24.11 in endothelial plasma
membranes or in partially purified preparations of ECE may
lead to erroneous estimates of endothelin converting activity.
E-24.11 activity can be eliminated either by immunoabsorp-
tion (Murphy et al., 1993) or by the routine inclusion of
thiorphan in assays of ECE.
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Characterization of the 5-hydroxytryptamine receptor type
involved in inhibition of spontaneous activity of human
isolated colonic circular muscle

F.S.-F. Tam, 'K. Hillier & *K.T. Bunce

Clinical Pharmacology Group, Faculty of Medicine, University of Southampton, Southampton S09 3TU and *Department of
Gastrointestinal Pharmacology, Glaxo Group Research, Ware, Herts

1 Experiments were carried out to characterize pharmacologically the 5-hydroxytryptamine (5-HT)
receptor types which mediate inhibition of spontaneous contractions of the intertaenial circular muscle
in human isolated colon.
2 5-HT caused a reproducible concentration-dependent inhibition of spontaneous contractions of the
circular muscle of human colon in vitro with a mean EC50 value of 0.2 LM and 95% confidence limits of
0.1-0.5 M. No evidence for a contractile action of 5-HT was found. Tetrodotoxin (TTX, 1.5 JM)
caused a rightward shift of the concentration-response curve of 5-HT with a concentration-ratio of 2.9.
3 The inhibitory response to 5-HT was mimicked by several indoles with the rank order of
potency 5-HT> 5-methoxytryptamine = a-methyl-5-HT> 5-carboxamidotryptamine >>2-methyl-5-HT.
5-Hydroxyindalpine was inactive.
4 The substituted benzamides were agonists with the following rank order of potency, 5-
HT> renzapride> zacopride> metoclopramide > cisapride.
5 The inhibitory responses to 5-HT were not inhibited by methysergide (10 M) or methiothepin
(1 LM), which are antagonists selective for 5-HTI-like and 5-HT2 receptors, nor by ondansetron (10 gAM)
which is an antagonist at 5-HT3 receptors.

6 The inhibitory responses induced by 5-HT and 5-methoxytryptamine were competitively antagonized
by a weak 5-HT4 receptor antagonist, tropisetron, with pKB values of approximately 6. Tropisetron had
no significant effect on the inhibitory response curve produced by isoprenaline (0.01-100 AM).
7 The pharmacological profile of the 5-HT-evoked relaxations of human colon circular muscle are

consistent with activation of a 5-HT4-like receptor.
Keywords: 5-Hydroxytryptamine; human colon; 5-HT4-like receptors; prokinetic benzamides; tropisetron

Introduction

5-HT4 receptors were first characterized in mouse embryonic
colliculi neurones and guinea-pig hippocampus (Dumuis et
al., 1988a,b; Bockaert et al., 1990). They are also present in
porcine heart (Villalon et al., 1990) and human atria
(Kaumann et al., 1990; 1991) and were the subject of a recent
review (Bockaert et al., 1992).

In the gastrointestinal tract, the 5-HT4 receptor has been
identified at neuronal sites of the guinea-pig ileum (Craig &
Clarke, 1990) and colon (Elswood et al., 1991; Wardle &
Sanger, 1993) and at non-neuronal sites in rat oesophagus
(Reeves et al., 1991; Baxter et al., 1991) and terminal ileum
(Tuladhar et al., 1991a). In preparations from the guinea-pig,
activation of these receptors results in a contractile response
while in those from the rat, relaxation.
The pharmacological profile of the 5-HT4 receptor can be

characterized and differentiated from other 5-HT receptor
subclasses by a particular rank order of potency of 5-HT
indoles in which 5-HT, 5-methoxytryptamine and a-methyl-5-
HT are the most potent. Additionally, substituted ben-
zamides, including renzapride, cisapride, zacopride and
metoclopramide, which are 5-HT3 receptor antagonists, are
agonists at the 5-HT4 receptor. Further characterization of
5-HT4 receptors is by the weak antagonistic effect of tropiset-
ron with pKB 5.8-6.7 (Baxter et al., 1991; Reeves et al.,
1991), although this compound is a potent 5-HT3 receptor
antagonist, pKB 7.8-10.6 (Richardson et al., 1985). The
5-HT4 receptor is also antagonized by SDZ 205-557, DAU
6285 (Bockaert et al., 1992) and GR 113808 (Grossman et
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al., 1993) with pA2 values of 7.5, 6.8 and 9.2-9.5 respec-
tively.

In human colon smooth muscle, the reported in vitro
effects of 5-HT have been variable. Longitudinal muscle
strips prepared from taenia coli either not precontracted
(Couture et al., 1980) or precontracted by carbachol
(Burleigh, 1977) relaxed in response to 5-HT. However, with
non precontracted muscle strips prepared from the inter-
taenial circular region, either contraction (Couture et al.,
1980) or relaxation (Fishlock & Parks, 1963) has been
reported, while relaxation has been observed when the strips
were precontracted with carbachol (Burleigh, 1977). Inves-
tigation of the types of receptors upon which 5-HT acts have
not been pursued with rigour. In the present study, we have
characterized the 5-HT receptor in the intertaenial circular
muscle of human colon by using a series of 5-HT receptor
agonists and antagonists. A preliminary account of these
studies has been published in abstract form (Tam et al.,
1992).

Methods

Tissues preparation and concentration-response curves

Macroscopically normal human colon was obtained from
regions away fom the tumour in patients having resection of
ascending, descending or sigmoid colon for colo-rectal car-
cinoma. Muscle strips from 33 patients were used in this
study of which 24 were from the sigmoid colon. No regional
difference in the response to 5-HT was seen and data from
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the different regions were combined. The specimens were
immediately transferred to ice-cold, oxygenated (95% 02 and
5% CO2) Krebs solution (pH 7.2). Mucosa and serosa were
blunt dissected from the muscle. Experiments were performed
on either fresh or stored specimens kept at 40C for up to
12 h. In practice no differences were seen between fresh or
stored specimens.

Full thickness pieces of circular muscle strips from between
the three prominent bands of taenia coli were prepared with
dimensions 2-3mm wide and 10-15mm long and sus-
pended vertically under a load of 15 mN in 1O ml jacketed
organ baths containing Krebs solution (mM: NaCl 121.5,
KCI 4.7, MgSO4 1.2, CaC12 2.5, KH2PO4 1.2, NaHCO3 25.0
and glucose 11.0) gassed with 95% 02 and 5% CO2 at 370C.
No further adjustment in tension was made. Isometric ten-
sion was recorded by means of a transducer and displayed on
a pen recorder. Tissue was allowed to equilibrate for 1 h with
washing at 15 min intervals, during which time the basal
tension decayed to less than 1 mN and rapid spontaneous
activity of up to 15.0 mN amplitude developed. About 20%
of strips set up developed little spontaneous activity after
equilibration and were discarded.

Construction of concentration-response curves to agonists
within the range of 0.01-100 iM was made by adding each
agonist concentration cumulatively in a volume of 0.1 ml and
with a contact time of 2 min. Two series of experiments were
performed. In the first, each experiment involved setting up
4-6 strips and after equilibration, single cumulative
concentration-response curves to 5-HT, indoles or substituted
benzamides were made on individual tissues. This cautious
procedure was followed because of the concern that
tachyphylaxis might develop to repeated concentration-
response curves, obscuring the responsiveness to agonists
added in second and subsequent concentration-response
curves. In every experiment using tissue strips from one
patient, at least one 5-HT concentration-response curve was
constructed.

In further studies, evaluation of two cumulative
concentration-response curves to 5-HT or to 5-methoxy-
tryptamine with 30 min between them showed that they were
superimposable (Figure 4a,b). The results of each curve were
calculated by expressing the total spontaneous activity in the
2 min during which each concentration of drug was present
as a percentage of control activity. The control activity was
that displayed by the tissue in the 2 min period immediately
before construction of each curve. Between the first and
second concentration-response curves, with frequent washing
spontaneous activity did not fully recover to the level seen
before construction of the first curve. Thus in Figure 4a the
spontaneous activity in the 2 min period prior to construc-
tion of the second concentration-response curve was
51.7 ± 10.7% less than that in the 2 min period immediately
before the first concentration-response curve. In Figure 4b
where the effect of 5-methoxytryptamine was studied, the
activity prior to the second curve was reduced by 31.6 +
11.1%. Despite the lower spontaneous activity the curves
were superimposable when the appropriate control activity
was used in calculating the results. The consistency of the
effect of 5-HT in repeated concentration-response curves is
further demonstrated in Figure 6, where despite some
expected variability in each set of experiments the curves are
superimposable.

Cocaine (30 pM) and pargyline (100 IM) incubated in the
tissue bath for 30 min did not shift the 5-HT cumulative
concentration-response curve to the left but resulted in a
reduction in the maximum inhibition achieved with 10 1IM
5-HT from 90.4 ± 3.8 to 72.7 ± 16 (n = 4). Cocaine and par-
gyline were not included in subsequent experiments.

Expression of results and statistical analysis

EC values were normally obtained from each preparation at
the level of 50% inhibition of the control spontaneous

activity. However, when the less effective 2-methyl-5-HT,
zacopride, metoclopramide and cisapride were investigated,
EC values at either 20% or 30% inhibition were used. Data
obtained for each agonist were then combined and expressed
as geometric means with 95% confidence limits. In the first
series of experiments, concentration ratios and equipotent
molar ratios (e.p.m.rs) for agonists were determined by cal-
culating the ratio of the mean EC value for all preparations
studied to that of the relevant mean EC value for 5-HT. In
the second series of experiments where 5-HT and agonists
were used on the same preparation, concentration ratios and
e.p.m.rs were determined from each individual preparation.
pKB values for antagonists were calculated using the Schild

equation pKB = logl0 (concentration ratio - 1) - log10 (molar
concentration of antagonist) and expressed as arithmetic
means with s.e.means; n represents the number of patients
studied. Statistical analysis was performed with Student's
unpaired t test.

Drugs

Tetrodotoxin, 5-hydroxytryptamine maleate, 5-methoxytry-
ptamine hydrochloride, metoclopramide monohydrochloride
and isoprenaline hydrochloride were obtained from Sigma
Chemicals (UK). a-Methyl-5-hydroxytryptamine maleate,
carboxamidotryptamine maleate and 2-methyl-5-hydroxytry-
ptamine maleate were obtained from Research Biochemicals
Inc. (U.S.A.). 5-Hydroxyindalpine, zacopride, ondansetron
hydrochloride dihydrate were synthesized at Glaxo Group
Research. Cisapride base was purchased from Janssen and
prepared as the tartrate salt at Glaxo. Tropisetron (ICS
205-930; (3a-tropanyl)-1H-indole-3-carboxylic acid ester) and
methysergide maleate were gifts from Sandoz (UK). Renza-
pride was a gift from SmithKline Beecham, ketanserin a gift
from Janssen (UK) and methiothepin maleate a gift from
Roche Products (UK).

All drugs were dissolved in water at stock concentrations
of 102 M. They were further diluted to the required concen-
tration with Krebs solution.

Results

Receptor agonists

All agonists used caused inhibition of spontaneous contrac-
tions and no evidence was seen of a contractile response in
any preparation. Figure 1 shows a representative tracing of
the effect of 5-HT. Subsequent figures show the percentage
inhibition of spontaneous activity following addition of each
drug concentration. Figures 2 and 3 show the effect of the
agonists from a series of experiments in which only one
agonist concentration-response curve was carried out on each
strip set up. At least one 5-HT curve was always constructed
on the tissue strips set up from each patient.

Figure 2 shows that 5-HT caused concentration-related
inhibition of spontaneous contractions over a range of
0.01-5 UiM with a mean EC50 value of 0.2 (0.1-0.5) jIM. The
maximum inhibition of spontaneous contractions achieved
with 5-HT was 85.2 ± 5.2% (s.e.mean, n = 12).

Concentration-response curves to a range of indoles
(n = 5-6) gave a rank order of potency 5-HT> 5-methoxy-
tryptamine = a-methyl-5-HT> 5-carboxamidotryptamine>>
2-methyl-5-HT (Figure 2, Table 1A) and the curves (except
2-methyl-5HT) were approximately parallel over the concen-
tration range 0.01-10fJM. Maximum inhibition of the spon-
taneous contractions by the indoles was similar except for
2-methyl-5-HT which was only 37.80 ± 12.2% of the control
(Table IA) and the e.p.m.r. was, therefore, calculated at the
EC20 level.

Figure 3 and Table lA show the agonist activity of 5-HT
and four substituted benzamides (n = 5-6). The response
curves to 5-HT, renzapride, zacopride, metoclopramide and
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cisapride were constructed within the concentration range
0.1-100JM. The rank order of potency was 5-HT>ren-
zapride> zacopride> metoclopramide > cisapride. The res-
ponse curve to metoclopramide was very shallow and with
the highest concentration (100 iM) caused only 46.4 ± 12.1%
inhibition. Because of the shallow nature of its response and
that higher concentrations were not applied it is equivocal
whether metoclopramide is a partial agonist.
The rank orders of potency of the indoles and substituted

benzamides was confirmed in later experiments (n = 3) where
a 5-HT concentration-response curve was followed by a
second concentration-response curve to one of these agonists

2 mN

2 min
* 0 0 0 0

8 7.3 7 6.3 6

-log [5-HT] M

Figure 1 Representative tracing showing the effect of 5-hydroxytry-
ptamine (5-HT) on the spontaneous contractions of the intertaenial
circular muscle of human colon. 5-HT was added cumulatively
(0.1-1 JAM) with 2 min contact time for each concentration.
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Figure 2 The effect of 5-hydroxytrypamine (5-HT) and related
indoles on the spontaneous contractions of intertaenial circular mus-

cle of human colon. Values are calculated as the percentage inhibi-
tion of control spontaneous contractions. (0) 5-HT (n = 12); (0)
a-methyl-5-HT (n = 6); (V) 5-methoxytryptamine (n = 6); (A) 5-
carboxamidotryptamine (n = 5); (0) 2-methyl-5-HT (n = 5). Each
point is the mean value ± s.e.mean.

in the same strip. This method was used after showing that
the two 5-HT concentration-response curves were reproduc-
ible when made at 30 min intervals (Figure 4a). The e.p.m.rs
of these agonists were determined from their relevant EC
values (as in Table lB with EC20 values for 2-methyl-5-HT,
metoclopramide and cisapride, EC30 value for zacopride and
EC50 values for other compounds) in each strip set up. The
relevant EC value, e.p.m.r. and percentage of maximum
inhibition of the agonists are shown in Table lB. Although
the values of e.p.m.r. using this alternative method were, for
some agents, somewhat higher than those in Table 1 A,
similar rank orders of potency as well as maximum responses
of both indoles and substituted benzamides were observed.

5-Hydroxyindalpine, a 5-HT1p agonist, had relatively little
effect. The mean maximum response was 24.1 ± 9.82% at
1 JiM (n = 5, results not shown).

5-HT receptor antagonists

A concentration-response curve to 5-HT or 5-methoxytry-
ptamine was first constructed and the agonist removed by
washing. The antagonist was then incubated for 30 min and a
second concentration-response curve constructed. As
previously described the spontaneous contractility was lower
prior to the second response curve but the reduction of
spontaneous activity in the presence of antagonists did not
differ significantly when compared to that in the absence of
an antagonist. Following 30 min incubation with tropisetron
(10 jiM n = 5), methiothepin (1 JiM n = 4), methysergide
(10 JIM n = 5) and ondansetron (10 AM n = 4), the spon-
taneous activity measured prior to the second response curve
was 57.4 ± 8.8%, 67.7 ± 12.7%, 23.7 ± 16.7% and 18.25 +
8.5%, less respectively than the activity measured before the
first response curve.

Tropisetron at concentrations of S and 10 fiM produced
parallel and rightward shifts of the concentration-response
curves to 5-HT yielding estimated pKB values of 5.9 ± 0.4
(n = 4) and 5.8 ± 0.3 (n = 5) respectively. The maximum res-
ponse to 5-HT was not altered (Figure 5a). Tropisetron
(10 fiM) also caused a rightward shift of the 5-methoxytry-
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Figure 3 The effect of benzamides and 5-hydroxytryptamine (5-HT)
on the spontaneous contractions of intertaenial circular muscle of
human colon., (@) 5-HT (n = 12); (A) renzapride (n = 6); (0)
zacopride (n = 5); (0) metoclopramide (n = 6); (A) cisapride (n = 5).
Other details as in Figure 2.
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Table I Inhibitory effect of indoles and substituted benzamides on spontaneous contractions of human colon circular muscle

Compound EC value (gM)' e.p.m.r.
% maximum inhibition of
spontaneous contractility

A
5-HT
5-Methoxytryptamine
a-Methyl-5-HT
5-Carboxamidotryptamine
2-Methyl-5-HT

Renzapride
Zacopride
Metoclopramide
Cisapride

B
5-HT
5-Methoxytryptamine
a-Methyl-5-HT
5-Carboxamidotryptamine
2-Methyl-5-HT

Renzapride
Zacopride
Metoclopramide
Cisapride

0.2 (0.1-0.5)
0.7 (0.2-3.2)
0.6 (0.2-2.0)
3.9 (0.8-18.4)
0.9 (0.1 - 13.7)t

1.5 (0.2-12.8)
0.9 (0.2-4.1)*
1.1 (0.0-34.1)t
3.2 (0.4-27.0)t

0.14
2.92
1.33
5.07
1.64t

1.03
1.86*
2.50t
2.37t

Data in (A) show values from experiments (n = 5- 12) where concentration-response curves were constructed for the inhibitory
responses to one agonist on each strip.
In (B) data were derived from experiments (n = 3) in which a concentration-response curve to 5-HT was obtained and then
response-curves to a second agonist were constructed after 30min. Full details are given in Methods.
'Values are mean EC50 (95% confidence limits) LM except for t which is EC20 and * which is EC30. The mean EC20 and EC30 values for
5-HT were 0.03 (0.02-0.05) and 0.07 (0.04-0.12)I1M respectively.
e.p.m.r. is equipotent molar ratio. Other values are mean ± s.e.mean.

ptamine concentration-response curve (Figure 5b) yielding a

pKB value of 5.7 ± 0.2 (n = 5). Tropisetron (1O JM) had no

effect on isoprenaline (0.01-100 AM)-induced inhibition with
a concentration-ratio of 1.0 (n = 3, data not shown).

Figure 6a,b,c shows that inhibition of spontaneous activity
by 5-HT was not prevented by the S-HT,-like and S-HT,
receptor antagonists, methysergide (10 JAM, n = 5) and
methiothepin (1 tiM, n = 4) and the 5-HT3 receptor
antagonist, ondansetron (10 juM, n = 4) which yielded concen-
tration-ratios of 0.6 (0.2-1.7), 1.0 (0.8-1.3) and 1.0 (0.7-1.4)
respectively. Neither the slopes nor the maxima of the 5-HT
response curves were affected by these concentrations of
antagonists.

Metoclopramide, was also tested as an antagonist. At a

concentration of 10 jiM (n = 6) it caused no significant shift
of the 5-HT-induced response with a concentration ratio of
1.1 (1.0-1.3). The maximum response was not altered
(results not shown).

Tetrodotoxin (1.5 JAM) incubated for 15 min caused a

statistically non-significant rightward shift of the 5-HT
concentration-response curve (n = 6) yielding a concen-

tration-ratio of 2.9 (1.0-4.3) without affecting the maximum
response. Tetrodotoxin at the same concentration also
inhibited the response to isoprenaline by shifting the
isoprenaline concentration-response curve to the right and its
maximum response was reduced by 26.6% of the control
(n = 4, data not shown).

Discussion

We do not have a clear picture of the place of 5-HT in the
control of gastrointestinal smooth muscle contractility. In
part, this is because investigations have revealed a wide
heterogeneity in the 5-HT receptor type, distribution and
function, in different parts of the gastrointestinal tract and
between species. A clearer picture may emerge following the
identification of a 5-HT receptor type now designated 5-HT4

at neuronal and non-neuronal sites in the gastrointestinal
tracts of several laboratory species.

In the guinea-pig ileum, ascending colon and the distal
colon the 5-HT4 receptor mediated contraction is tetro-
dotoxin-sensitive (Craig & Clarke, 1990; Eglen et al., 1990;
Hill et al., 1990; Elswood et al., 1991; Wardle & Sanger,
1993) whereas in the rat oesophagus (Baxter et al., 1991;
Reeves et al., 1991) and terminal ileum (Tuladhar et al.,
1991 b) 5-HT4-mediated relaxation is unaffected by tetro-
dotoxin.

In the colon of other laboratory animal species, different
S-HT receptor types exist. In circular muscle preparations
from rabbit colon, 5-HT increased contractions and these
were abolished by methysergide but not by ketanserin or

tropisetron indicating a 5-HT,-like receptor (Ng et al., 1991).
In guinea-pig ascending colon, 5-HT induced relaxation
through 5-HTI-like receptors (Elswood & Bunce, 1992). In
smooth muscle cells from the circular muscle of dog colon
5-HT reduced carbachol-induced contractions but the recep-
tor subtype was not identified (Zhang et al., 1992).
The effects of 5-HT on human colon have not been exten-

sively studied. In vitro 5-HT causes a relaxation of basal or

spasmogen-elevated tone (Fishlock & Parks, 1963; Burleigh,
1977) but in one study using circular muscle, 5-HT caused
increased contractions (Couture et al., 1980). Interestingly,
Burleigh (1977) showed that the 5-HT-induced relaxation in
the longitudinal muscle layer but not the circular layer was

antagonized by methysergide, but receptor types were not
further characterized.

In the present study only a concentration-dependent
inhibitory effect of 5-HT on spontaneous contractions of
circular muscle strips was observed. When expressed as a

percentage of the spontaneous activity measured immediately
before constructing the response curve, the inhibition could
be quantitated and two consecutive response curves prepared
30 min apart shown to be superimposable. This was true
despite the fact that spontaneous activity tended to be lower
at the time of constructing the second response curve. Some
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Figure 4 The inhibitory effect of two concentration-response curves
in the same isolated strip to 5-hydroxytryptamine (5-HT) (a) and
5-methoxytryptamine (b) in intertaenial circular muscle of human
colon. The interval between the first curve (e) and the second curve
(0) was 30 min. Each point is the mean value obtained with tissues
from 4 patients (other details as in Figure 2).

variability in concentration-response curves between tissues
was noted as might be expected from a very heterogeneous
supply of human tissue. However, the linear range of res-
ponse to 5-HT was generally between 1O nM and 5 JM and
the response curves showed no evidence of being biphasic.
Tetrodotoxin in a concentration (1.5 JAM) known to abolish
neuronal transmission in this preparation (unpublished data)
caused a small shift to the right of the response curve and no
suppression of the maximum response. It is, therefore, pos-
sible that a small component of the 5-HT response may be
neuronally-mediated but its effects appear predominantly to
be at a non-neuronal site.
The receptor type present was investigated using a range of

agonists. The effectiveness of the agonists was initially tested
utilising only one drug on each preparation but latterly a
series of experiments were performed where a 5-HT concen-
tration-response curve was constructed followed 30 min later
by another agonist on the same preparation. We proved that,
with the latter procedure, no tachyphylaxis developed to

Figure 5 The effect of tropisetron on the responses to 5-
hydroxytryptamine (5-HT) (a) and to 5-methoxytryptamine (5-MOT)
(b). Agonist response curves are shown in the absence (0) and in the
presence of tropisetron 5;JM (0) and 10IJM (0). For each point
n = 4-5. Other details as in Figure 2.

5-HT. The data obtained from the two procedures did not
differ in any major respect although when both 5-HT and
another agonist were tested on the same strip, rather than a
single agonist, moderately different values for the equipotent
molar ratios of some of the agonists were obtained.
The present study demonstrates that the receptor that

mediates 5-HT-induced inhibition of the circular muscle of
human colon spontaneous contractions appears to be 5-HT4-
like. Our evidence is that the inhibitory effect of 5-HT was
mimicked by several indoles and substituted benzamides. The
rank order of inhibitory potency of the indoles was 5-HT>
5-methoxytryptamine = a-methyl-5-HT> 5-carboxamidotry-
ptamine» 2-methyl-5-HT. This order is consistent with that
determined for 5-HT4 receptor activation reported in the
literature in a variety of guinea-pig and rat tissues where the
receptor is either neuronally or non-neuronally sited (Craig &
Clarke, 1990; Eglen et al., 1990; Baxter et al., 1991; Elswood
et al., 1991; Costall et al., 1993; Wardle & Sanger, 1993).
With 5-methoxytryptamine, a-methyl-5-HT and 5-carbox-
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Figure 6 The effect of 5-HT1, 5-HT2 and 5-HT3 receptor antagonists on the responses to 5-HT. 5-HT response curves are shown in
the absence (-) and presence (0) of antagonist to 5-HT before and following 30 min incubation with (a) 10gM ondansetron
(n = 4), (b) IO M methysergide (n = 5), (c) 1I M methiothepin (n = 4). Other details as in Figure 2.

amidotryptamine it was possible to construct a full
concentration-response curve whereas with the highest con-

centrations of 2-methyl-5-HT (50 SM) only approximately
38% inhibition of control spontaneous contractility was

reached. Although the ranking data are largely consistent
with other tissues some differences in the magnitude of the
rank differences do exist when compared with other tissues.
Baxter et al. (1991) and Wardle & Sanger (1993) point out
that variable factors such as uptake and metabolism of the
analogues may contribute to these differences.
The rank order of the indoles was not that seen at 5-HT1-

like or 5-HT3-like receptors which is 5-CT> 5-HT>2-
methyl-5-HT = x-methyl-5-HT and 5-HT = 2-methyl-5-HT>
x-methyl-5-HT>5-CT respectively (Humphrey, 1984).
Th order of potency is actually fairly similar to the 5-HT2

receptors identified by Humphrey (1984); 5-HT = a-methyl-5-
HT> 5-CT> 2-methyl-5-HT. However, methysergide and
methiothepin which are antagonists at 5-HT2 receptor sites
did not alter the concentration-response curves to 5-HT
indicating the absence of a significant effect of 5-HT at a

5-HT2 type receptor.
The lack of effect of 5-hydroxyindalpine also indicated the

absence of a putative 5-HT1p type receptor.
Evidence for 5-HT4 receptor involvement was also

obtained by investigating the effects of substituted ben-
zamides. These are antagonists at 5-HT3 receptors but have
agonist activity at the 5-HT4 receptor (see Bockaert et al.,
1992). We found that they were agonists in this preparation
and the rank order was 5-HT> renzapride> zacopride>
metoclopramide> cisapride. Renzapride had approximately
equal activity to 5-methoxytryptamine and x-methyl-5-HT
and the response to cisapride was very variable. The max-
imum responses to renzapride, zacopride and cisapride were

not significantly different from 5-HT. The potency profile
again is similar to that reported for 5-HT4 receptors by other
investigators (Craig & Clarke, 1990; Baxter et al., 1991;
Costall et al., 1993). However, as with the indoles, some
differences are apparent; thus Wardle & Sanger (1993) inves-
tigating the distal colon longitudinal muscle myenteric-plexus
preparation found that cisapride was more potent than
zacopride or metoclopramide. Because of the weak nature of
the agonist effect of metoclopramide we feel that it is
equivocal whether it is a partial agonist. At 100 pM (the
greatest concentration tried in any experiment) spontaneous
contractility was inhibited by only 46.4 ± 12.1%. However in
subsequent investigations, metoclopramide (10 tM) had no
antagonistic effect against 5-HT and did not affect the

maximum response. Metoclopramide has variable actions in
different preparations where receptors are purported to be
5-HT4-like. In the guinea-pig distal colon longitudinal
muscle-myenteric plexus preparation (Wardle & Sanger,
1993) and in the rat oesophagus (Baxter et al., 1991) it has
been reported to be a full agonist whereas in rat oesophagus
(Reeves et al., 1989), guinea-pig ascending colon (Elswood et
al., 1991) and guinea-pig ileum (Hill et al., 1990) and in
studies of short-circuit current in guinea-pig ileal mucosa

(Scott et al., 1992) it was a partial agonist. However, the
antagonist effect of metoclopramide against 5-HT appears
very weak with a pKB value of 4.8 (Scott et al., 1992) or pD2
value of 5.0 (Hill et al., 1990). It is worth noting that besides
having agonist activity at 5-HT4 receptors and antagonist
activity at 5-HT3 receptors, metoclopramide is also an
antagonist at dopamine D2 receptors (Jenner & Marsden,
1979). Renzapride and zacopride have been shown to exhibit
full agonist activity at the 5-HT4 receptors in the guinea-pig
ileum (Eglen et al., 1990) although, in the same preparation,
Hill et al. (1990) reported that they are partial agonists.
Cisapride has also been shown to be a partial agonist in the
guinea-pig ileum (Hill et al., 1990) and ascending colon
(Elswood et al., 1991). It has also been tested as an
antagonist in these preparations and shown to produce
inhibition of the 5-HT-induced responses (Hill et al., 1990;
Elswood et al., 1991). Full agonist activity at 5-HT4 receptors
of these benzamides has also been observed in the mouse
embryo colliculi neurones (Bockaert et al., 1990); however,
they are partial agonists in the guinea-pig hippocampus
(Dumuis et al., 1989). Cisapride has also been shown to have
antagonist activity at 5-HT2 receptors (Moriarty et al., 1987).

Ondansetron, a tetrahydrocarbazolone, having 5-HT3
antagonist activity but no 5-HT4 stimulant activity (Dumuis
et al., 1989) did not modify 5-HT-induced response curves.

Tropisetron is a potent 5-HT3 antagonist with weak 5-HT4
receptor antagonist activity. The low pKB values found in the
circular muscle of human colon using 5-HT (pKB 5.8-5.9) or

5-methoxytryptamine (pKB 5.7) as the agonist are within the
range of values found for antagonism of 5-HT responses at
the 5-HT4 receptor in other tissues. Tropisetron was selective
as it was without effect on isoprenaline-induced inhibition of
spontaneous contractions.
The 'prokinetic' benzamides, cisapride and metoclopra-

mide, which antagonize 5-HT3 receptors but stimulate 5-HT4
receptors enhance gastric emptying and small bowel intestinal
transit and lower oesophageal sphincter pressure in man (see
Farthing, 1991). However, there is no evidence in man that
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their actions are through 5-HT3 receptors nor is there
evidence that 5-HT3 receptors are present in the upper
gastrointestinal tract in man. An alternative explanation for
the 'prokinetic' effect of the benzamides is that their
stimulant effect upon 5-HT4 receptors causes increased
motility in man as it does in some laboratory animal species
(Costall & Naylor, 1990). For this explanation to be tenable,
5-HT4 receptors need to be shown to be present in the upper
gastrointestinal tract in man. Only preliminary evidence for
5-HT4 receptors that induce contraction in human stomach
has been obtained in vitro by Schuurkes et al. (1991). They
showed in circular cut strips of human stomach that electrical
field stimulation (EFS) induced twitch contractions could be
enhanced by cisapride, 5-HT and the 5-HT4 receptor agonist,
5-methoxytryptamine. Both EFS-induced twitches and
agonist-induced enhancement of twitches could be reduced
by the weak 5-HT4 receptor antagonist, tropisetron. Desen-
sitization experiments also indicated the presence of a 5-HT4
receptor. These data, although preliminary, indicated that
unlike the 5-HT4 receptor in the human colon the gastric
5-HT4 receptor is neuronally-sited and activation induces
contraction.

Although in this study we have produced evidence for a
5-HT4-like receptor on the circular muscle of human colon,
we have preliminary evidence that the longitudinal muscle of
the taenia coli possesses a 5-HTI-like receptor which is tetro-
dotoxin insensitive and work to confirm this is being carried
out. Stimulation of this receptor also causes inhibition of
basal tone.

In summary we conclude that the heterogeneity of 5-HT
receptors seen in laboratory animals is also present within the
human intestine. Using a range of indoles, substituted ben-
zamides and tropisetron, criteria that have been widely
accepted in the literature as indicating the presence of a
5-HT4-like receptor, we have established the presence of a
receptor type present in the circular muscle of the human
colon that is 5-HT4-like.

We thank Glaxo Group Research for financial assistance of a
research student, ORS for partial support of F.S.-F.T., and Messrs
F. McGinn, H. Steer, R. Lane, R. Rainsbury and I. Taylor for
surgical samples.
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Infection by HIV-1 blocked by binding of dextrin 2-sulphate to
the cell surface of activated human peripheral blood
mononuclear cells and cultured T-cells
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1 Structural analogues of a sulphated polysaccharide, dextrin sulphate, were synthesized and tested for
their ability to block infection by HIV-1. Using the T-cell lines, C8166 and HPB-ALL, and the
laboratory adapted strains of HIV-1.MN, HIV-l.IIIb and HIV-1.RF, dextrin 2-sulphate (D2S) com-

bined the best combination of high anti-HIV-1 activity (95% inhibitory concentration (IC95) = 230 nM)
and low anticoagulant activity. It also blocked infection of activated peripheral blood mononuclear
(PBMN) cells by five primary viral isolates at an IC95 of 230-3700 nM depending upon the primary viral
isolate tested.
2 In saturation binding studies, [3H]-D2S bound to a cell surface protein on HPB-ALL cells in a
specific and saturable manner with a Kd of 82 ± 14 nM and a Bmax of 4.8 ± 0.3 pmol/106 cells. It bound
to other human T-cell lines in a similar manner.

3 There was very little binding of [3H]-D2S to freshly isolated PBMN cells (Bmax 0.18 ± 0.03 pmol/106
cells) and these cells could not be infected by HIV-1. Culture of PBMN cells in lymphocyte growth
medium (LGM) containing IL-2 did not significantly change the Bmax of [3H]-D2S. In contrast, PBMN
cells which had been cultured with phytohaemagglutinin (PHA; 5 gg ml-') for 72 h had a Bmax of
[3H]-D2S binding of 7.2 ± 0.1 pmol/106 cells and these cells could be infected by HIV-1. Removal of the
PHA and further culture of the PBMN cells in LGM containing IL-2 resulted in a fall in the Bmax to
2.0 ± 0.1 pmol/106 cells. The Kd of binding did not change significantly during the course of these
experiments.
4 [3H]-D2S did not bind to freshly isolated erythrocytes or to erythrocytes which had been cultured in
PHA for 72 h.
5 These results suggest that there is a relationship between the expression of the [3H]-D2S binding
protein on the plasma membrane of PBMN cells and the susceptibility of these cells to infection by
HIV- 1.

Keywords: HIV-1; laboratory adapted isolates of HIV-1; primary viral isolates of HIV-1; sulphated polysaccharides; chemical
synthesis and characterization of sulphated polysaccharides; dextrin 2-sulphate; human cultured T-cells; human
peripheral blood mononuclear cells

Introduction

Infection by the Human Immunodeficiency Virus-I (HIV- 1)
is a prerequisite for the development of the Acquired
Immune Deficiency Syndrome (AIDS) which is characterized
by a progressive loss of CD4 positive T-cells. Infection of
these cells is initiated by the binding of the viral envelope
glycoprotein gpl2O to the cell surface protein CD4, following
which there is a temperature-dependent dissociation of gpl20
from the viral envelope (Dalgleish et al., 1984; Klatzmann et
al., 1984; Maddon et al., 1986; Hart et al., 1991; Dimitrov et
al., 1992; Klasse & Moore, 1992). This exposes gp4l which is
believed to be involved in the fusion of the virion with the
cell membrane (Brasseur et al., 1988). The mechanism of
viral entry however remains obscure.
Endogenous sulphated polysaccharides have a role in cell

adhesion and cell recognition (Rossignol et al., 1984;
Yamaguchi et al., 1985; Cole et al., 1986; Coombe et al.,
1987) and have been implicated in the binding of lym-
phocytes to endothelial venules (Stoolman & Rosen, 1983;
Brenan & Parish, 1986; Coombe & Rider, 1989). More
recently, sulphated polysaccharides have become the focus of
renewed interest because they block infection of T-cell lines
by laboratory adapted strains of HIV-1 in vitro. A variety of
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compounds have been studied; fucoidan, dextran sulphate,
pentosan polysulphate, mannan sulphate, lentinan sulphate,
sulphated bacterial glycosaminoglycan, dextrin 2-sulphate,
heparin and fragmented derivatives of heparin (Ito et al.,
1987; Ueno & Kuno, 1987; Baba et al., 1988b; Bagasra &
Lischner, 1988; McClure et al., 1991; 1992; Beddows et al.,
1993). In previous studies, D2S was shown to block infection
of human T-cell lines by a variety of laboratory adapted
cell-free isolates of HIV-1 (McClure et al., 1991; 1992; Bed-
dows et al., 1993).

It remains to be established whether the large family of
sulphated polysaccharides which block HIV-1 infection share
a common mechanism of action or whether several different
mechanisms are responsible for their anti-HIV-1 activity. In
the case of D2S, fucoidan and dextran sulphate, previous
studies have suggested that they block HIV-1 infection by
acting at the level of the cell surface but they did not
characterize this binding (Mitsuya et al., 1988; Baba et al.,
1988a; 1990; McClure et al., 1991; 1992; Beddows et al.,
1993).
The identification and characterization of a cell surface

receptor to which D2S binds and blocks HIV-1 infection has
important implications for therapy. In this paper, we have
synthesized structural variants of dextrin sulphate and used
them to study the binding of these compounds to T-cells.

'." Macmillan Press Ltd, 1994
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Methods

Synthesis ofD2S and its analogues

Limit dextrin (ML Labs, Waverley, Liverpool) was produced
by enzymatic hydrolysis of starch and purified by ultra filtra-
tion and passage through absorptive filters. The product
complies with the British Pharmacopoeia monograph for
dextrin and consists predominantly of a-1, 4 linked glucan
units. D2S was synthesized by sulphation of a solution of
dextrin (40 g in 40 ml water) at room temperature using
sulphur trioxide-trimethylamine complex (60 g) in the pres-
ence of sodium hydroxide (16.8 g). The stirred mixture was
maintained alkaline over 12 h with 5M sodium hydroxide.
Excess reagent was removed by dialysis against water and the
product recovered after freeze-drying. Dextrin 2,3,6-trisul-
phate was prepared in the same way as D2S but with a large
excess of the sulphating agent.

Dextrin 3-sulphate was prepared from dextrin (16.2 g) after
being acetylated over 2 d with acetic anhydride (20.4 g) and
triethylamine (10 g) in dimethylformamide (150 ml). The
product (12.3 g), predominantly the 2,6-diacetyl derivative,
was collected by precipitation after the addition of water,
dissolved in dimethylformamide (75 ml) and sulphated with
trimethylamine-sulphur trioxide complex (25 g) over 24 h.
The mixture was poured into acetone (500 ml) to yield a
sticky residue and the supernatant decanted. The residue was
dissolved in water (150 ml) and saponified with sodium hyd-
roxide (5 g) to remove the acetyl groups. The dextrin 3-
sulphate mixture was finally dialysed against water and
freeze-dried.

Dextrin 6-sulphate was prepared by sulphation of dextrin
(10 g) in dimethylformamide (100 ml) with cyclamic acid
(22.5 g) at 78C over 1.5 h. The mixture was made alkaline
with sodium hydroxide in aqueous ethanol (10%; 50 ml) and
then poured into diethyl ether (400 ml). The resultant solid
was washed with ether, dissolved in sodium acetate solution
(50%; 100 ml), dialysed against water and freeze-dried.

Dextrin 2-(2-hydroxypropyl-3-trimethylammonium salt)
was prepared by stirring dextrin (81 g) in 5% sodium hydrox-
ide (240 ml) with glycidyltrimethylammonium chloride
(120 g) for 12 h at 20C. The resulting solution was dialysed
against water and freeze-dried. Dextrin 2-(2-hydroxypropyl-
3-triethylammonium salt) was prepared in the same way
except that glycidyltriethylammonium chloride was used in
place of glycidyltrimethylammonium chloride.

Dextrin and its sulphated derivatives were characterized by
sulphate analysis, Fourier transformed infra red spectra
recorded in KBr discs and '3C n.m.r.

Synthesis of radiolabelled D2S

[3H]-D2S was prepared by partial alkylation of D2S with
[3H]-methyl iodide in dimethylformamide in the presence of a
silver (I) oxide catalyst. A stirred solution of D2S (27.7 mg)
and silver (I) oxide (10 mg) in dimethylformamide (2 ml) was
treated dropwise with [3H]-methyl iodide (3.74 mg in 1 ml of
toluene; specific activity 80 Ci mmol-', Amersham, Bucks)
over 4 h at room temperature. Distilled water (5 ml) was then
added with vigorous stirring before the mixture was allowed
to separate into aqueous and organic layers. The organic
layer was removed. The residual aqueous phase was dialysed
against distilled water (8 x 101) followed by gel filtration
(Sephadex G-25) to yield D2S in which it was estimated that

in 500-1000 glucan units was [3H]-methylated (specific
activity 70-200 mCi mmol-'). This degree of methylation did
not affect its anti-HIV-I activity.

Cell lines and primary cells

The human T-cell lines studied were HPB-ALL (Morikawa et
al., 1978), CEM (Foley et al., 1965), C8166 (Salahuddin et
al., 1983) and H9 (Popovic et al., 1984). The human

epithelial-like cell line HeLa (Scherer et al., 1953) and the
HeLa cell line transfected with the gene for human CD4
(Chesebro & Wehrly, 1988) were also studied. HPB-ALL
cells were maintained in Iscove's modified Dulbecco's
medium and C8166 cells, H9 cells, HeLa cells and HeLa
CD4 cells were maintained in RPMI 1640 medium. The
culture medium was supplemented with 10% (v/v) foetal calf
serum (FCS), 2 mM glutamine, 250 iu ml1 I penicillin and
250 Igml-' streptomycin. Cell lines were obtained from the
MRC AIDS Directed Programme.
PBMN cells were isolated from whole blood using Ficoll-

Paque (Pharmacia). The cells were suspended at 2 x 106 cells
ml-' in lymphocyte growth medium (LGM) which contains
RPMI 1640, 2mM L-glutamine, 15% (v/v) FCS, 250 iu peni-
cillin ml-' and 2501Ag streptomycin ml-'. In some experi-
ments, cells were cultured with 5 fig ml-' phytohaemag-
glutinin (PHA; Sigma) for up to 72h, washed with phos-
phate buffered saline (PBS)/5% (v/v) FCS, and then resus-
pended in fresh LGM containing 20 iu recombinant IL-
2ml-' (MRC AIDS Directed Programme). In other experi-
ments, cells were cultured with 51ig PHA ml1' for up to
96 h, washed with PBS/5% (v/v) FCS and then resuspended
in fresh lymphocyte growth medium containing 20 iu recom-
binant IL-2 ml-' for up to 96 h.

Freshly isolated PBMN cells were also incubated with
LGM containing 1.0 fig ml-' of the monoclonal antibody
OKT3 (anti-CD3, a T-cell specific activator antibody)
(Roosnek et al., 1990) or with LGM containing 20 iu recom-
binant IL-2 ml-' and one of several cytokines (Schrier et al.,
1993) (1 ngml-' human recombinant IL-1a, 1 ngml-'
human recombinant IL-1P, 50 ng ml-' human recombinant
IL-4 and 50 ng ml-' human recombinant IL-6; Genzyme
Diagnostics, Kent) for up to 72 h prior to being washed with
PBS/2% (v/v) FCS and binding studies being performed.

Infectivity assays

The HIV-1 isolates HIV-1.MN, HIV-l.IIIb and HIV-1.RF
were obtained through the MRC AIDS Directed Programme
and were propagated in H9 cells. Cell free supernatants
containing HIV-1 were prepared by lysis of acutely infected
H9 cells and centrifugation of the cellular debris at 400 g for
5 min. The titre of virus was determined by endpoint dilution
of the viral supernatant on C8166 cells (Lifson et al., 1986;
McClure et al., 1991). Productive infection resulted in the
formation of syncytia in the C8166 cells and the result was
recorded as the tissue culture infectious dose (TCID). Syn-
cytial assays and/or measurement of the major core protein
of HIV-1 (p24) were used to determine the anti-HIV-1
activity of D2S and its analogues. Cells were incubated with
the test compound for 1 h at 37°C prior to the addition of
HIV-1. The cultures were then assessed by light microscopy
on a daily basis for 5 days for the formation of syncytia
and/or cell free culture supernatants collected for measure-
ment of p24 (EIA, Coulter, Luton, Beds).
The ability of D2S to block infection of PBMN cells by

primary viral isolates of HIV-1 was also determined. These
isolates were grown from HIV-1 positive patients by cultur-
ing their PBMN cells (2 x 106 ml-') with an equal number of
PHA activated PBMN cells from seronegative donors (Holl-
inger et al., 1992). The co-culture was fed every 4 days with
fresh LGM containing IL-2 and fresh PHA activated PBMN
cells (0.5 x 106 cells ml-'). Cell free supernatants were col-
lected 10 days after the start of the co-culture and stored in
liquid nitrogen until use. The titre of the primary viral isolate
was determined by endpoint dilution of the viral supernatant
on PHA stimulated PBMN cells. Productive infection was
determined by measurement of p24 in cell free culture super-
natants and the result recorded as the TCID.
The anti-HIV-1 activity of the compounds studied was

determined using PHA stimulated PBMN cells which, after
washing, had been resuspended in fresh LGM containing
IL-2 (20 iu ml-'). They were then incubated with D2S
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(20-100 ILg ml') for 1 h at 370C. Following this, either HIV-
1.MN (101 TCID) or one of 5 primary viral isolates of HIV-1
(10'- 102 TCID) was added to the culture. After 24 h, the
cells were washed with PBS/2% (v/v) FCS and cultured in
LGM containing IL-2 (20 iu ml-') for a further 4 days. Cell
free culture supernatants were then collected, filtered and p24
measured. The inhibitory concentration (IC95) of each com-
pound was defined as the concentration which reduced the
level of p24 in cell free supernatants by 95% as compared to
the positive control. The IC95 was measured in preference to
the IC50 because studies with recombinant soluble CD4 have
suggested that its inhibitory effect on plasma viraemia cor-
relates with the in vitro IC95 of the viral isolate and not its
IC50 (Schacker et al., 1994).

Anticoagulant assays

Thrombin mediated fibrin formation was measured in pooled
human plasma. Compounds were diluted in plasma/veronal
buffer (2/1, pH 7.35) and incubated at 37TC for 30 min.
Fractions of each solution (200 pl) were then mixed with
bovine thrombin (7 u) and the time to clot formation
recorded. The normal thrombin time was 17 s.

Receptor-ligand binding studies

C8166 cells were used to determine the anti-HIV-1 activity of
the compounds synthesized. However, although they are an
ideal T-cell line for infection screening assays, they were not
used for the binding assays because they grow in clumps
which are difficult to separate into individual cells. HPB-ALL
cells (which are also very sensitive to infection by HIV-1)
were used for the binding studies because they grow
predominantly as single cells and the small percentage of cells
which grow in clumps can be easily separated. For the pur-
pose for which these cell lines were used, there was no
difference between them; the Kd and Bmax values of the two
cell types were similar and D2S blocked infection of both
C8166 and HPB-ALL cells at the same concentration (see
results).

All binding studies were performed at 40C. Competition
binding studies were performed in triplicate using HPB-ALL
cells at a concentration of 2 x 106 ml-' (Coulter ZM counter)
and 0.2 gM [3H]-D2S. Dextran sulphate (8 kDa), fucoidan,
pentosan polysulphate, auran tricarboxylic acid, sodium sul-
phate and glucose 6 phosphate were purchased from Sigma,
UK. The total reaction volume was 250 pl. After 1 h at 4°C,
the cells were washed with PBS containing 9 mM calcium
chloride and 4.9 mM magnesium chloride and collected on
Whatman GF/C filters using a Brandel cell harvester. The
[3H]-D2S bound to cells was measured in a Tricarb 2000A
(Packard, UK) liquid scintillation counter.
The saturation binding curves for [3H]-D2S were estab-

lished using at least 8 different concentrations and tested in
triplicate. Adherent cells were removed in PBS containing
2 mM EDTA/2% (v/v) FCS, counted and resuspended in
RPMI 1640 at a concentration of 2 x 106 cells ml-'. Non-
specific binding was determined using at least a 100 fold
excess of unlabelled D2S. After 1 h at 4°C, the cells were
washed, collected and counted as described above.

In several experiments, HPB-ALL cells were preincubated
with the antibody Leu 3a (an anti-CD4 monoclonal antibody
which blocks the interaction of the HIV-1 envelope glyco-
protein gpl2O with CD4) for 1 h. Anti-CD 14 and anti-CD
26 monoclonal antibodies were used as control antibodies. In
other experiments, HPB-ALL cells were incubated with
0.05% (w/v) trypsin for 15 min at 37°C or 1.25 units
neuraminidase ml,- for 30min at 37°C prior to the binding
studies.

Binding curves were modelled by computer using an
iterative non-linear least squares regression (Graphpad, Inp-
lot, U.S.A.) from which the dissociation constant (Kd) and
the Bmax were determined. A 1:1 receptor-ligand

stoichiometry and no co-operativity between receptors were
assumed. The ED50 (concentration of the competing drug
which displaced 50% of the [3H]-D2S bound) was determined
from the competition binding curves. The inhibitory constant
(Ki) was calculated from Ki = EDM/{ 1 + (*L/Kd)} where *L is
the concentration of [3H]-D2S in the reaction and Kd is the
dissociation constant of [3H]-D2S.

Statistical analysis

This was performed with Student's unpaired t test.

Results

Synthesis of modified dextrins

Since dextrin is a polymer comprising repeat units, chemical
modification such as sulphation yields a product which is
predominantly (but not exclusively) modified at the same site
of each repeating unit. Elemental and spectroscopic analysis
provide evidence for, and distinguished between, the various
sites of modification. The mol. wt. of D2S was calculated as
27 kDa on the basis of the incorporation of 1 sulphate per
glucan unit (see below).
The sulphate content of the dextrin 2-, 3-, and 6-sulphates

was determined by elemental analysis as 37%, being equiva-
lent to one sulphate per glucan moiety. In the case of dextrin
2,3,6-trisulphate, the sulphate content was determined as
70%, this being equivalent to complete hydroxyl substitution
(three sulphate groups per glucan).

Sulphated dextrins all yielded infrared specta with a band
at about 1220 cm-' characteristic of the presence of sulphate
and another band between 820 cm-' and 840 cm-'. Neither
of these bands were present in the infrared spectrum of
dextrin itself. A peak at 820 cm-' has been reported as
typical for primary sulphates of sugars, i.e. for 6-substitution,
whereas equatorial secondary sulphate gives a peak at
835 cm-' (Turvey, 1965).
By comparison to authentic reference sugars, the 13C n.m.r.

spectrum of dextrin was assigned as follows; the C-1 acetal
carbon is to lowest field, 100.3 p.p.m. and the primary C-6 is
to the highest field near 61 p.p.m. Between these two are C-4
(77.6 p.p.m.), C-3 (73.9 p.p.m.), C-2 (72.2 p.p.m.) and C-5
(71.8 p.p.m.).
The structure of D2S was confirmed by comparison with

dextrin. A major signal for unsubstituted C-6-OH at
61.1 p.p.m. was present and a C-4 signal at 78.1 p.p.m. The
major C-1 peak moved upfield to 99.8 p.p.m. (100.3 p.p.m.
for dextrin) due to the 2-O-sulphation. The spectrum of
dextrin 3-sulphate had a strong signal at 61.1 p.p.m. charac-
teristic of unmodified C-6-OH. Prominent new signals were
present at 82.2 and 82.5 p.p.m. and are assigned to C-3 (a
shift of 8.3 and 8.6 p.p.m. downfield compared to dextrin).
These are close to the chemical shifts for C-3 in glucose
3-sulphate (8.5 and 9.5 p.p.m. downfield compared to
glucose). The assignment is supported by the virtual disap-
pearance of the C-4 signal (77.6 p.p.m. in dextrin) since
substitution at C-3 would be expected to cause an upfield
shift (eg. 2.2 p.p.m. upfield shift in glucose 3-sulphate relative
to glucose), taking it under the envelope of other signals. The
C-2 and C-5 peaks shifted upfield to 70.2 and 70.8 p.p.m.,
respectively (from 72.2 or 71.8 p.p.m. in dextrin). This is
similar to the 1.1 p.p.m. upfield shift for C-2 in glucose
3-sulphate compared to glucose. The C-1 region showed six
closely spaced lines between 100.1 to 98.3 p.p.m. slightly
upfield from that in dextrin (100.3 p.p.m.).

In the spectrum of dextrin 6-sulphate the original C-6 peak
at 61.1 p.p.m. was greatly diminished and a new signal was
present at 67.5 p.p.m., a 6.4 p.p.m. downfield shift from C-6
in dextrin. This is similar to the reported 6.2 p.p.m.
downfield shift seen in glucose 6-sulphate compared to
glucose. The signal for C-5 was shifted upfield (2.5 p.p.m.) to
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69.3 p.p.m. A similar upfield shift of 1.7 p.p.m. has been
reported for the 6-0-sulphation of glucose (Bock & Pedersen,
1983).

In the '3C n.m.r. spectrum of dextrin 2-(2-hydroxypropyl-
3-trimethylammonium salt), the sharp singlet at 54.8 p.p.m.
confirmed the pendent trimethylammonium group. The hyd-
roxypropyl bridge gave signals at 65.6 and 68.5 p.p.m. and
the C-I signal was shifted 3.3 p.p.m. upfield to 97 p.p.m.
(from 100.3 p.p.m. in dextrin) confirming C-2 substitution.
The spectrum of dextrin 2-(2-hydroxypropyl-3-triethyl-
ammonium salt) contained signals at 7.9 and 54.2 p.p.m.
demonstrating the presence of the methyl and methylene
groups in the triethylammonium moiety. The hydroxypropyl
bridge gave signals at 59.2 and 64.8 p.p.m. The unsubstituted
C-6 gave a peak at 60.9 p.p.m. (dextrin C-6, 61.1 p.p.m.).
The C-I signal was shifted 3 p.p.m. upfield to 97.3 p.p.m.
(100.3 p.p.m. in dextrin) confirming C-2 substitution.

Infectivity and anticoagulent measurement

The anti-HIV-1 activity (as determined in C8166 cells and 3
laboratory adapted strains of HIV-1) and the anticoagulant
activity of dextrin sulphate were affected by the number and
position of the sulphate groups present. D2S, dextrin 6-
sulphate and dextrin 2,3,6-trisulphate were potent anti-HIV-1
compounds with similar IC95 values (Table 1). Amongst the
compounds tested, D2S had the shortest thrombin time and
dextrin 2,3,6-trisulphate the longest (Table 1). The 3-sulphat-
ed derivative had poor anti-HIV-1 activity (Table 1) although
its thrombin time was similar to that for dextrin 6-sulphate
(D6S) (Table 1). Dextrin 2-(2-hydroxypropyl-3-trimethyl-
ammonium salt) and dextrin 2-(2-hydroxypropyl-3-triethyl-
ammonium salt) had no anti-HIV-l activity (Table 1). The
inhibition of infection by HIV-1 was confirmed by measure-
ment of HIV-1 p24 in cell free culture supernatants. Amongst
the sulphated derivatives of dextrin, D2S combined high
anti-HIV-l activity with low anticoagulant activity. Neither
D2S nor [3H]-D2S was toxic to C8166 or to HPB-ALL cells
(as determined by cell viability) at a concentration of 7.4 pM,
even after several weeks of culture.

Freshly isolated PBMN cells can only be infected by HIV-
1 (as determined by p24) after they have been activated by
culturing the cells in LGM containing PHA for 24-72 h.
Gowda et al. (1989) have also shown, using PCR for HIV-1
proviral DNA, that activated but not resting PBMN cells can
be infected by HIV-I. The susceptibility of these cells to

infection by HIV-1 following activation is not due to an
increased cell surface expression of CD4 (Gowda et al.,
1989). Dextrin 2-sulphate was found to block infection of
PHA activated PBMN cells by 5 primary viral isolates with
an IC9, of 230-3700 nM depending upon the primary viral
isolate tested as determined by the measurement of p24 in
cell free culture supernatants.

Receptor-ligand binding studies

Competition binding studies In competition binding studies
using HPB-ALL cells, dextrin 6-sulphate, dextrin 3-sulphate
and dextrin 2,3,6-trisulphate were all effective inhibitors of
[3H]-D2S binding (Table 1; Figure 1). The positively charged
molecules, dextrin 2-(2-hydroxypropyl-3-trimethylamine) and
dextrin 2-(2-hydroxypropyl-3-triethylamine), did not inhibit
[3H]-D2S binding and had no anti-HIV-l activity. Similarly,
dextrin, glucose 6-phosphate and sodium sulphate had no
anti-HIV-1 activity and did not displace [3H]-D2S (Table 1).

Competition binding studies were also performed using
several naturally occurring sulphated polysaccharides and
polyanionic compounds which have anti-HIV-l activity. Of
those tested, fucoidan was the most effective competitor
(Table 1). Dextran sulphate (8 kDa) was less effective than
the sulphated derivatives of dextrin. Pentosan polysulphate
did not compete at all whilst auran tricarboxylic acid com-
peted very poorly.

Saturation binding studies on T-cell lines [3H]-D2S bound to
HPB-ALL cells in a specific and saturable manner (Figure 2).
The dissociation constant (Kd) for HPB-ALL cells was
82 ± 14 nM with a Bmu of 4.8 ± 0.3 pmol per 106 cells. CEM,
C8166 and H9 cells had similar Kd values for the binding of
[3H]-D2S (Table 2).

Pre-treatment of HPB-ALL cells with trypsin reduced the
saturable component of [3H]-D2S binding by 91%, in con-
trast to pretreatment with neuraminidase which did not
reduce the binding of [3H]-D2S as compared to PBS-treated
control cells. Exposure of HPB-ALL cells to an antibody
against CD4 (Leu 3a) or with the control antibodies (anti-
CD14 and anti-CD26) at a concentration of 2 fig ml-' for 1 h
prior to performing the binding studies made no difference to
either the Bmax or the Kd of [3H]-D2S binding. Recombinant
gpl20 also failed to displace [3H]-D2S in competition binding
studies.
The binding of [3H]-D2S to HeLa cells was also compared

Table I The anti-HIV-1 activity, anticoagulant activity and inhibition of [3H]-dextrin 2-sulphate ([3H]-D2S) binding

Thrombin time
(s) {n = 3}

Dextrin 2-sulphate
Dextrin 6-sulphate
Dextrin 3-sulphate
Dextrin 2,3,6 trisulphate
Dextrin 2-(2-hydroxypropyl-3-trimethylamine)
Dextrin 2-(2-hydroxypropyl-3-triethylamine)
Dextrin
Glucose 6-phosphate
Sodium sulphate
Fucoidan
Dextran sulphate (8 kDa)
Pentosan polysulphate
Aurin tricarboxylic acid

32 ± 1
56 ± 2
63 ± 2
> 180
ND

ND

17± 1
ND
ND

80± 2
27 ± I
ND
ND

anti-HIV-I activity
(IC95, nM) {n = 9}

230± 15
230 ± 15
1850 ± 67
300± 14

Not active
Not active
Not active
Not active
Not active

80 ± 6
780 ± 49

2000 ± 128
3700 ± 196

[3H]-D2S binding
(Ki, nM) {n = 6}

66± 10
55± 12
198 ± 6
50 ± 3

No competition
No competition
No competition
No competition
No competition

190 ± 8
410 ± 14

No competition
29000 ± 970

The inhibitory concentration (IC95) is the mean concentration of the compound which blocked infection by HIV-1.MN, HIV-1l.IIb
and HIV-1.1.RF of C8166 cells by 95% as measured by syncytia formation and HIV-1 p24. The thrombin time was measured using
the concentration of each compound which corresponded to the IC95 for its anti-HIV-1 activity. Competition binding studies were
performed with HPB-ALL cells. The inhibitory constant (Ki) was determined from these experiments using the concentration of the
competing compound which inhibited the binding of [3H]-D2S by 50%.
Results are shown as the mean ± s.e.mean. ND = not done.
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Figure 1 Inhibition of the binding of 0.2 pM [3H]-D2S to HPB-ALL
cells. Competition curves of specific binding of dextrin 2-sulphate
(@), fucoidan (U), aurin tricarboxylic acid (0), pentosan polysul-
phate (A) and glucose 6-phosphate (0).

with that to HeLa cells transfected with the gene for human
CD4. Although the Kd for [3H]-D2S binding did not change,
the Bmax value for HeLa cells was 4.1 ± 0.2 pmol/106 cells
compared to HeLa cells transfected with CD4 for which it
was 2.2 ± 0.1 pmol/106 cells; n = 9, P<0.05.

Saturation binding studies on PBMN cells There was little
binding of [3H]-D2S *to freshly isolated PBMN cells
(Bmax = 0.18 ± 0.03 pmol/106 cells; Figure 3). Binding in-
creased 2-3 fold after 4 h of culture in LGM containing IL-2
(Bmax = 0.5 ± 0.1 pmol/106 cells; Kd 134 ± 59 nM), but no fur-
ther increase in binding was seen even where the cells were
maintained in culture with IL-2 for up to 72 h (Figure 3). In
contrast, when PBMN cells were cultured in the presence of
PHA, the Bmax increased over 72 h to a maximum of
7.2 ± 0.1 pmol/106 cells (Kd 198 ± 18 nM). The binding of
[3H]-D2S to PHA-activated PBMN cells was specific and
saturable within the concentration range studied. Culture of
PBMN cells in PHA beyond 72 h to 96 h resulted in a small
reduction in cell viability (as measured by Trypan blue exc-
lusion) and in the Bma. to 6.0 ± 0.4 pmol/106 cells. The Kd did
not change during the course of these cultures. There was no
difference in the binding constants of [3H]-D2S to PBMN
cells from men as compared to women with no variation seen
during the menstrual cycle (data not shown).
The binding of [3H]-D2S to activated PBMN cells fell

following removal of PHS, washing with PBS/5% (v/v) FCS
and resuspension in LGM containing IL-2 (Figure 3).
Twenty-four hours after the change in the culture medium,
the Bmax had fallen to 2.0 ± 0.1 pmol/106 cells and it then
remained at this level with further culture. Cell viability was
>90% at all times except where indicated in Figure 3.

In order to determine whether the PHA-dependent increase
in the binding of [3H]-D2S to activated PBMN cells could
have been mediated by the adherence of cellular products in
the culture medium to the surface of PBMN cells, freshly
isolated PBMN cells were incubated for 1 h at 4°C with cell
free culture media from 96 h old cultures of HPB-ALL cells,
washed with PBS/2% (v/v) FCS and binding studies per-
formed. The Bmax of binding (0.18 ± 0.03 pmol/106 cells) did
not change as compared to control cells (0.18 ± 0.03 pmol/
106 cells) despite the high Bmax of [3H]-D2S binding to the
HPB-ALL cells (4.8 ± 0.3 pmol/106 cells). Addition of cell
free supernatants from 96 h old cultures of PBMN cells in
LGM containing PHA also failed to increase the binding of
[3H]-D2S to freshly isolated PBMN cells under similar condi-
tions. The same result was obtained with supernatants from
PBMN cells cultured without PHA.

Culture of freshly isolated PBMN cells with anti-CD3 for
72 h increased the Bmax of [3H]-D2S to 2.0 ± 0.2 pmol/106
cells (Kd = 138 ± 26 nM; n = 6) and made these cells suscepti-
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Figure 2 The binding of [3H]-D2S to HPB-ALL cells. (a) Total
binding (M) and non-specific binding (0), (b) the specific component
of binding of [3H]-D2S. The specific binding (0) is shown as a
Scatchard plot in (c), where bound = pmol [3H]-D2S/106 cells and
free = free ligand (nM).

ble to infection by HIV-l as measured by p24 and as
previously shown by Gowda et al. (1989). In contrast,
incubating PBMN cells in LGM containing the cytokines
IL-la, IL-lP, IL-4 or IL-6 for 72 h did not change the Bmax of
[3H]-D2S as compared to PBMN cells which had been cul-
tured in LGM containing IL-2 only. These cells could not be
infected by HIV-1.

[3H]-D2S did not bind to fresh human erythrocytes, nor to
erythrocytes after 72 h of culture in LGM with PHA. Fur-
thermore, [3H]-D2S did not bind to erythrocytes even when
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Table 2 Binding constants for [3H]-dextrin 2-sulphate to
human T-cells

Dissociation constant

Kd (nM)
82± 14
163 ± 56
190± 11
137 ± 18

Bmax
(pmol/106 cells)

4.8 ± 0.3
5.3 ± 1.2
4.2 ± 0.2
2.2 ± 0.1

These cell lines are all susceptible to infection by HIV-1.
Infection of these cells is blocked by D2S (McClure et al.,
1991; 1992; Shaunak, 1993). The saturation binding curves

were determined with at least 8 different concentrations and
tested in triplicate. The results are given as the
mean ±s.e.mean. The mean Kd of these T-cell lines is
143 ± 23 nm with a mean Bmax of 4.1 0.7 pmol/106 cells.
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Figure 3 The binding of [3H]-D2S to PBMN cells. Following isola-
tion from whole blood, PBMN cells were cultured in either LGM
with PHA (5 fig ml'-) (0) or in LGM with IL-2 (20 iu ml-') (0) for
up to 96 h. In some experiments, PBMN cells were first cultured in
LGM with PHA for 48 h (V) or 72 h (0), washed with PBS/2%
(v/v) FCS and then resuspended in LGM with IL-2 (20 iu ml-') and
cultured. Cell viability was 90-99% at all times except as shown;
*(77%) and **(80%). All points are shown as the mean ± s.e.mean
(n= 12).

their isolation from PBMN cells was performed after whole
blood had first been cultured in LGM containing PHA for
48 h.

Discussion

In this study, the relationship between the structure of sul-
phated dextrins and their ability to block infection of T-cells
by HIV-l was examined. The position of the sulphate group
on the glucan moiety was found to be important for their
anti-HIV- 1 activity. Sulphation at the 2-position or 6-
position of dextrin resulted in considerably better anti-HIV-l
activity compared to sulphation at the 3-position. Increasing
the number of sulphate groups per glucan molecule (dextrin
2,3,6-trisulphate) resulted in a considerable increase in the
anticoagulant activity of the molecule. Neither dextrin nor
2-substituted quaternary ammonium dextrin had any anti-
HIV-1 activity. Thus the cell surface binding of these com-
pounds and their anti-HIV-I activity is dependent upon the
spatial arrangement of the negatively charged sulphate
groups.

Competition binding experiments were used to compare
[3H]-D2S with other sulphated polysaccharides and
polyanionic compounds which have anti-HIV-1 activity.
Fucoidan was a good competitor of [3H]-D2S in contrast to
pentosan polysulphate which did not compete at all.

Fucoidan is thought to share a similar mechanism of action
to D2S for its anti-HIV-1 activity (McClure et al., 1992) in
contrast to pentosan polysulphate which binds to CD4
(Parish et al., 1990). Aurin tricarboxylic acid, which also
blocks HIV-1 infection by binding to CD4 (Schols et al.,
1989; Szabo et al., 1992), was a very poor competitor of
[3H]-D2S.
The results of saturation and competition binding studies

suggest that [3H]-D2S is binding to a cell surface molecule
with a Kd in the range of 82-198 nM and a Bmax of
0.18-7.2 pmol/106 cells. The Bm. was affected by the state of
activation of the cells. The reduction in the binding of [3H]-
D2S to the cell surface following treatment with trypsin
indicates that the cell surface molecule is a protein. Further-
more, competition experiments with the anti-CD4 monoc-
lonal antibody, Leu 3a, and with gpl20, together with the
binding observed to HeLa and HeLa CD4 cells suggests that
this binding is independent of CD4.
D2S blocked infection of several human T-cell lines by a

variety of cell free, laboratory adapted isolates of HIV-1 at
an IC95 of 230 nM as judged by the inhibition of syncytia
formation in C8166 cells and HIV-1 p24 levels. We have also
shown that HIV-1 proviral DNA cannot be detected by PCR
in cells incubated with D2S and then exposed to HIV-1
(Bieniasz et al., 1991; Shaunak, 1993), providing evidence
that D2S prevents HIV-1 infection by blocking viral entry
into cells. In view of the recent observation that the concent-
ration of recombinant soluble CD4 which blocks infection of
PBMN cells by primary viral isolates of HIV-1 is 200-2700
times greater than that required to block infection of T-cell
lines by laboratory adapted isolates of HIV-1 (Daar et al.,
1990), the activity of D2S against primary viral isolates of
HIV-l was also tested. D2S blocked infection of PHA
activated PBMN cells by several different primary viral
isolates at concentrations that were up to 16 times higher
than those required to block laboratory adapted isolates.
D2S therefore has potential as a clinically useful compound.

All the T-cell lines examined bound [3H]-D2S and the
addition of PHA or IL-2 to the culture media did not alter
the Bmax of binding (data not shown). In contrast, the binding
of [3H]-D2S to freshly isolated PBMN cells increased when
the cells were cultured in LGM with PHA to a Bmax that was
almost double that for the T-cell lines that we studied (Table
2). When the cells were then transferred to LGM containing
IL-2, the Bmax fell to 2.0 ± 0.1 pmol/106 cells and it remained
at this level with further culture. Several experiments were
performed to ensure that the binding of [3H]-D2S to the cell
surface was not an artifact of in vitro culture, for example,
with intracellular material from disrupted PBMN cells being
adsorbed onto the surface of intact PBMN cells. Freshly
isolated PBMN cells did not bind [3H]-D2S following addi-
tion of conditioned media either from 96 h old cultures of
HPB-ALL cells or from 96 h old cultures of PBMN cells.
Furthermore, erythrocytes did not bind [3H]-D2S under any
of the experimental conditions tested.
PBMN cells which have been activated by culturing them

either in LGM containing PHA or with an anti-CD3
antibody were susceptible to infection by HIV-1. Infectivity
correlated with an increased expression of the binding [3H]-
D2S. In contrast, culture of fresh PBMN cells with LGM
and each of the cytokines interleukin-la (IL-la), IL-1P, IL-2,
IL-4 and IL-6 for up to 72 h failed to increase the expression
of the [3H]-D2S binding protein significantly or to make the
cells susceptible to infection by HIV-1. These results suggest
a relationship between the expression of the [3H]-D2S binding
protein and the susceptibility of PBMN cells to infection by
HIV-1.

In conclusion, we have synthesized several structural
analogues of sulphated dextrin. Of these, D2S combines high
anti-HIV-1 activity against both laboratory-adapted and
primary viral isolates of HIV-1 with low anticoagulant
activity. Our experiments with trypsin suggest that it binds to
a cell surface protein which is expressed on T-cell lines. D2S

Cell line

HPB-ALL
CEM
C8166
H9
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blocks infection of these cells by both laboratory-adapted
isolates of HIV-1 and primary viral isolates of HIV-1. Uns-
timulated PBMN cells, which cannot be infected by HIV-1,
bound little [3H]-D2S. However, after activation by PHA or
anti-CD3 antibody, these cells could be infected by HIV-1
and they bound [3H]-D2S. Infection of these cells was
blocked by D2S. These results suggest that there is a relation-
ship between the expression of the [3H]-D2S binding protein

on the plasma membrane of PBMN cells and their suscep-
tibility to infection by HIV-1.

We are grateful to Koya Ariyoshi, Simon Beddows and Paul
Bieniasz for technical help and to Ann Bradshaw for performing the
thrombin time assays. This work was supported by the MRC AIDS
Directed Programme, UK, and ML Laboratories plc (UK).
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Action of adenosine receptor antagonists on the cardiovascular
response to defence area stimulation in the rat

J.H. St Lambert, 'M.S. Dawid-Milner, 2L. Silva-Carvalho & 3K.M. Spyer

Department of Physiology, Royal Free Hospital School of Medicine, Rowland Hill St, Hampstead, London NW3 2PF

1 The action of adenosine in the mediation of the cardiovascular changes associated with the defence
reaction has been investigated in the rat using two A, receptor antagonists.
2 Cumulative doses of 1,3 dipropyl-cyclopentylxanthine (DPCPX) (0.3-3 mg kg-') and ethanol
(0.03-0.25 ml) and bolus doses of DPCPX (3 mg kg-') and 8-sulphophenyltheophylline (8-SPT)
(20mgkg-') were given into x-chloralose, paralysed and artificially ventilated rats. Recordings were

made of arterial blood pressure and heart rate.

3 Ethanol, the vehicle for DPCPX, failed to modify the magnitude of the defence response; however,
cumulative doses of DPCPX produced a dose-dependent decrease in the HDA (hypothalamic defence
area)-evoked increase in arterial blood pressure, accompanied by a similar fall in the magnitude of the
evoked heart rate response.

4 The evoked rise in arterial blood pressure was reduced significantly by intravenous injection of
DPCPX (3 mg kg-') but not 8-SPT (20 mg kg-'), a purely peripherally acting adenosine antagonist.
5 These results suggest that adenosine acting at A, receptors located in the central nervous system, is
involved in the HDA-evoked pressor response. Whilst the site of action of the A, receptors is not
known, possible locations are discussed.

Keywords: Adenosine Al receptors; hypothalamic defence area; 1,3 dipropyl-cyclopentylxanthine (DPCPX); 8-sulphophenyl-
theophylline (8-SPT); blood pressure; heart rate

Introduction

Adenosine, in addition to its function in intermediary
metabolism, is, one of the major neuromodulators in the
mammalian brain (see Stone, 1991, for review). It is locally
and rapidly metabolized (Mudumbi et al., 1993) and has
numerous effects within the CNS and peripheral nervous
system (see Contreras, 1990, for review). There is evidence
suggesting a possible role of adenosine in the control of the
cardiovascular system, often through its ability to modify the
neural pathways related to the chemoreceptor and barorecep-
tor reflex responses (Mullane & Williams, 1990). A particular
effect is the attenuation of the baroreceptor reflex (Hintze et
al., 1985). Further, there is evidence of an involvement of
adenosine release in both the respiratory (hypoxic apnoea)
and cardiovascular effects (secondary bradycardia and peri-
pheral vasodilatation) observed during systemic hypoxia
(Neylon & Marshall, 1991; Richter et al., 1992).

Stimulation within the hypothalamic defence area in the
cat produces circulatory changes which are partially mediated
by the facilitation of the chemoreceptor reflex (Silva-
Carvalho et al., 1993) and an inhibition of the baroreceptor
reflex, involving a GABAergic mechanism in the nucleus
tractus solitarius (NTS) (Jordan et al., 1988). These changes
in baroreceptor and chemoreceptor reflex function resemble
the effects of adenosine on these reflexes (see Silva-Carvalho
et al., 1993). Accordingly, it seemed reasonable to suggest
that adenosine release might play a role in the cardiovascular
and respiratory components of the defence response. Indeed,
preliminary observations have indicated the involvement of
adenosine in the pressor response to electrical stimulation
within the hypothalamic defence area in the cat (Dawid-
Milner et al., 1993) and rat (St Lambert et al., 1993).

Two major subclasses of adenosine receptors have been
distinguished, Al and A2 (Schwabe et al., 1991), which are
coupled to G-proteins and regulate several effector systems
including adenylate cyclase, inositol phosphate and glucose
transport (Merkel et al., 1993). The object of this present
study was to examine the potential role of adenosine Al
receptors in the hypothalamic defence response. To examine
the effect of adenosine on the defence response, two
adenosine Al receptor antagonists were used. These are 1,3
dipropyl-cyclopentylxanthine (DPCPX), which acts both at a
central and peripheral level (Williams, 1991), and 8-sulpho-
phenyltheophylline (8-SPT), a purely peripherally acting non-
specific adenosine antagonist (Daly, 1982).

Methods

Experiments were performed on 24 male Sprague Dawley
rats (300-350 g). Anaesthesia was induced with sodium pen-
tobarbitone (40 mg kg- 1, i.p.) and supplemented as necessary
with a-chloralose (5mgkg-', i.v.).

Surgical procedures
Catheters were inserted into a femoral artery for the
measurement of arterial blood pressure and a femoral vein
for the administration of drugs. The trachea was cannulated
below the larynx and the animals breathed spontaneously
until positioned in a stereotaxic frame, after which they were
paralysed with gallamine triethiodide (4 mgkg-', i.v. supp-
lemented with 3 mg kg-' h-') and artificially ventilated with
02-enriched air. End tidal C02, recorded with a fast response
CO2 analyser (Analytical Development Company Ltd), was
maintained in the range of 4-5 vol% by adjusting res-
piratory frequency. The ECG was recorded via a pre-
amplifier and filter (Neurolog), from which heart rate was
derived. Rectal temperature was maintained at 37-38'C by a
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servo-controlled heating pad. The depth of anaesthesia was
assessed by observing the absence of changes in arterial
blood pressure, heart rate and phrenic nerve activity to a paw
pinch and supplementary doses of o-chloralose were given as
required. In three cases blood flow to the hindlimb was
assessed with an electromagnetic flow probe (Carolina Med-
ical Electronics) placed around the femoral artery after liga-
tion of the paw. The hypothalamus was stimulated (1 ms
pulses, 50-200 fLA at 100 Hz for 5 s) with a concentric elec-
trode (SNE 100, Rhodes Medical Electrodes). The hypothala-
mic defence area was located on the basis of the characteristic
cardio-respiratory response observed in the rat (Yardley &
Hilton, 1986).

Experimental protocol

Dose-related effects of DPCPX on the evoked blood pressure
and heart rate response to hypothalamic stimulation were
assessed. The effects of the Al antagonist, DPCPX (0.3-3.0
mg kg- ') on the hypothalamic defence area evoked car-
diovascular response was assessed by constructing a cumu-
lative dose-response curve to the drug. DPCPX was
administered cumulatively at 0.3, 0.7 and 2 mg kg-' doses in
each rat. The drug was administered over a period of 5 min
at intervals sufficient to allow blood pressure to a return to
pre-stimulus resting values. Since DPCPX was dissolved in
absolute ethanol, cumulative vehicle dose-response curves to
ethanol (0.03-0.25 ml) were also constructed. The volume of
absolute ethanol injected was the same as the volumes
required to dissolve the various doses of DPCPX.

In the second part of the study, the effects of DPCPX and
8-SPT on the responses evoked on hypothalamic stimulation
were compared. A single bolus dose of 8-SPT (20 mg kg-'),
(n = 6), or DPCPX (3 mg kg-'), (n = 6), was administered
intravenously 10 min before stimulating the hypothalamic
defence area. In three of the animals in which a bolus dose of
DPCPX (3 mg kg-) was administered, femoral blood flow
was also measured in addition to the blood pressure and
heart rate.

Histology

Stimulation sites were marked at the end of the experiment
by passing 500 pA d.c. current through the electrode for
10-20 s. Frozen sections of 1I00 ;Lm were cut at the level of
the hypothalamus, counter stained with neutral red and
examined under a light microscope for localization of
stimulation sites. It should be noted that analysis was under-
taken only after histological data had been obtained.

Analysis of data

In all experiments baseline values for mean arterial blood
pressure and heart rate were measured immediately prior to
hypothalamic defence area stimulation. As stimulation of the
hypothalamic sites, corresponding to the defence area,
resulted in a biphasic pressor response, changes in mean
arterial blood pressure were divided into two categories, the
primary and secondary phase. The primary response was
assessed by measuring the peak rise in blood pressure
observed during the 5 s stimulation of the hypothalamus. The
secondary response was measured 5-lOs after the cessation
of hypothalamic stimulation. Stimulus-evoked changes in
heart rate were measured as the peak response observed
during the 5 s stimulation of the defence area.
The effects of cumulative doses of DPCPX (0.3, 0.7 and

2 mg kg-') on baseline blood pressure and heart rate were
compared with the response to the appropriate vehicle con-
trol (absolute ethanol, 0.03, 0.1 and 0.25 ml) at matched time
intervals by two way analysis of variance and least signi-
ficance difference for comparison between the means (Sokal
& Rohlf, 1969). In addition, the effect of a bolus dose of
DPCPX (3 mg kg- '), ethanol (0.25 ml) and 8-SPT (20 mg

kg-') on baseline blood pressure and heart rate were
analysed statistically by Student's paired t test. The effects of
cumulative doses of DPCPX (0.1, 1 and 3 mg kg-) on the
response to hypothalamic stimulation were then compared
with the effects of the appropriate vehicle control at matched
time intervals by two way analysis of variance and least
significance difference for comparison between the means
(Sokal & Rohlf, 1969). The effects of a bolus dose of DPCPX
(3 mg kg-'), ethanol (0.25 ml) and 8-SPT (20 mg kg-') on the
blood pressure and heart rate responses were analysed statis-
tically by Student's paired t test. All data are given as the
means ± s.e.mean. Differences were considered significant
when P< 0.05.

Drugs and solutions

The following compounds were used: gallamine triethiodide
(Flaxedil) and sodium pentobarbitone (Sagatal) (May and
Baker Ltd, Dagenham); 8-cyclopentyl-1,3,-dipropylxanthine
(DPCPX) dissolved in 100% ethanol and 8-(p-sulphophen-
yl)theophylline (8-SPT), dissolved (20 mg) in 0.2 ml of 0.4 N
NaOH then diluted in distilled water (Research Biochemicals
Incorporated Natick); a-chloralose and di-sodium tetraborate
10-hydrate (BDH Ltd. Poole).

Results

The i.v. administration of ethanol (n =6) and DPCPX
(n = 6), caused only small and insignificant changes in
baseline mean arterial blood pressure. Following administra-
tion of ethanol alone (0.03, 0.1 and 0.25 ml) small and
insignificant changes from control values of heart rate were
noted. However, DPCPX (0.3-3 mg kg-') caused a signifi-
cant fall in heart rate at both 1 mg kg-' (- 9 ± 5 beats
min-') and 3mgkg-' (-10±3 beats min-') doses
(P <0.01).

Hypothalamic stimulation elicited a biphasic increase in
blood pressure consisting of an initial increase in mean
arterial blood pressure (Figure 2a and b), which was followed
by a secondary elevation in pressure (Figure 2c and d) which
continued for approximately 10-30s after the cessation of
stimulation (Figure 1). When applied cumulatively, DPCPX
(0.3-3 mg kg-'), induced a dose dependent reduction in the
hypothalamic defence area-evoked increase in mean arterial
blood pressure. A significant reduction occurred in both the
primary (- 12± 2 mmHg) and secondary phase (-22± 9
mmHg) of the response (Figures 1 and 2) at the highest dose
(P<0.01 and P<0.05 respectively). In contrast, DPCPX
had no significant effect on the magnitude of the tachycardia
observed during hypothalamic stimulation at any dose. When
applied alone, ethanol caused small yet statistically insigni-
ficant changes in the primary and secondary component of
the pressor response (Figure 2) and in the heart rate response
to hypothalamic defence area stimulation.
The i.v. bolus administration of DPCPX (3 mg kg-'),

ethanol (0.25 ml) and 8-SPT (20 mg kg-') failed to alter the
resting values of mean arterial blood pressure (Figure 3). The
bolus doses of ethanol and 8-SPT also failed to cause
changes in baseline heart rate, whilst DPCPX (3 mg kg-')
produced a significant increase (from 408.5 ± 30.1 to 428 ±
44.6 b.p.m., P <0.05). A bolus injection of 8-SPT (n =6)
failed to alter the magnitude of the blood pressure and heart
rate changes elicited on hypothalamic stimulation, whilst a
subsequent bolus injection of DPCPX (3 mg kg-') (n = 6),
caused a decrease in the primary phase of the evoked pressor
response (from 58.1 ± 10.3 to 35.1 ± 10.8 mmHg, P< 0.02)
but left the heart rate response unaffected (Figures 3 and 4).
In the three experiments in which blood flow was measured,
stimulation in this area of the hypothalamus elicited a
marked increase (1.3 to 2.9 ml min-') in femoral blood flow.
The administration of a bolus dose of DPCPX (3 mg kg')
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Figure I Typical recordings of arterial blood pressure and heart rate in an anaesthetized rat. The figure shows the effect of
cumulative i.v. doses of ethanol (0.03-0.25 ml) and 1,3 dipropyl-cyclopentylxanthine (DPCPX, 0.3-3 mg kg-') on the pressor and
heart rate responses evoked by 5 s hypothalamic defence area (HDA) stimulation.
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Figure 2 Anaesthetized rats: the effect of cumulative i.v. doses of 1,3-dipropyl-cyclopentylxanthine (DPCPX) (0.3-3.0 mg kg-')
and absolute ethanol (0.03-0.25 ml) on the absolute changes (A) (mmHg) in mean arterial blood pressure (BP) with respect to
both the primary (I1), (a and b), and secondary (2°), (c and d), phases of the defence response. Each column shows the mean value
(n = 6) with s.e.mean. These changes are compared with those changes caused by the vehicle, ethanol, by two way analysis of
variance and the least significant difference test to compare the means. *P<0.05; **P<0.01.
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Figure 3 Anaesthetized rat: the effect of i.v. bolus doses of 8-sulphophenyltheophylline (8-SPT, 20 mg kg-') and 1,3 dipropyl-
cyclopentylxanthine (DPCPX, 3 mg kg-') on baseline values of mean arterial blood pressure and heart rate and changes in mean

arterial blood pressure and '1 art rate associated with the primary phase, evoked by hypothalamic defence area (HDA) stimulation.
Each column shows the mean value (n = 6) with s.e.mean. *P<0.05, **P<0.02.
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Figure 4 Traces showing recordings of arterial blood pressure and heart rate in anaesthetized rat. The figure shows the effect of
i.v. bolus doses of 8-sulphophenyltheophylline (8-SPT, 20 mg kg-') and 1,3 dipropyl-cyclopentylxanthine (DPCPX, 3 mg kg-') on

the pressor and heart rate responses evoked by stimulation of the hypothalamic defence area (HDA) for 5 s.

reduced this increase somewhat (1.0-2.5 ml min-'). How-
ever, we have insufficient observations to provide a quan-
titative assessment although a clear reduction in flow is seen

in Figure 5 (compare a and b).
Histological analysis of all the above cases showed that the

stimulation sites were in the region of the paraventricular
nucleus of the hypothalamus (PVH) and the anterior
hypothalamic area (AHA), 6.4 to 6.8 mm rostral to inter-
aural level (Pellegrino et al., 1979) (Figure Sc), overlapping the
hypothalamic defence area as defined by Yardley & Hilton

(1986). In three cases (Figure Sc), whilst stimulation elicited a

similar pattern of cardiovascular response (a rise in both
blood pressure and heart rate), DPCPX was ineffective in
reducing the magnitude of the evoked responses (increase in
mean arterial pressure; from 49 to 48 mmHg). In all three
cases the stimulation sites were ventral to the hypothalamic
defence area (Figure Sc). These results were not included in
the statistical evaluation of the action of adenosine antag-
onists on the responses induced by the stimulation of the
hypothalamic defence area.
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Figure 5 Traces showing a control recording (a) and the effect of an i.v. bolus dose of 1,3 dipropyl-cyclopentylxanthine (DPCPX,
3 mg kg-') (b) on heart rate, femoral blood flow and arterial blood pressure following the stimulation of the hypothalamic defence
area. The distribution of histologically determined sites from which cardiovascular responses were elicited are illustrated in (c). The
sections were taken from a level 6.8 mm rostral from interaural line. Stimulation sites where the evoked responses were antagonized
by: (0) bolus dose of DPCPX (3 mg kg-'); (0) 8-sulphonyltheophylline (20 mg kg-'); (0) cumulative doses of DPCPX
(0.3-3mgkg-') and (-) cumulative doses of ethanol (0.03-0.25ml) and stimulation sites where the evoked responses were

unaffected by DPCPX (0).

Discussion

The present study has indicated that adenosine A, receptors,
located in the central nervous system, are activated during
the defence reaction that is evoked by electrical stimulation
at restricted sites within the hypothalamus (Yardley & Hil-
ton, 1986). The evoked cardiovascular response, which in-
cludes an increase in blood pressure and heart rate, was
found to be reduced by the intravenous application of an
DPCPX which is a highly potent and selective Al antagonist
(Lohse et al., 1987). It is known to act both peripherally and
within the central nervous system (Williams, 1991). Con-
versely, the application of 8-SPT, an A,/A2 receptor antag-
onist, with a solely peripheral site of action (Daly, 1982), was
ineffective in modifying the cardiovascular component of the
hypothalamic defence response. Although 8-SPT is a broad
spectrum adenosine antagonist, its K, values indicate its
higher affinity for the Al than A2 receptor (Ki 2630 nM and
15,300 nM, respectively; RBI Handbook 1993). Our present
observations on the dose-related effect of DPCPX required
careful control as it was dissolved in ethanol, which on its
own could cause changes in cardiovascular parameters. Sun
& Reis (1992), and many other workers have suggested that
ethanol decreases baroreceptor sensitivity. In the present
study ethanol, in equivalent doses to those used as a vehicle,
had no effect on resting levels of either mean arterial blood
pressure or heart rate.

Stimulation of the hypothalamic defence area elicits a

biphasic pressor response. It has been proposed that the two
phases are mediated by different mechanisms, the primary
phase being due to an increase in sympathetic tone, whilst
the secondary phase is due to the release of catecholamines
from the adrenal medulla (Eferakeya & Bunag, 1974). Whilst

8-SPT and ethanol failed to alter the magnitude of either
component of the blood pressure response, DPCPX caused a
dose-dependent decrease in both phases. Furthermore, its
effect on the secondary phase was more prominent than on
the primary phase. DPCPX was found ineffective in modu-
lating the effects of stimulation at hypothalamic sites located
ventral to the hypothalamic defence area. However stimula-
tion at these sites had elicited similar changes in blood
pressure and heart rate to those evoked on stimulating in the
hypothalamic defence area. This implies, but does not prove,
that the effects of DPCPX observed are linked specifically to
the pathways descending from the hypothalamic defence
area.
As yet, little is known of the neuropharmacology of the

synaptic interactions that underlie the expression of the
hypothalamic-induced defence response. There are indica-
tions, that the evoked cardiovascular response involves a

centrally mediated attenuation of the baroreceptor reflex (see
Coote et al., 1972). This involves the activation of a

GABAergic mechanism within the NTS that is directed to
those NTS neurones that receive an excitatory baroreceptor
input (Jordan et al., 1988; Mifflin et al., 1988b). Recent
studies have also shown that the chemoreceptor reflex is
facilitated during the defence reaction and this again involves
an interaction between inputs at the level of the NTS (Silva-
Carvalho et al., 1993).

There is a growing literature indicating that adenosine,
acting both peripherally and within the central nervous

system, is involved in the control of respiration (Monte'ro &
Ribeiro, 1987; 1989; Wessberg et al., 1988; Barraco & J.asz,
1989) and cardiovascular activity (de Burgh Daly, 1986;
Tseng et al., 1988). The present data indicate that adenosine
A, receptors located in the central nervous system are
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involved in the hypothalamic defence area-evoked pressor
response. As yet the sites of adenosine action within the
central nervous system are not resolved. Preliminary studies
in the cat have shown that the magnitude of the cardiovas-
cular response to baroreceptor and chemoreceptor stimula-
tion may be modulated by the central action of DPCPX
(Silva-Carvalho et al., 1993). This Al antagonist appears to
cause a facilitation of the baroreceptor reflex and a reduction
in the chemoreceptor-evoked pressor response. Therefore it is
attractive to speculate that this action of DPCPX involves
effects at Al receptors located in the NTS since this nucleus
plays a major role in the processing of both respiratory and
cardiovascular reflexes (Jordan & Spyer, 1986) and is also
involved in the expression of centrally evoked cardiovascular
and respiratory responses (Mifflin et al., 1988a). Another
possible site of action is the rostroventrolateral medulla since

its sympatho-excitatory neurones are excited by stimulation
within the hypothalamic defence area (McAllen, 1986a,b).
This suggestion is strengthened by the fact that DPCPX
produces a more profound effect on the pressor response
observed during the defence response than on the accom-
panying tachycardia. The absence of an obvious effect of
DPCPX and ethanol on respiratory evoked responses is also
significant as it may well indicate that the site of Al receptors
is at a point in the reflex pathways after which they have split
into cardiovascular and respiratory components such as the
rostroventrolateral medulla. Further experiments will be
needed to resolve these issues.

This work was undertaken with financial support from the Wellcome
Trust. J. St L. is an M.R.C. student.
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A novel antagonist, phenylbenzene w-phosphono-x-amino acid,
for strychnine-sensitive glycine receptors in the rat spinal cord

T. Saitoh, M. Ishida, *M. Maruyama & 'H. Shinozaki

Department of Pharmacology, The Tokyo Metropolitan Institute of Medical Science, 3-18-22, Honkomagome, Bunkyo-ku,
Tokyo 113 and *Mitsubishi Kasei Institute of Life Science, 11 Minamiooya, Machida, Tokyo 194, Japan

1 3-[2'-Phosphonomethyl[1,1'-biphenyl]-3-yl]alanine (PMBA) is a novel glycine antagonist at strych-
nine-sensitive receptors. The chemical structure of PMBA, possessing both a glycine moiety and a

phosphono group, is quite different from that of strychnine.
2 In the spinal motoneurone of newborn rats, glycine (100 gmM- 1 mM) induced depolarizing responses

in a concentration-dependent manner. PMBA effectively inhibited depolarizing responses to glycine and
other agonists, such as taurine and P-alanine. The dose-response curves for glycine were shifted to the
right in an almost parallel manner (pA2 value: 5.30 ± 0.23, n = 5) by PMBA which was about 60 times
less potent than strychnine (pA2 value: 7.08 ± 0.21, n = 5) as a glycine antagonist.
3 PMBA (1-100 1AM) did not interact with modulatory glycine sites on N-methyl-D-aspartate (NMDA)
receptors, which suggests a high selectivity of PMBA for strychnine-sensitive glycine receptors. At
considerably high concentrations (0.1 mM-I mM), PMBA depressed responses to GABA (pA2 value:
3.57±0.24, n=3).
4 PMBA inhibited the binding of [3H]-strychnine to synaptosomes from adult rat spinal cords; the IC50
values of PMBA, glycine and strychnine were 8 ± 2, 9 + 3 and 0.08 ± 0.04 JM, respectively (n = 5) for
[3H]-strychnine (4.8 nM).
5 PMBA is a central excitant drug with relatively high potency and selectivity and should be useful as

a pharmacological probe for analysing the mechanisms underlying physiological functions of glycine
receptors.

Keywords: Glycine; glycine antagonist; strychnine; newborn rat spinal cord

Introduction

Glycine has been proposed as an inhibitory neurotransmitter
in the mammalian central nervous system (CNS), most
notably the spinal cord (Werman et al., 1967; Ottersen &
Storm-Mathisen, 1990), and strychnine effectively blocks
both the inhibitory action of glycine on the anterior horn
cells of the spinal cord and that of the endogenous transmit-
ter released from Renshaw cells (Curtis et al., 1968a,b; 1971).
Furthermore, at concentrations lower than 0.1 jiM, glycine
potentiates depolarizing responses to N-methyl-D-aspartate
(NMDA) in mammalian cultured central neurones in a
strychnine-insensitive manner (Johnson & Ascher, 1987), and
some potent antagonists for the glycine modulatory site on
NMDA receptors have recently been discovered (Kemp et
al., 1988; Foster & Kemp, 1989), which are useful probes for
elucidating the function of NMDA receptors. Thus, glycine
functions as an inhibitory transmitter and as a modulator of
excitatory amino acid transmission mediated by NMDA
receptors (Ottersen & Storm-Mathisen, 1990). In the case of
strychnine-sensitive glycine receptors, a few antagonists in-
cluding strychnine have been discovered which block selec-
tively the actions of glycine on neurones of the mammalian
CNS (Curtis et al., 1971; Krogsgaard-Larsen et al., 1982;
Curtis & Malik, 1985; Simmonds & Turner, 1985; Brehm et
al., 1986; Braestrup et al., 1986).

In the course of studies on structure-activity relationships
with a view to designing new potent glutamate antagonists,
we incidentally found that 3-[2'-phosphonomethyl[1,1'-
biphenyl]-3-yl]alanine (PMBA) (Patent No. JP 4-275265)
(Figure 1) effectively inhibited strychnine-sensitive responses
to glycine without affecting depolarizing responses to
excitatory amino acids. This compound, a derivative of
phenylbenzene amino acids containing both a glycine moiety
and an w-phosphono group, would be expected to be a

Author for correspondence.

source of new strychnine-sensitive glycine receptor anta-
gonists whose chemical structure is considerably different
from that of strychnine. In the present paper, we examined
the pharmacological profile of PMBA in the rat spinal cord.
One of the purposes of this paper is to encourage the utiliza-
tion of this new and valuable compound.

Methods

Electrophysiological studies in isolated spinal cords

The methods used for electrophysiological experiments on
the isolated spinal cord of newborn rats (1-7 day-old Wistar
rats, n = 141) were similar to those described previously by
Shinozaki et al. (1989). Under ether anaesthesia, the lumbar-
sacral spinal cord was isolated, hemisected sagitally and
placed in a 0.15 ml bath perfused at a fixed flow rate of
5-6 ml min-' with artificial cerebrospinal fluid (ACSF) (in
mM: NaCl 138.6, KC1 3.4, CaCl2 1.3, MgCl2 1.2, NaHCO3
20.9, NaH2PO4 0.58 and glucose 10.0; pH 7.4), which was

QW O P03H2

COOH

Figure 1 Chemical structure of 3-[2'-phosphonomethyl[1,1'-bi-
phenyl]-3-yl]alanine (PMBA)

'." Macmillan Press Ltd, 1994
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oxygenated with a gas mixture of 95% 02 and 5% CO2.
Tetrodotoxin (TTX, 0.5 pM) was added to the bathing fluid
in order to block spontaneous depolarization and indirect
drug effects. For examining the depolarizing responses to
NMDA, Mg2+-free perfusing fluid was used. The potential
changes generated in the spinal motoneurones were recorded
extracellularly from the L4 or L5 ventral roots with a suction
electrode through d.c. amplifiers connected to a pen-writer.
Glycine, other transmitter agonists and test compounds were
applied to the preparation either by continuous perfusion or
by brief pulse injection into the perfusion system for a con-
stant duration. The temperature of the perfusing fluid was
kept at 27 ± 0.2°C.

Binding studies

Spinal cord synaptosomes from male Wistar rats (150-200 g)
were used for the binding experiments. Synaptosomes were
purified according to the method of Hajos (1975) and frozen
(ca. 30 mg protein ml-') at - 70'C until use. Protein concen-
trations were determined by the method of Peterson (1977).
The detailed procedures of the binding experiments have

been described previously (Maruyama & Takeda, 1989).
Briefly, the binding capacities were measured by the centri-
fugation method in which the incubation for the binding
assay was carried out in centrifugation tubes. For routine
procedures, an aliquot (100 gl) containing Triton X-100
(0.01 %)-treated synaptosomes (5-25 fig protein) was in-
cubated in quadruplicate with approximately 5 nM of (3H]-
strychnine for 10 min at 25°C (Young & Snyder, 1973).
Non-specific binding was measured in the presence of 0.1 mM
strychnine. Receptor-ligand complexes were isolated by cen-

a

Glycine

A * A A * A
0.1 0.3 1 mM 10tM

b c

P-AIanine GABA

A A A A A
1mm 0.03 (lO gm

trifugation at approximately 210,000 g (70,000 r.p.m.) for
5 min at 4°C, after which supernatants were rapidly aspirated
and the pellets rapidly washed with 3 x 250 fil aliquots of ice
cold HEPES-KOH buffer (pH 7.5). The resultant pellets were
solubilized in 50 #1 of 1 M NaOH, neutralized with 1 M HCl
and the radiaoctivity was counted in a Beckman liquid scin-
tillation spectrophotometer (efficiency 51%).

Drugs

3-[2'-Phosphonomethyl[l,l'-biphenyl[-3-yl]alanine (PMBA) and
its derivatives were generous gifts from Nippon Chemiphar.
The following compounds were commercially obtained from
the following sources: P-alanine, L-a-alanine, D-a-alanine, L-
serine and taurine from Nacalai tesque; (1S,3R)-1-
aminocyclopentane-1,3-dicarboxylic acid (ACPD), a-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),
7-chlorokynurenic acid and L-quisqualic acid from Tocris;
y-aminobutyric acid (GABA), L-glutamic acid, glycine, L-a-
kainic acid, noradrenaline from Wako Pure Chemicals; bac-
lofen, histamine, 3-hydroxytyramine (dopamine), N-methyl-
D-aspartic acid (NMDA), muscimol, 5-hydroxytryptamine
(5-HT), strychnine hydrochloride, substance P. tetrodotoxin
(TTX) from Sigma; acetylcholine (ACh, Ovisot) from Dai-
ichiseiyaku; [benzene ring-3H]strychnine (24.5 Ci mmol 1),
[butyl-2,3-3H]-SR9553 1 (2-(3'-carboxy-2'-propyl)-3-amino-6-
p-methoxyphenylpyridazinium) (51.6 Ci mmol-') and [3H]-
MK-801 ((+ )-5-methyl-10,1 l-dihydro-SH-dibenzo[a,d]cyclo-
hepten-5,10-imine maleate) (24.0 Ci mmol-') from NEW
England Nuclear.

A 0 A
.10.5 mV

5 min

S 1 j~~~~~~~~~~~~.m05V
0 A A * A A 0 A

0.1 0.3 mM 100 AM 5 min

d

A 0 a 0
700 20 2 10 gM

A 0

100 p

JYJKJLJKJU j0.5mV
A1 A 0 a 0
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Figure 2 Sample records of depolarizing responses to glycine and other transmitter agonists in the absence and presence of
3-[2'-phosphomethyl[l,1'-biphenyl]-3-yl]alanine (PMBA). Agonists were added to the tetrodotoxin containing (0.51iM) perfusing
fluid for 10 s. In (d),Mg2+-free solution was perfused. PMBA was applied for the period shown by horizontal bars. Numerals under
each trace represent concentrations of agonists. GABA: y-aminobutyric acid, Glu: L-glutamic acid, NMDA: N-methyl-D-
aspartic acid, QA: quisqualic acid, KA: kainic acid.
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Results

Effect ofPMBA on various transmitter/receptor systems

In the isolated spinal cord of newborn rats, almost all
neurotransmitters cause potential changes of motoneurones
with differing effectiveness in TTX-containing ACSF. Thus,
this preparation is useful for investigating effects on res-
ponses to various neurotransmitters in terms of potential
changes (Konishi & Otsuka, 1974; Yanagisawa et al., 1982;
Shinozaki et al., 1989).
Addition of L-glutamate (0.1-1 mM), GABA (0.03-1 mM),

glycine (100 !LM- 1 mM), dopamine (30-3001M), ACh (10-
300 JiM), noradrenaline (3-30 pM), 5-HT (1-30 jiM), sub-
stance P (0.3-3 JiM) and histamine (0.03-1 mM) to the TTX-
containing (0.5 jiM) perfusing fluid (ACSF) for a period of
10 s caused depolarization of spinal motoneurones of new-
born rats in a concentration-dependent manner. PMBA
(1-100 jiM) did not affect the peak amplitude of depolariza-
tion induced by these agonists, except for the depolarization
induced by glycine and GABA (n at least 3 at each concen-
tration) (Figure 2) (see below).

No effect on NMDA-induced depolarization

As mentioned above, depolarization induced by L-glutamate
was not affected by PMBA; however, it is known that some
w-phosphono--a-amino acids reduce depolarizing responses to
NMDA in a competitive manner. Therefore, PMBA, an
w-phosphono-x-amino acid, would be expected to reduce
depolarizing responses to NMDA. However PMBA (100 jiM)
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0
0

I I 1

10-4 10-3 10-2

b

did not affect the depolarization induced by NMDA
(10-501iM) in the spinal motoneurones of newborn rats. In
addition, depolarizing responses to kainic acid (3-10 jIM),
AMPA (2-5 jM), quisqualic acid (1-5 iM) and a meta-
botropic glutamate receptor agonist, (lS,3R)-ACPD
(10-1001iM), were also not affected by PMBA (1001jM).

7-Chlorokynurenate (10jiM), a blocker of glycine binding
sites on NMDA receptors (Kemp et al., 1988), depressed the
depolarizing responses to NMDA (20 jM) to about 30% of
the control (n = 4) in TTX-containing and Mg2+-free ACSF,
while PMBA (10-100 jM) neither affected the NMDA-
induced depolarization nor reduced the inhibitory action of
7-chlorokynurenate on responses to NMDA. This result sug-
gests that PMBA does not act on the glycine binding site on
NMDA receptors.

Dose-dependent glycine antagonism by PMBA

In general, glycine induces hyperpolarization in mammalian
spinal motoneurones (Curtis et al., 1968b). In newborn rats,
however, glycine causes depolarizing responses (Yanagisawa
et al., 1982), which is probably due to the difference of the
equilibrium potential of chloride ions (Takahashi, 1984), and
responses to GABA also very closely resemble those to
glycine. Glycine (100 jiM- 1 mM) and other agonists such as
L-z-alanine, L-serine, P-alanine, taurine and D-M-alanine (Cur-
tis et al., 1968b, Aprison, 1990) caused dose-dependent
depolarization of motoneurones in newborn rats, although
the depolarizing activities of these glycine agonists were con-
siderably less than that of glycine itself on a molar basis. The
rank order of their depolarizing activities in the moto-
neurones was as follows: glycine (1)> 13-alanine (0.85)
> taurine (0.2) = L-a-alanine (0.2)> L-serine (0.15) = D-a-
alanine (0.15) (the values in parentheses represent the app-
roximate potency relative to 1 mM glycine, at least n = 4).
The depolarization induced by glycine (100 jM- 1 mM) still
did not attain a maximum level even when 1 mM glycine was
applied, and it was quite difficult to obtain the maximal level
of the depolarizing responses, which hindered the analysis of
agonist-receptor characteristics. Furthermore, at concentra-
tions higher than 1 mM glycine, it was difficult to obtain
reproducible responses.
When PMBA (1-100 jiM) or strychnine (O.1-1 jaM) was

added to the TTX-containing perfusing fluid (ACSF) for a
fixed period of 3-10 min, these agents reversibly and
effectively depressed depolarizing responses to glycine and
other agonists in a concentration-dependent manner (Figure
3). Dose-response curves to glycine were shifted to the right
in an almost parallel manner. The minimum effective
(threshold) concentrations of PMBA and strychnine were less
than 0.5 jiM and 0.01 jiM, respectively. The time course of
recovery from PMBA actions was about 3 times faster than

1001

100r .

50F

0

0)0-

C:
.0

-0
0)0.(c)
a)10-4 10-3 10-2

Glycine concentration (M)

Figure 3 Concentration-response curves for glycine in the absence
and presence of 3-[2'-phosphonomethyl[l,1'-biphenyl]-3-yl]alanine
(PMBA) and strychnine. Glycine was added to the tetrodotoxin
containing (0.5 tiM) fluid for lOs. Peak amplitudes of depolarizing
responses to glycine were plotted against concentration (results were
normalized to that of glycine 1 mM). Values are means ± s.e.mean
(n = 5). Numerals represent concentrations of PMBA (a) and strych-
nine (b). (0) control.

501-

0
10-10 10-6 10-4

Concentration (M)

Figure 4 Inhibition curves for specific binding of [3H]-strychnine
(4.8 nM) to Triton-treated synaptosomes from rat spinal cords by
unlabelled strychnine (M), glycine (A) and 3-[2'-phosphono-
methyl[l,l'-biphenyl]-3-yl]alanine (PMBA, 0).
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Figure 5 Chemical structures of some phenylbenzene derivatives tested and their relative potencies (PMBA = 1) in depressing
glycine-induced depolarization (n = 4). Numerals under each chemical structure represent the compound number, and the values in
parentheses show the relative potency. A minus sign, represents no response at a concentration of 0.1 mM.

that of strychnine, when they were compared at equipotent
doses. Schild plots of PMBA actions demonstrated almost
straight lines with a slope of 0.79 (n = 5,S = 0.98), and
strychnine gave a slope of 0.85 (n = 5, = 0.98). The pA2
values were tentatively obtained, demonstrating that PMBA
(5.30 ± 0.23) was approximately 60 times less potent than
strychnine (7.08 ± 0.21) as a glycine antagonist in the new-
born rat spinal cord.

Inhibitory effect ofPMBA on GABA responses

Depolarizing responses to GABA (0.03-1 mM) and the potent
GABAA agonist, muscimol (I-10 M), were dose-dependent-
ly reduced by PMBA only when high concentrations
(100tiM- 1 mM) of PMBA were applied. The dose-response
curves for GABA were also shifted by PMBA (100IM and
I mM) to the right in an almost parallel manner. The
threshold concentration seemed to be less than 30 jM. Schild
plots demonstrated almost straight lines with a slope of 0.88
(n = 3, y = 0.96) and a tentative pA2 value of 3.57 ± 0.24,
showing that PMBA was about 55 times less effective in
reducing responses to GABA than those to glycine. Strych-
nine (10 tiM) also reduced the depolarizing responses to
GABA (0.03-1 mM), but was less active than PMBA (I mM).
Baclofen, a potent GABAB receptor agonist, did not cause
any detectable potential change in spinal motoneurones up to
concentrations of 1 mM, while it effectively depressed the
spinal reflexes at concentrations lower than 1 fLM in the new-
born rat, probably due to inhibition of transmitter release
from presynaptic terminals (Ishida et al., 1993). There was no
interaction between PMBA and baclofen. Thus, PMBA has
some actions on GABAA receptors, but its effective dose is
much higher than that usually used for experimental pur-
poses in vitro.

Binding experiments

Saturation binding experiments in the spinal cord synapto-
somes revealed a single binding site with an apparent dis-
sociation constant (Kd) of 3.2 ± 0.8 nM (mean ± s.d., n = 3)
and an apparent number of maximum binding (Bmax) of
1.4 ± 0.3 pmol mg-' of protein (n = 3) for [3H]-strychnine.
PMBA effectively inhibited the binding of [3H]-strychnine,
giving a slope of inhibition curves quite similar to that of
strychnine. The IC5; values for PMBA, glycine and strych-
nine for inhibiting the binding of [3H]-strychnine (4.8 nM)
were 8 ± 2 tiM, 9 ± 3 tiM and 0.08 ± 0.04 jtM, respectively
(n = 5). Thus, PMBA was as effective as glycine in displacing

[3H]-strychnine bindings, but was 100 fold less active than
strychnine (Figure 4).
The binding of [3H]-SR95531, a selective GABAA receptor

ligand, to rat spinal cord synaptosomes was markedly
inhibited by GABA or muscimol, but PMBA was more than
1000 times less active in producing inhibition. The IC50 values
of PMBA, GABA and muscimol for inhibition of the binding
of [3H]-SR95531 (3.7 nM) were about 0.4 mM, 0.3 JAM and
0.3 JAM, respectively (n = 3). The slope of inhibition curves for
specific binding of [3H]-SR95531 in the presence of PMBA
was apparently different from that of GABA or muscimol
(data not shown).
The binding of [3H]-MK-801 (9.8 nM) to spinal cord synap-

tosomes was stimulated by L-glutamate (100 tM) up to
198 ± 28% (n = 3) of the basal binding. Combined treatment
with L-glutamate (100 JAM) and glycine (10 jiM) further
enhanced the binding of [3H]-MK-801 up to 309 ± 25%
(n = 3), probably due to an increase in the probability of
opening of ion-channels. PMBA (100 jaM) did not affect this
enhancement of binding (294 ± 27%, n = 3).

Structure-activity relationships

In order to find more active compounds, inhibitory actions of
some phenylbenzene derivatives with both a glycine moiety
and a phosphonyl group on glycine-induced depolarization
were tested in the newborn rat spinal cord. Figure 5
represents their chemical structures and relative potencies
(PMBA = 1.0) (n = 4) in causing inhibition of glycine res-
ponses (maximum concentration used: 0.1 mM). Among these
biphenyl compounds, only the compound 11 demonstrated
slight inhibitory actions on depolarizing responses to
NMDA, while its inhibitory action on glycine responses was
markedly less potent than the others. In the presence of the
compound 11 (1I00 M), the amplitude of depolarizing res-
ponses to NMDA (20 JAM) decreased to about half of the
control values. Among all the w-phosphonobiphenyl
derivatives tested, PMBA showed the most potent inhibitory
actions on glycine responses.

Discussion

PMBA, whose chemical structure is quite different from that
of strychnine, is suggested to be a new type of strychnine-
sensitive glycine receptor antagonist. PMBA is reasonably
selective for strychnine-sensitive glycine receptors, although it
has some actions on GABAA receptors at high concentra-
tions, but is inactive on all the other neurotransmitter/
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7 (0.02)
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NH2

CO2H
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receptor systems we studied. PMBA and strychnine seemed
to bind to the same binding site, judging from the similar
slope of their inhibition curves for binding (Figure 4). PMBA
was about 60 times less potent than strychnine in the spinal
cord of newborn rats, and similar inhibitory ratios of PMBA
to strychnine have been obtained in other in vitro electro-
physiological experiments. Xenopus oocytes injected with
cRNA encoding rat glyR responded to glycine (Akagi et al.,
1991), and the inward current induced by glycine was
effectively blocked by PMBA (IC,0:0.5,UM) and strychnine
(IC50: 0.01 JLM) (personal communication from Dr H. Akagi).
PMBA was 100 fold less active than strychnine in displacing
[3H]-strychnine binding in synaptosomes from the adult rat
spinal cord. However, when PMBA was systemically admini-
stered to rats or mice in order to induce characteristic tonic
convulsions, the animals required higher doses than those
calculated from the ICm values for PMBA and strychnine in
electrophysiological experiments in vitro. The time course of
recovery from actions of PMBA was much faster than that
of strychnine, which probably reflected the relative water
solubility or lipid/water partition coefficients. It is quite
reasonable to consider that PMBA penetrates the blood
brain barrier with greater difficulty than strychnine, because
PMBA is an w-phosphono-a-amino acid which is very water
soluble.

In the present study, the pA2 values were determined,
although detailed quantitative analysis of agonist-receptor
kinetics seemed unreasonable in the present preparation,
because the voltage change recorded extracellularly from ven-
tral roots did not always reflect the conductance change of
motoneurones, which is a more suitable parameter for
analysis. The slopes of the Schild plots obtained were less
than unity in the presence of PMBA and strychnine, being
0.79 and 0.85, respectively. Therefore, it is possible that the
interaction is non-competitive; for example, blockade of
chloride channels and unknown modulatory sites. Also it is
possible that the glycine moiety plays a key role in the
competitive inhibition. In any case, it seems plausible that
PMBA and strychnine bind to the same receptor sites.

A new class of antagonists for strychnine-sensitive glycine
receptor antagonists would provide a new opportunity for
researchers to examine the mechanism underlying spinal
regulation of motor functions and inhibitory transmitter
systems. PMBA possess both a glycine moiety and an w-
phosphono group and therefore it seems reasonable to
assume that these functional groups of PMBA have some
role in blocking glycine receptors because the inhibitory
activities of PMBA analogues depended to a considerable
extent on both the position of substitution and the length
between the a-amino acid and phosphonic acid part. PMBA
is an w-phosphono-m-amino acid which sometimes acts as a
competitive NMDA antagonist in the mammalian CNS.
However, PMBA had no inhibitory action on NMDA recep-
tors or on the glycine binding sites on the receptors. It is of
great interest that, among PMBA derivatives tested, only
compound 11 demonstrated any inhibitory effect on NMDA-
induced depolarization with no activity on strychnine-
sensitive glycine inhibitory receptors, because conformational
analysis of these compounds would provide a hint for resolv-
ing the difference in binding activities between strychnine-
sensitive glycine receptors and glycine sites on NMDA recep-
tors. We do not know whether it acts on the same site or a
different site from other strychnine-sensitive glycine receptor
antagonists. With further structure-activity studies, improved
strychnine-sensitive glycine receptor antagonists may be
developed, and once the site of action has been established,
further insight into the interaction of ligand-receptor binding
at the glycine receptor may be achieved.

The authors wish to thank all our colleagues and researchers in
Nippon Chemiphar for their creative input and whose collaborative
efforts are so crucial to our progress. This work was supported in
part by Grant-in-Aids for Scientific Research from the Ministry of
Education, Science and Culture of Japan to M.I. and H.S.
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Effects of protein kinase C activators upon the late stages of
the ACTH secretory pathway of AtT-20 cells

Brian W. McFerran & 'Simon B. Guild

Molecular Endocrinology Group, School of Biological and Medical Sciences, University of St. Andrews, St. Andrews
KY16 9TS

1 The mouse AtT-20/D16-16 anterior pituitary tumour cell line was used as a model system for the
study of phorbol 12-myristate 13-acetate (PMA)-mediated enhancement of calcium-evoked adrenocor-
ticotrophin (ACTH) secretion.
2 PMA stimulated ACTH secretion from intact cells in a concentration-dependent manner. Other
phorbol esters; phorbol 12,13-dibutyrate (PDBu) and phorbol 12,13-didecanoate (PDD) and diacyl-
glycerol analogues; 1-oleoyl-2-acetyl-sn-glycerol (OAG) and 1,2-dioctanoyl-sn-glycerol (DOG) also
stimulated ACTH release from intact AtT-20 cells. This would suggest that activation of protein kinase
C (PKC) stimulates ACTH secretion from AtT-20 cells.
3 Calcium stimulated ACTH secretion from electrically-permeabilized cells over the concentration-
range of 10- M to 10-5 M. PMA (10-7 M) enhanced the amount of ACTH secreted at every con-

centration of calcium investigated. The PKC inhibitor, chelerythrine (10-s M) blocked the PMA
(10-7 M)-evoked enhancement of calcium (10-5 M)-stimulated ACTH secretion but did not alter
significantly the calcium (10-5 M)-evoked secretion itself. This suggests that PKC modulates the
secretory response to increases in intracellular calcium but does not mediate the effects of calcium.
4 Guanosine 5'-O-(3-thiotriphosphate) (GTP-y-S, 10- M) stimulated ACTH secretion from
permeabilized cells in the absence of calcium and was additive with calcium-evoked ACTH secretion up

to a maximum value which could be achieved by calcium acting alone. This suggests that a GTP-binding
protein mediates the secretory response to increases in the intracellular calcium. PMA (10-7 M) enhanced
ACTH secretion stimulated by the combination of calcium and GTP-y-S (10-5 M).
5 GTP-T-S stimulated ACTH secretion from permeabilized cells in a concentration-dependent manner
with a threshold of 10-6 M. PMA (10-7 M) increased the amount of ACTH secretion evoked by every

concentration of GTP-y-S investigated. Chelerythrine (10-s M) blocked the PMA (10-7 M)-evoked
enhancement of GTP-y-S (10-4 M)-stimulated ACTH secretion but did not significantly alter GTP-T-S
(10-4 M)-evoked secretion itself. This suggests that PKC modulates the secretory response to GTP-T-S
but does not mediate the effects of GTP--y-S.
6 GTP-y-S (108-1O'-M) stimulated ACTH secretion from permeabilized cells either in the presence
or absence of ATP (5 mM) indicating that its effects on secretion are ATP-independent.
7 The results of the present study support the hypothesis that, in AtT-20 cells, PMA is acting at some
site distal to calcium entry which modulates the ability of an increase in cytosolic calcium concentration
to stimulate ACTH secretion. This site of action is either at the level of or at some stage distal to a
GTP-binding protein which mediates the effects of calcium upon secretion.
8 PMA, unlike adenosine 3':5'-cyclic monophosphate (cyclic AMP) (Guild, 1991), can stimulate ACTH
secretion from permeabilized cells in the absence of added calcium and guanine nucleotides which
suggests that PMA and cyclic AMP are acting through distinct mechanisms at this post calcium site of
action.

Keywords: PMA; protein kinase C; calcium; G-protein; anterior pituitary cell line; adrenocorticotrophin (ACTH)

Introduction

Calcium has long been established as a trigger to hormone
secretion (Douglas, 1968) and supporting evidence for this
comes from the use of permeabilized cells in which the
cytosolic free calcium concentration can be controlled. Cal-
cium has been shown to stimulate secretion from a variety of
permeabilized cell types (for review see Knight & Scrutton,
1986) including adrenocorticotrophin (ACTH) secretion from
the mouse AtT-20/D16-16 anterior pituitary cell line, a model
system for the normal corticotroph (Luini & De Matteis,
1988; Guild, 1991). The ability of a particular concentration
of calcium to stimulate hormone secretion can however
be influenced by various factors including other second
messengers.
The adenosine 3':5'-cyclic monophosphate (cyclic AMP)-

dependent protein kinase A (PKA), which mediates the
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effects of changes in cellular cyclic AMP content (for review
see Taylor et al., 1990), stimulates ACTH secretion from
AtT-20 cells and from rat anterior pituitary corticotrophs
(Aguilera et al., 1983; Axelrod & Reisine, 1984; Heisler &
Reisine, 1984; Miyazaki et al., 1984). The action of this
enzyme upon the secretory pathway in AtT-20 cells is
thought to be due, at least partly, to an interaction with the
calcium messenger system on at least two levels. Cyclic AMP
enhances calcium entry via voltage-dependent calcium chan-
nels, thus raising intracellular calcium levels (Luini et al.,
1985; Guild & Reisine, 1987). In addition cyclic AMP poten-
tiates the ability of a particular increase in cytosolic calcium
levels to stimulate ACTH secretion (Guild et al., 1986; Guild,
1991). These results suggest two points of regulation for
PKA including a post calcium site of action (Guild, 1991).
Calcium stimulates hormone secretion in AtT-20 cells via

stimulation of a guanosine 5'-triphosphate (GTP)-binding
protein and therefore intracellular concentrations of GTP

0 MacmillanPress Ltd, 1994
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analogues such as guanosine 5'-O-(3-thiotriphosphate) (GTP-
y-S) can stimulate ACTH secretion from AtT-20 cells in the
absence of calcium (Luini & De Matteis, 1988; 1990; Guild,
1991). This GTP-binding protein involved in the late stages
of the secretory pathway, termed GE by Gomperts and co-
workers, is present in a variety of secretory cells (for review
see Gomperts, 1990). Cyclic AMP enhances GTP-y-S
stimulated ACTH secretion from AtT-20 cells suggesting this
post calcium site of action is either at the level of GE or at
some stage distal to this protein (Guild, 1991).

Protein kinase C (PKC) is a kinase which is also regulated
by second messenger action (for review, see Hug & Sarre,
1993). This enzyme also plays an important role in ACTH
secretion from AtT-20 cells (Reisine & Guild, 1987) and in
the normal corticotroph (Abou-Samra et al., 1986). The
ability of PKC to stimulate ACTH secretion from AtT-20
cells is again due, at least partly, to an interaction with the
calcium messenger system. Phorbol esters such as phorbol
12-myristate 13-acetate (PMA), activators of PKC (for
review, see Hug & Sarre, 1993), stimulate a rapid increase in
intracellular free calcium levels in this cell line (Reisine &
Guild, 1987; Reisine, 1989) and thus stimulate hormone
secretion. This increase in cytosolic calcium levels induced by
PMA in AtT-20 cells is however transient but the induced
ACTH secretion is sustained (Reisine & Guild, 1987) suggest-
ing that the rise in cytosolic calcium cannot account com-
pletely for the triggered hormone secretion. This study,
therefore, investigated the possibility that PKC has a similar
post calcium site of action to that of PKA.
The results of the present study suggest that, in AtT-20

cells, PMA is acting at some stage distal to changes in free
calcium concentrations to modulate calcium-evoked ACTH
secretion. In addition, such an action may be at the level of,
or at some stage distal to GE. suggesting that PKC does have
a similar post calcium site of action to that of PKA. How-
ever PMA stimulated ACTH secretion in the absence of
calcium and guanine nucleotides which was not the case for
cyclic AMP (Guild, 1991) suggesting that PKA and PKC
may be acting through distinct mechanisms. PKC acts to
modulate the regulation of ACTH secretion by the calcium/
GE system but is not essential to the stimulation of secretion
by this system. Preliminary accounts of this study have been
communicated to the British Pharmacological Society (Mc-
Ferran et al., 1994).

Methods

Culture of AtT-20 cells

Cells of the mouse AtT-20/D16-16 pituitary tumour cell line
were grown and subcultured in Dulbecco's modified Eagle's
medium (DMEM) (4500 mg glucoseI 1) supplemented with
10% (w/v) foetal calf serum as previously described (Reisine,
1984). Cells to be used in ACTH release experiments from
intact cells were plated in 24-well (16 mm diameter) multiwell
plates (Costar, U.S.A.) at an initial density of 105 cells/well
and were used 5-7 days after subculturing (80-90% con-
fluency). Cells to be used in experiments involving electrically
permeabilized cells were plated in 75 cm2 flasks (Nunc,
Gibco, UK) at an initial density of 2 x 106 cells/flask and
were used 7-9 days after subculturing (80-90% confluency).

Preparation of AtT-20 cells

Intact cell preparations The culture medium was removed,
cells adhering to the substrate in each well were washed 3
times with 1 ml of DMEM supplemented with 0.1% (w/v)
bovine serum albumin (DMEM/BSA) and then incubated for
1 h in 1 ml of fresh DMEM/BSA at 37°C in a humidified
atmosphere of 10% CO2 in air. The DMEM/BSA was then
decanted and replaced with 1 ml of fresh DMEM/BSA.

Permeabilized cell preparations The culture medium was
removed, cells adhering to the substrate were liberated by
trypsin (0.05% w/v)/EDTA (1 mM). The cells were washed
twice by centrifugation (200 g, 5 min)/resuspension in a
balanced salt solution of the following composition (mM):
NaCl 145, KCI 5.6, CaCI2 2, MgCl2 0.5, glucose 5.6, HEPES
5, sodium ascorbate 0.5, BSA 0.1% (w/v); pH 7.4. After
washing, the cells were suspended at a density of 106
cells ml- ' in this buffer and incubated for a further 30 min at
37°C. The cell suspension was then centrifuged (200 g, 5 min)
and the cell pellet washed twice by resuspension/cen-
trifugation (200 g, 5 min) in the standard permeabilization
buffer of the following composition (mM): potassium
glutamate 129, PIPES (potassium salt) 20; glucose 5; ATP 5;
EGTA 5; BSA 0.1°% (w/v); pH 6.6. The cells were finally
resuspended in this buffer at a density of 4 x 107 cells ml-'
and electrically permeabilized by subjection to intense electric
fields of brief duration (Knight & Baker, 1982). Optimum
permeabilization parameters were determined as previously
described (Guild, 1991) and were found to be 10 discharges
each of 2500 V cm -. These parameters were adopted in these
experiments.

Measurement of stimulated ACTH secretion from intact
cells

The ability of phorbol esters and diacylglycerol analogues to
stimulate ACTH secretion from intact AtT-20 cells remaining
attached to the culture dishes was measured as previously
described (Hook et al., 1982). Drugs were added to the 1 ml
of DMEM/BSA bathing the cells in the wells of the culture
dishes. Zero time samples were taken at this point and the
remaining cells incubated for 1 h at 37°C in a humidified
atmosphere of 10% CO2 in air. In each experiment sextup-
licate samples were run for each condition. Incubations were
terminated by removing the DMEM/BSA bathing the cells,
centrifugation (10,000 g, 20 s) of this sample and the removal
of the supernatant. The ACTH content of the supernatant
was measured by radioimmunoassay.

Measurement of stimulated ACTH secretion from
permeabilized AtT-20 cells

Calcium-stimulated ACTH secretion Permeabilized cells were
suspended at a density of 105 cells ml-' in a series of calcium-
EGTA buffers chosen to give free calcium concentrations
over the range of I0-'- 10- M as previously described
(Guild, 1991). At this point the zero time samples were
centrifuged (200 g, 5 min) and samples of the supernatant
stored for subsequent measurement of ACTH content. The
cell suspensions were incubated at 37°C for 30 min at which
point incubations were terminated by centrifugation (200g,
5 min, 4°C) and samples of the supernatant stored for subse-
quent measurement of ACTH content. In experiments inves-
tigating the effects of phorbol esters, diacylglycerol analogues
and GTP-y-S upon calcium-evoked ACTH secretion, the
calcium-EGTA buffers were supplemented by PMA, PDD,
PDBu, DOG, OAG or GTP-y-S as indicated in the legends
to the figures. In each experiment sextuplicate samples of the
supernatant were removed from each condition and the
ACTH content measured by radioimmunoassay.

Guanine nucleotide-stimulated ACTH secretion Permeabil-
ized cells were suspended at a density of 105 cells ml-' in a
calcium-EGTA buffer (10-9M) supplemented with GTP-y-S
(I08-I 10-4 M) as previously described (Guild, 1991). The
effect of PMA upon GTP-y-S (108_ 10-4M)-evoked ACTH
secretion were investigated by co-incubation of PMA with
GTP-7-S (10-8 10-4 M). At this point the zero time samples
were centrifuged (200 g, 5 min) and samples of the super-
natant stored for subsequent measurement of ACTH content.
The cell suspensions were incubated at 37°C for 30 min at
which point incubations were terminated by centrifugation
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(200 g, 5 min, 4C) and samples of the supernatant stored for
subsequent measurement of ACTH content. In each experi-
ment sextuplicate samples of the supernatant were removed
from each condition and the ACTH content measured by
radioimmunoassay.

The effect of inhibiting PKC upon calcium- and guanine
nucleotide-stimulated ACTH secretion

The PKC inhibitor, chelerythrine (Herbert et al., 1990), was
used to investigate whether calcium and GTP-T-S stimulated
PKC to evoke ACTH secretion. This possibility of an
indirect regulation of ACTH secretion, mediated by PKC, by
these agents was tested by measuring calcium- and guanine
nucleotide-stimulated ACTH secretion (as described above)
in the presence and absence of chelerythrine (10- M). In
addition, the effect of omitting ATP from the permeabiliza-
tion media, and hence depriving protein kinases of ATP for
their actions, upon guanine nucleotide-stimulated ACTH
secretion was investigated.

Radioimmunoassay

The radioimmunoassay for ACTH was performed as
previously described (Reisine, 1984). ['25I]-ACTH for radio-
immunoassay use was produced using the lodogen reagent
(1,3,4,6-tetrachloro-3a,6c-diphenylglycoluril) which was first
described as a reagent for iodination by Fraker & Speck
(1978). The amount of ACTH released was expressed as the
amount present at the end of the specified incubation period
less the amount present at zero time.

Statistics

A two-sided, 0.05 level, paired t test was used to determine if
the effect of a treatment was significant.

(Table 2), at concentrations of 10' M and 10' M respec-
tively, produced a similar significant increase in ACTH secre-
tion (4-5 fold over basal). However, the inactive 4 a-phorbol
did not stimulate secretion to the same extent (Table 1).
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Figure 1 Effect of phorbol 12-myristate 13-acetate (PMA) on
adrenocorticotrophin (ACTH) secretion from intact AtT-20 cells.
Intact cells were incubated for 1 h in Dulbecco's Modified Eagles
Medium with 0.1% bovine serum albumin (DMEM/BSA) sup-
plemented with the indicated concentration of PMA. The hormone
release results were standardized and expressed as % of the control
responses, the control responses being that obtained in the absence
of PMA. The results are expressed as the mean ± s.e.mean from 3
separate experiments. Absence of error bars indicate that they lie
within the symbol used.

Materials

The following substances (with their sources) were used:
ATP, bovine serum albumin (BSA) (fraction V), 4ax phorbol,
phorbol 12,13-dibutyrate (PDBu), phorbol 12,13-didecanoate
(PDD), phorbol 12-myristate 13-acetate (PMA) from Sigma,
UK; 1-oleoyl-2-acetyl-sn-glycerol (OAG), 1,2-dioctanoyl-
sn-glycerol (DOG) and chelerythrine chloride from Calbio-
chem-NovaBiochem, UK; guanosine 5'-O-(3-thiotriphos-
phate) (GTP-y-S) from Boehringer Mannheim, UK; DMEM,
foetal calf serum and trypsin EDTA from GIBCO, UK;
human ACTH antiserum and human ACTH standards were
a gift of the National Hormone and Pituitary programme,
Baltimore, MD, U.S.A.; Iodogen iodination reagent from
Pierce & Warriner. All other chemicals were of Analar grade
and readily commercially available.

Table 1 Effects of phorbol 12,13-dibutyrate (PDBu),
phorbol 12,1 3-dideconoate (PDD) and 4 a phorbol on
adrenocorticotrophin (ACTH) secretion from intact AtT-20
cells

Phorbol ester (10-7 M) ACTH secretion (% of control)

PDBu
PDD
4 M phorbol

413 ± 26
437 ± 64
148 ± 28

Intact cells were incubated for 1 h in Dulbecco's Modified
Eagles Medium with 0.1% bovine serum albumin (DMEM/
BSA) in the absence of phorbol ester or in the presence of
i0-7 M phorbol ester. The hormone release results were
standardized and expressed as % of the control responses,
the control responses being that obtained in the absence of
phorbol ester. The results are expressed as the mean +
s.e.mean from 3 separate experiments.

Results

The effect ofPKC activators upon ACTH secretion from
intact AtT-20 cells

PMA (10- 2_0-7 M) stimulated a concentration-dependent
increase in ACTH secretion (Figure 1) as previously shown
(Reisine & Guild, 1987). ACTH secretion in response to
PMA was significantly greater than control at concentrations
of 10-"' M and above with a 4 fold increase over basal
obtained at maximum. A supramaximal concentration of
10-7 M was chosen for subsequent use of PMA in the follow-
ing experiments. The phorbol esters phorbol 12,13
didecanoate (PDD) and phorbol 12,13 dibutyrate (PDBu)
(Table 1) and the diacylglycerol analogues 1-oleoyl-2-acetyl-
sn-glycerol (OAG) and 1,2-dioctanoyl-sn-glycerol (DOG)

Table 2 Effects of l-oleoyl-2-acetyl-sn-glycerol (OAG) and
1,2-dioctanoyl-sn-glycerol (DOG) on adrenocorticotrophin
(ACTH) secretion from intact AtT-20 cells

Diacylglycerol analogue (10-4 M) ACTH secretion (% of control)

OAG
DOG

398 ± 31
456 ± 75

Intact cells were incubated for 1 h in Dulbecco's Modified
Eagles Medium with 0.1% bovine serum albumin (DMEM/
BSA) in the absence of diacylglycerol analogue or in the
presence of 1i-0M diacylglycerol analogue. The hormone
release results were standardized and expressed as % of the
control responses, the control responses being those
obtained in the absence of diacylglycerol analogue. The
results are expressed as the mean ± s.e.mean from 3 separate
experiments.
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The effect ofPMA and chelerythrine upon
calcium-evoked ACTH secretion from permeabilized
AtT-20 cells

Calcium-evoked ACTH secretion from permeabilized AtT-20
cells was dependent upon the concentration of free calcium in
the permeabilization medium (Figure 2). Calcium stimulated
ACTH secretion in a concentration-dependent manner
between 10-7 and 10- M as previously shown (Guild, 1991).
ACTH secretion in response to free calcium concentrations
of 10-6 M and above were significantly greater than the
10-9 M calcium control. PMA (10-7 M) significantly enhanced
calcium evoked ACTH secretion from permeabilized AtT-20
cells at all concentrations of calcium investigated (Figure 2).
Importantly, PMA significantly enhanced ACTH secretion in
the effective absence of calcium (free calcium concentration
of 10-9 M). The protein kinase c inhibitor, chelerythrine
(10-' M), did not significantly alter the ACTH secretion
obtained at either 10-9 M (cont.) or 10- M (Ca2") calcium
(Figure 3a) but inhibited the PMA (10-7 M)-evoked enhance-
ment of ACTH secretion at both of these calcium concentra-
tions (Figure 3a). This suggests that PKC modulates the
secretory response to increases in intracellular calcium but
does not mediate the effects of calcium.

The effect ofguanine nucleotides and PMA upon
calcium-evoked ACTH secretion from permeabilized
AtT-20 cells

GTP-y-S (l0-5 M), a non-hydrolysable GTP analogue which
persistently activates GTP-binding proteins, significantly
stimulated ACTH secretion in the absence of calcium (free
calcium concentration of 10-9 M, Figure 4). When co-
incubated with a range of free calcium concentrations this
effect of GTP-T-S (10-' M) was additive with that of calcium
up to a maximum value which could be produced by calcium
acting alone, obtained at 10-' M calcium, at which point
there was no significant difference between ACTH secretion
obtained in the presence or absence of GTP-y-S (10- M)
(Figure 4). This is consistent with the concept that a GTP-

binding protein mediates the effect of calcium upon ACTH
secretion in AtT-20 cells. Co-incubation of PMA (10-7M)
with either a range of free calcium concentrations alone or
with a range of free calcium concentrations supplemented
with GTP-y-S (10-5 M) resulted in a significant enhancement
of both calcium (10-9-10-5 M)-evoked ACTH secretion and
ACTH secretion in response to the combination of calcium
(10-9- l0- M) and GTP-Ty-S (10-5 M) (Figure 4). The poten-
tiation of calcium (10-9- 10' M)-evoked ACTH secretion by
PMA (10-7 M) remained significant at all concentrations of
calcium investigated. The enhancement by PMA (10-7 M) of
the calcium (10-9- 10-5 M)/GTP-1y-S (10-5 M) combination
was significant at all calcium concentrations except 10-8M
calcium. There was no significant difference between ACTH
secretion obtained in response to the combination of calcium
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Figure 2 Effect of phorbol 12-myristate 13-acetate (PMA) on

calcium-dependent adrenocorticotrophin (ACTH) secretion from
permeabilized AtT-20 cells. Permeabilized cells were incubated in
standard permeabilization medium containing various proportions of
calcium and EGTA, such that the indicated concentrations of free
calcium resulted, either in the presence (@) or absence (U) of PMA
(10-7 M). The hormone release results were standardized and ex-

pressed as % of the control responses, the control responses being
those obtained in the absence of calcium (10-9 M). The results are

expressed as the mean ± s.e.mean from 3 separate experiments.
Absence of error bars indicate that they lie within the symbol used.

Figure 3 Effect of chelerythrine upon calcium- and guanosine
5'-O-(3-thiotriphosphate) (GTP-y-S)-dependent adrenocorticotrophin
(ACTH) secretion from permeabilized AtT-20 cells and the ability of
phorbol 12-myristate 13-acetate (PMA) to potentiate their effects. (a)
Permeabilized cells were incubated in standard permeabilization
medium containing calcium-EGTA buffers designed to give 10-0M
free calcium (Cont) or 10-S M free calcium (Ca2") either in the
presence (Cont + PMA, Ca2+ + PMA) or absence (Cont, Ca2") of
PMA (10-7 M). The effects of chelerythrine (10-5 M) at 10- M free
calcium (Cont + Chel) and at 10-5 M free calcium (Ca2+ + Chel) and
upon combination of 10-9 M free calcium plus PMA (10-7 M)
(Cont + both) and 10-5 M free calcium plus PMA (10-7 M) (Ca2` +
both) were measured. The hormone release results were standardized
and expressed as % of the control responses, the control responses
being those obtained in the absence of calcium (10-9 M). The results
are expressed as the mean ± s.e.mean from 3 separate experiments.
(b) Permeabilized cells were incubated in standard permeabilization
medium containing calcium-EGTA buffers designed to give 10-iM
free calcium (Cont) alone or supplemented with GTP-y-S (10-4M)
(GTP) either in the presence (Cont + PMA, GTP + PMA) or
absence (Cont, GTP) of PMA (10-7 M). The effects of chelerythrine
(10-5 M) at 10-9 M free calcium (Cont + Chel) and GTP-y-S (10-4 M)
(GTP + Chel) and upon combination of 10-9M free calcium plus
PMA (10-7 M) (Cont + both) and GTP-y-S (10-4 M) plus PMA
(10-7 M) (GTP + both) were measured. The hormone release results
were standardized and expressed as % of the control responses, the
control responses being those obtained in the absence of calcium
(10-9 M). The results are expressed as the mean ± s.e.mean from 3
separate experiments.

)I
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(10-s M) and PMA (10-7 M) with that of the combination of
calcium (10-s M, PMA 10-7 M) and GTP-y-S (10-s M). A
maximum ACTH secretion could be achieved by calcium and
PMA together at which point there was no significant differ-
ence between ACTH secretion obtained in response to cal-
cium and PMA (10-7 M) in the presence or absence of GTP-
'y-S (10-5 M) (Figure 4).

The effect ofPMA upon guanine nucleotide-evoked
ACTH secretion from permeabilized AtT-20 cells

GTP--y-S stimulated ACTH secretion, in the absence of cal-
cium, in a concentration-dependent manner with a threshold
of 10-6 M and which became significant at concentrations of
GTP-i-S above 10-5 M (Figure 5). PMA (10-7 M) signifi-
cantly stimulated ACTH secretion in the absence of GTP-y-S
and significantly enhanced the stimulated ACTH secretion at
every concentration of the nucleotide investigated. Thus
PMA enhanced both calcium and guanine nucleotide-evoked
ACTH secretion. The protein kinase c inhibitor, chelerythrine
(10-s M), did not significantly alter the ACTH secretion
obtained either in the absence (cont) or presence of 10- M
GTP-y-S (GTP) (Figure 3b) but inhibited the PMA (10-7 M)-
evoked enhancement of ACTH secretion at both of these
conditions (Figure 3b). This suggests that PKC modulates
the secretory response to GTP-y-S but does not mediate the
effects of the nucleotide nor presumably the GTP-binding
protein(s) activated by this agent.

Guanine nucleotide-evoked ACTH secretion in the
presence and absence ofA TP

GTP-,y-S (10-8-10- M) stimulated ACTH secretion from
permeabilized AtT-20 cells both in the presence and absence
of ATP (5 mM) (Figure 6). The omission of ATP from the
permeabilization medium significantly reduced the ACTH
secretion obtained in the absence of GTP-T-S and had the
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Figure 4 Effects of phorbol 12-myristate 13-acetate (PMA) and
guanosine 5'-O-(3-thiotriphosphate) (GTP-y-S) on calcium-dependent
adrenocorticotrophin (ACTH) secretion from permeabilized AtT-20
cells. Permeabilized cells were incubated in standard permeabilization
medium containing various amounts of calcium and EGTA, such
that the indicated concentrations of free calcium resulted, in the
presence of 10-7M PMA (@), 1i-5M GTP-y-S (*), both 10-7 M
PMA and 10-1 M GTP-y-S (A) or in the absence of both PMA and
GTP-y-S (U). The hormone release results were standardized and
expressed as % of the control responses, the control responses being
that obtained in the absence of calcium (10-9M). The results are
expressed as the mean ± s.e.mean from 3 separate experiments.
Absence of error bars indicate that they lie within the symbol used.

effect of reducing the base line from which GTP-y-S
stimulated ACTH secretion from permeabilized cells. Impor-
tantly, GTP-^y-S stimulated ACTH secretion to a similar
degree at 10-4M either in the presence or absence of ATP
(5 mM). Thus GTP-y-S-stimulated ACTH secretion in AtT-20
cells, unlike calcium-stimulated ACTH secretion (Guild,

400

300

C~~~

0T

o~~~~~~~~~~~~~~~~~~~~~~~~~~n

M.)8)200

100

-8 -7 -6 -5 -4
GTP y S, (log M)

Figure 5 Effect of phorbol 12-myristate 13-acetate (PMA) on
guanosine 5'-O-(3-thiotriphosphate) (GTP-y-S)-stimulated adrenocor-
ticotrophin (ACTH) secretion from permeabilized AtT-20 cells.
Permeabilized cells were incubated in standard permeabilization
medium supplemented with the indicated concentration of GTP-y-S
either in the presence (*) or absence (U) of PMA (10-I M). The
hormone release results were standardized and expressed as % of the
control responses, the control responses being those obtained in the
presence of GTP-y-S (10-8 M). The results are expressed as the
mean ± s.e.mean from 3 separate experiments. Absence of error bars
indicate that they lie within the symbol used.
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Figure 6 Guanosine 5'-O-(3-thiotriphosphate) (GTP-y-S)-dependent
ACTH secretion from permeabilized AtT-20 cells in the presence and
absence of ATP. Permeabilized cells were incubated in standard
permeabilization medium supplemented with the indicated concentra-
tion of GTP-y-S either in the presence (U) or absence (*) of 5 mM
ATP. The hormone release results were standardized and expressed
as % of the control responses, the control responses being those
obtained in the absence of GTP-y-S in the presence of 5 mM ATP.
The results are expressed as the mean ± s.e.mean from 3 separate
experiments. Absence of error bars indicate that they lie within the
symbol used.
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1991), is not dependent upon the presence of ATP in the
incubation medium. ATP could provide a source of GTP, via
the enzyme nucleoside diphosphate kinase (Gomperts, 1990),
and so result in a 'basal' stimulation of secretion via the GE
system upon which added GTP-y-S exerted its effect.

Discussion

PMA, PDBu and PDD all stimulated ACTH secretion from
intact AtT-20 cells. The ability of analogues of diacylglycerol;
the physiological activator of PKC (Hug & Sarre, 1993),
OAG and DOG, to stimulate a similar secretory response
coupled with the inability of 4 a-phorbol, an inactive phorbol
ester, to produce such a response suggest that the effects of
PMA upon ACTH secretion from AtT-20 cells are mediated
by PKC and are not due to a simple biophysical effect. The
ability of PMA to stimulate ACTH secretion from AtT-20
cells is consistent with studies using the normal corticotroph
(Abou-Samra et al., 1986). PMA was chosen as a represen-
tative phorbol ester for further experiments to complement
these studies in the normal corticotroph and previous studies
in AtT-20 cells (Reisine & Guild, 1987; Reisine, 1989).

In order to determine if PMA was acting at a late stage in
the secretory pathway, a more direct manipulation of the
intracellular environment was required. This was provided by
the use of electrically permeabilized cells, a technique which
has been used previously to gain access to the cytosol in
AtT-20 cells (Guild, 1991). The ability of calcium over the
physiological range of 10-' to 10-5 M to stimulate ACTH
secretion from permeabilized AtT-20 cells is entirely consis-
tent with previous studies using digitonin- (Luini & De
Matteis, 1988) and electrically (Guild, 1991)-permeabilized
AtT-20 cells and in a variety of other permeabilized cell types
(for review, see Knight & Scrutton, 1986). In these studies a
free calcium concentration of 10-5 M produced maximal
stimulation.
PMA enhanced calcium-dependent ACTH secretion from

permeabilized AtT-20 cells. This suggests that, in perme-
abilized AtT-20 cells, PMA does not enhance ACTH secre-
tion by increasing the cytosolic calcium concentration, since
any change in calcium concentration would be buffered by
the calcium-EGTA buffers which are designed for this pur-
pose. Therefore PMA, in addition to stimulating calcium
entry into the cell across the plasma membrane (Reisine &
Guild, 1987; Reisine, 1989), may enhance ACTH secretion
from AtT-20 cells by an action distal to changes in the
cytosolic calcium concentration. Previous studies show PMA
induced a transient rise in the cytosolic calcium concentration
in AtT-20 cells however the resultant ACTH secretion is
sustained (Reisine & Guild, 1987). This additional post cal-
cium site of action, therefore, may be responsible for the
more sustained nature of the ACTH secretion induced by
PMA.

It is difficult to interpret apparent additivity of secretory
responses in studies of this sort and caution should be exer-
cised when making claims about physiological mechanisms
underlying these observations. Notwithstanding these limita-
tions, in this study there was an apparent interaction between
calcium and PMA which was additive at lower calcium con-
centrations and which become synergistic at higher calcium
concentrations. Whilst acknowledging the dangers, a possible
explanation for this can be put forward. PKC is now known
to consist of a group of at least nine different PKC isoen-
zymes (for review, see Hug & Sarre, 1993). This family of
isozymes can be divided into two main groups, the calcium-
dependent or conventional PKCs (cPKCs) and the calcium-
independent or novel PKCs (nPKCs) (Ohno et al., 1991).
PMA is able to stimulate both cPKCs and nPKCs although
calcium is required for maximal stimulation of cPKCs by
PMA (Ryves et al., 1991). Therefore the additive enhance-
ment by PMA of calcium-stimulated secretion seen at lower
calcium concentrations may be due to stimulation of nPKCs

which are active in the absence of calcium and partial
stimulation of cPKCs. The synergistic interaction between
calcium and PMA seen at higher calcium concentrations
could therefore be due to stimulation of both nPKCs and
cPKCs which become fully stimulated by PMA at higher
calcium concentrations (Ryves et al., 1991).
The ability of GTP-y-S to enhance calcium-stimulated

secretion confirms a previous report from this lab suggesting
a GTP-binding mediates the effects of calcium upon ACTH
secretion from AtT-20 cells (Guild, 1991). The ability of
PMA to potentiate the calcium/GTP-binding protein system
suggests that, in AtT-20 cells, the post-calcium site of interac-
tion between calcium and PMA is either at the level of, or at
some stage distal to, GE. Cyclic AMP has been shown to
have a similar post-calcium site of action (Guild, 1991), but
cyclic AMP requires the stimulation of ACTH secretion by
either calcium or guanine nucleotides in order for this post-
calcium potentiation of ACTH secretion from AtT-20 cells to
be manifest (Guild, 1991). In contrast, this study shows that
PMA is able to stimulate ACTH secretion from perme-
abilized AtT-20 cells in the absence of both calcium and
guanine nucleotides. Therefore both PMA and cyclic AMP
enhance the calcium/GTP-binding protein system; however,
PMA has the additional action of enhancing secretion in the
absence of calcium or GTP-y-S. This important difference
may suggest that although cyclic AMP and PMA both have
similar post-calcium sites of action they are acting through
distinct mechanisms to enhance calcium-stimulated ACTH
secretion. This has already been shown to be the case at an
earlier stage in the stimulus-secretion coupling pathway.
PMA and cyclic AMP both stimulate ACTH secretion from
AtT-20 cells by enhancing calcium entry into the cell across
the plasma membrane but do so through distinct mechanisms
(Reisine & Guild, 1987, Reisine, 1989).
The ability of PMA to stimulate ACTH secretion from

permeabilized cells in the absence of calcium and added
GTP-T-S raises the possibility that PKC may mediate the
effects of the calcium-GE system upon secretion. This argu-
ment was used to support the idea that a GTP binding
protein mediated the effects of calcium upon the secretory
apparatus of AtT-20 cells (this study and Guild, 1991) as
added guanine nucleotides stimulated a step distal to that
regulated by calcium. The data in this study, however, do not
support the hypothesis that PKC mediates the effect of
calcium-GE system upon secretion. Firstly, PMA potentiates
calcium-evoked ACTH secretion and the combination of the
two evoked much greater ACTH secretion than could be
obtained by calcium alone. If PKC mediated calcium-evoked
ACTH secretion then addition of PMA and activation of
PKC would show the same pattern of interaction upon hor-
mone secretion as seen with GTP-y-S and calcium. Secondly,
the PKC inhibitor, chelerythrine, did not inhibit calcium- or
GTP-y-S-evoked ACTH secretion from AtT-20 cells. This
agent did, however, inhibit the PMA-evoked potentiation of
both calcium- and GTP-y-S-evoked ACTH secretion from
AtT-20 cells indicating that it did indeed inhibit PKC in
AtT-20 cells but that this did not result in any significant
attenuation of the secretory response to activation of the
calcium-GE system. Another possibility for the actions of
PMA in the absence of calcium and added GTP-y-S is that
PKC, in addition to an action at a late stage (i.e. post GE) in
the secretory pathway, may also stimulate a parallel pathway
to promote ACTH secretion. From the data presented in this
study, it would appear that PKC plays a modulatory role in
regulating secretion and is not necessary for secretion. In this
sense AtT-20 cells are similar to adrenal chromaffin, PC12
cells, neuroendocrine and mast cells (for review, see Bur-
goyne & Morgan, 1993).
GTP-y-S is able to stimulate ACTH secretion from

permeabilized AtT-20 cells, under the present conditions, in
the absence of ATP to a similar degree to that obtained in
the presence of ATP. This argues against the involvement of
a protein kinase in mediating the effect of GE upon secretion
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and leads us to believe that ATP in this system serves mainly
as a modulator as suggested for rat mast cells (Gomperts,
1990). We have previously demonstrated that calcium-evoked
secretion from permeabilized AtT-20 cells is dependent upon
the presence of ATP in the permeabilization media (Guild,
1991). We believe that ATP in this case provides a source
of GTP via the enzyme nucleoside diphosphate kinase
(Gomperts, 1990) and so permits the stimulation of secretion
via the calcium/GE system when activated by calcium. These
results are similar to those obtained in permeabilized rat
mast cells (Lillie & Gomperts, 1992; Koffer & Churcher,
1993) and in adrenal chromaffin cells (reviewed in Burgoyne
& Morgan, 1993).
The nature of the GTP-binding protein (GE) controlling

the late stage of ACTH secretion in AtT-20 cells is as yet
unclear. Synaptic vesicles and secretory granules possess both
monomeric ras-like (Burgoyne & Morgan, 1989; Darchen et
al., 1990; Fischer von Mollard et al., 1991) and trimeric
(Toutant et al., 1987) GTP-binding proteins. Rab 3 proteins
(monomeric ras-like GTP-binding proteins) have been shown
in AtT-20 cells to be important for localisation, sequestration
and storage of secretory vesicles (Ngsee et al., 1993). An
inhibitory form of GE (GEO), thought to be a trimeric protein,
is responsible for inhibition of secretion in AtT-20 cells
(Luini & DeMatteis, 1988) and in chromaffin cells (Vitale et
al., 1993). Whether the stimulatory form of GE (GES) in

AtT-20 cells is similarly a trimeric GTP-binding protein has
yet to be determined.
The results of this and a previous study (Guild, 1991)

suggest that not only does a G-protein directly regulate
exocytosis but its action is regulated by second messenger
systems perhaps by increasing the readily releasable pool of
stored hormone (Dannies, 1982). It is clear that calcium
alone cannot stimulate the maximal possible hormone secre-
tion and that co-operation with PKC and PKA increases the
amount of hormone secreted in response to a particular
concentration of calcium. Interestingly, in mast cells GTP-y-
S-stimulated secretion requires a phosphorylated 'primed'
state but no MgATP needs to be utilized during the process
of exocytosis (Koffer & Churcher, 1993). It is tempting to
speculate that in AtT-20 pituitary cells the protein kinases
modulate the secretory response by maintaining a 'primed'
state and the size of the readily-releasable pool of hormone
but the exocytotic machinery is directly controlled by the
calcium/GE system (Gomperts, 1990).
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BMS-180560, an insurmountable inhibitor of angiotensin
Il-stimulated responses: comparison with losartan and
EXP3174

'K.E.J. Dickinson, R.B. Cohen, S. Skwish, C.L. Delaney, R.P. Serafino, M.A. Poss, Z. Gu.,
D.E. Ryono, S. Moreland & J.R. Powell

Departments of Cardiovascular Biochemistry, Pharmacology, and Chemistry, Bristol-Myers Squibb Pharmaceutical Research
Institute, P.O. Box 4000, Princeton, NJ 08543-4000, U.S.A.

1 This study compares the activity of BMS-180560 (2-butyl-4-chloro-1-[[1-[2-(2H-tetrazol-5-yl)phenyl]-
1H-indol-4-yl]methyl]-lH-imidazole-5-carboxylic acid), an insurmountable angiotensin II (All) receptor
antagonist, with that of losartan and EXP3174 in functional and biochemical models of AII-receptor
activation.
2 BMS-180560 selectively inhibited ['25I]-Sar'Ile8AII (['25I]SI-AII) binding to rat aortic smooth muscle
(RASM) cell and rat adrenal cortical AT, receptors (Ki = 7.6 ± 1.2 and 18.4 ± 3.9 nM respectively)
compared to adrenal cortical AT2 receptors (Ki = 37.6 ± 1.3 JiM). The K, values of BMS-180560 and
EXP3174, but not losartan, varied as a function of the BSA concentration used in the assays, indicating
that the diacid drugs bound to albumin.
3 BMS-180560 (3-300 nM) increased the KD of SI-AII for RASM cell AT, receptors. Only at high
concentrations of BMS-180560 (300nM) were Bmax values decreased.
4 BMS-1 80560 inhibited AII-stimulated contraction of rabbit aorta with a calculated KB =
0.068 ± 0.048 nM and decreased maximal AlI-stimulated contraction at 1 nM BMS-180560 by 75%. In
the presence of 0.1% BSA, a higher KB value (5.2 ± 0.92 nM) was obtained. Losartan behaved as a
competitive antagonist with a KB = 2.6 ± 0.13 nM. Contraction stimulated by endothelin-1, nor-
adrenaline, KCl, or the TXA2 receptor agonist U-46619 were unaffected by BMS-180560 (1 nM).
5 All stimulated the acidification rates of RASM cells as measured by a Cytosensor microphysiometer
with an EC50 of 18 nM. Losartan (30 nM) shifted the All concentration-effect curves in a competitive
manner whereas BMS-180560 (0.01 and 0.1 nM) decreased the maximum responses by 60 and 75%
respectively. Inhibition by losartan and BMS-180560 could be reversed following washout although
recovery took longer for BMS-180560.
6 In [3H]-myoinositol-labelled RASM cells, losartan (30 and 200 nM), shifted the EC50 for All-
stimulated [3H]-inositol monophosphate formation to higher values, with no change in the maximal
response. By contrast, EXP3174 (0.1 to 1 nM) decreased the maximal response in a concentration-
dependent manner (17-55%). BMS-180560 (3 and 10 nM) increased the EC50 for All and decreased the
maximum response by 30 and 80% respectively. The inhibition by EXP3174 and BMS-180560 could be
reversed by inclusion of losartan (200 nM) indicating that the inhibition was not irreversible.
7 In conclusion, BMS-180560 is a potent, specific, predominantly competitive, reversible All receptor
antagonist, which displays insurmountable receptor antagonism. At concentrations of BMS-180560
which have no effect on receptor number, BMS-180560 produced insurmountable antagonism of
AII-stimulated second messenger formation, extracellular acidification, and smooth muscle contraction.

Keywords: Angiotensin II receptor; vascular smooth muscle; ['251]-Sar'Ile8 binding; adrenal cortex; insurmountable antagonism;
losartan; BMS-180560

Introduction

The antiotensin II (AII) receptor contributes significantly to
hypertension in man and therefore represents a key target for
the design of anti-hypertensive agents. Recently a number of
non-peptidic AII receptor antagonists have been described
which provide a new class of anti-hypertensive agents (Tim-
mermans et al., 1991), and indicate the potential for small
molecules to mimic the binding of an octapeptide to its
receptor. The use of these non-peptide antagonists has pro-
vided evidence for subtypes of AII receptors (Chiu et al.,
1989; Whitebread et al., 1989; Chang & Lotti, 1990). Thus,
AII receptors which exhibit high affinity for losartan are
designated AT, receptors, the classical AII receptors which
modulate vascular tone and adrenal aldosterone secretion.
The AT1 receptor is coupled in most tissues via a G protein

to phospholipase C activation, inositol phospholipid break-
down, and Ca2" mobilization (Smith et al., 1984; Griendling
et al., 1987; 1991). This 'receptor therefore represents the
target site for potential anti-hypertensive and anti-
hypertrophic agents. AT2 receptors exhibit low affinity for
losartan but high affinity for PD 123,177 (Wong et al., 1990a;
Dudley et al., 1990). Both AT, and AT2 receptors are present
in different proportions on membranes derived from rat
adrenal cortex and medulla (Chang & Lotti, 1990), whereas
rat phaeochromocytoma PC-12W cells contain a homo-
geneous population of AT2 receptors (Speth & Kim, 1990).
The function of AT2 receptors on PC12W cells (Webb et al.,
1992b) or other cells (Pucell et al., 1991; Dudley et al., 1991)
is unknown.

Peptide analogues of AII have been described which func-
tion as antagonists of AII-mediated responses. Thus,
Phe4,Tyr8AII exhibits classical competitive receptor anta-
gonism and produces parallel shifts of the AII-stimulated
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concentration-response curves of smooth muscle preparations
without suppressing the maximum response (Pendleton et al.,
1989). By contrast, sarcosyl substituted All peptides includ-
ing Sar',Leu8AII inhibit All-mediated contraction of rabbit
aorta in an insurmountable manner; the maximum All-
stimulated contraction cannot be overcome by increasing
concentrations of All (Pendleton et al., 1989; Liu et al.,
1992). The basis of this activity has been attributed to slow
dissociation of these peptides from the All receptor which
results in a pseudo-irreversible inhibition (Pendleton et al.,
1989) or to ligand-mediated decreases in available All recep-
tors (Liu et al., 1992).
A number of nonpeptidic All receptor antagonists exhibit

classical receptor antagonism. These include the earliest
known examples of nonpeptide antagonists such as S-8307
(Wong et al., 1988), and more recent disclosures such as
losartan (Wong et al., 1990a,c), SC 51366 (Olins et al., 1992)
and SKF 108566 (Edwards et al., 1992). Schild slopes of
antagonists such as losartan are close to unity (Wong et al.,
1990a), which indicates that the interaction of losartan with
the AT, receptor represents a reversible, competitive reaction.
Nonpeptidic All receptor antagonists have also been
described which display insurmountable inhibition of All-
stimulated contraction of vascular preparations. These in-
clude EXP3174, the di-acidic metabolite of DuP 753 (Wong
et al., 1990b), EXP3892 (Wong & Timmermans, 1991), DuP
532 (Wong et al., 1991), L-158,809 (Chang et al., 1992), SR
47436 (Cazaubon et al., 1993) and GR 117289 (Robertson et
al., 1992). It is unlikely that the insurmountable behaviour
relates to irreversible binding of antagonists since losartan
has been shown to attenuate the EXP3174-induced decrease
in maximum All-stimulated contractions (Wong & Timmer-
mans, 1991). The basis of this activity is currently unknown
but it may contribute to the long duration of action of these
compounds in vivo. No direct evidence for the location of the
sites responsible for insurmountable antagonism have so far
been presented although most models implicate the All
receptor. The present paper characterizes the phar-
macological properties of BMS-180560, a di-acidic All recep-
tor antagonist which produces long-lasting anti-hypertensive
effects in Na'-depleted SHR, and potently antagonizes All
pressor responses in conscious Sprague Dawley rats (Poss et
al., 1993). The present study compares the interaction of
BMS-180560, losartan and EXP3174 with AT, receptors
using functional contraction measurements, binding tech-
niques, and biochemical determinations of AII-receptor
activation. A preliminary account of these findings was pre-
sented to the British Pharmacological Society (Dickinson et
al., 1992).

Methods

Membrane preparation

Rat adrenal cortex Rats were killed by CO2 asphyxiation,
the adrenals were removed, and the cortex separated from
the medulla at 4°C. The cortices were placed in ice-cold
buffer A (0.2 M sucrose, 1 mM EDTA, 10 mM Tris-HCl
pH 7.4), and homogenized in 10-volumes of buffer A at 4°C
with a Brinkman Polytron homogenizer (setting 9.3 x 8 s).
The homogenate was centrifuged at 1000 g for 10 min at 4°C,
the supernatant was re-centrifuged at 100,000 g for 1 h at
4°C. The pellet was suspended in 50 mM Tris-HC1 pH 7.4,
5 mM MgCl2 (2.5 vol of buffer/original wet weight), by gentle
homogenization in a Potter-Elvehjem glass/teflon homo-
genizer. Aliquots (5 ml) of the membrane preparation were
frozen at a protein concentration of 0.1 mg protein ml-' and
stored at - 80TC until use.

Rat aortic smooth muscle cells RASM cells were cultured at
37TC in T-75 flasks under humidified 95% air/5% CO2
in HEPES-buffered Dulbecco's modified Eagle's medium

(DMEM) containing 10% foetal calf serum, 50 u ml-'
penicillin, 50 g ml-' streptomycin (Gibco Labs). Following
the attainment of confluence (5-7 days), cells were try-
psinized with 2 ml 0.25% trypsin/1 mM EDTA and cells col-
lected into buffer (0.1 mM phenylmethylsulphonyl fluoride,
10 fig ml`' soy bean trypsin inhibitor, 20 mM HEPES pH 7.4,
dissolved in DMEM) at a concentration of 3-4 x 105
cells ml-'. The cell suspension was washed with this buffer,
and homogenized in 50 mM Tris HCI pH 7.4, 1 mM EGTA,
10mM MgCl2, 0.24 TI units ml-' aprotinin, and 0.1 mg ml-'
1, I0-phenanthroline with a Brinkmann Polytron homogenizer
(setting 7, 3 x 6 s). The homogenate was passed through 2
layers of cheesecloth, and centrifuged at 40,000 g for 20 min
at 4'C. The supernatant was discarded, and the membranes
resuspended in buffer and washed three times. The pellet was
resuspended in this buffer at a concentration of 0.2-0.8 mg
protein ml-'. The cell homogenate was stored in 1 ml ali-
quots at - 8OC until use.

[125I]-Sar',Ite8 angiotensin II binding

Assays were conducted in a total volume of 250 Al in tubes
arranged in microtitre plate format (Marsh Biomed Corp).
The incubation mixture contained 50 Al ['251]-SI-AII (80-200
pM, 70,000-180,000 c.p.m.); 25 p1 displacing drug, or AII to
define non-specific binding (1 AM); and incubation buffer.
Binding to RASM cell membranes was conducted in the
following assay buffer: 50 mM Tris-HCl pH 7.4, 5 mM MgCl2,
0.1% bovine serum albumin, 1 mM PMSF, 0.24 TI units ml-'
aprotinin, and 0.1 mg ml-', l0-phenanthroline (Cohen et al.,
1993). Binding to rat adrenal cortex (RAC) membranes was
routinely conducted in the following assay buffer: 50 mM
Tris-HCl pH 7.4, 5 mM MgCl2, and 0.22% BSA. In some
cases the concentration of BSA was changed to 0.07%, or
0.01%. The binding reaction was initiated by the addition of
100 p1 membranes (7-12 pg protein) diluted in incubation
buffer. The tubes were incubated at 37°C (RASM cell mem-
branes) or 22°C (RAC membranes) for 2 h with continuous
shaking (Easyshaker, SLT-Labinstruments, A-5082 Grodig,
Austria). Bound and free radioligand were separated by
simultaneous filtration on a Tomtec cell harvester in com-
bination with a filtermat B which had been pre-soaked for
1 h in 0.1% polyethyleneimine (PEI) in order to reduce non-
specific binding. The filtermat was rinsed of excess PEI dur-
ing a pre-wash cycle, and the membranes were filtered and
washed with 150 mM NaCl, 5 mM Tris-HCl, pH 7.4 at 4'C.
The filtermat was removed and microwaved, membrane-side
up, at full power for 3 x 2 min in a microwave oven. The
dried filtermat was placed in a sample bag, a sheet of Mel-
tilex solid scintillant wax placed on the filtermat and the
Meltilex sheet melted into the mat using a T-Tray Heat-
Sealer (Wallac, Pharmacia). The impregnated sheet was
counted in a Betaplate liquid scintillation counter (L.K.B.
Pharmacia, T-tray compatible Model 1205) at 60% efficiency.
Protein assays were performed on the membrane preparation
using B.C.A. reagent (Pierce, Rockford, IL) with BSA as
standard.

Measurements of cell activation using Cytosensor
microphysiometer

The Cytosensor microphysiometer (Molecular Devices, Menlo
Park, CA, U.S.A.) measures extracellular acidification rates
of cells with silicon pH-sensitive sensors (Owicki et al., 1990).
Upon activation of cells with agonists, the extracellular
acidification rate increases in a time and concentration-
dependent manner. RASM cells were cultured for 8 h in the
presence of foetal bovine serum (10%), the serum was
removed and after a further 16 h cells were placed in the
microphysiometer and perfused with media (Dulbeccos
MEM without NaHCO3) at 37'C for 1 h prior to drug
addition. Acidification rates were monitored for 30 s every
min and rates plotted continuously against time. RASM cells



BMS-180560 AND INSURMOUNTABLE All RECEPTOR ANTAGONISM 181

were stimulated with the stated concentrations of AII for 10 s
followed by a change of perfusate to media. Short periods of
AII application were necessary because longer stimulation
protocols resulted in desensitized responses. Using this pro-
tocol, peak increases in acidification rates were obtained in
response to AI. AII was added every 15 min to a maximum
concentration of 1O tM. Antagonists BMS-180560 and losar-
tan were preincubated with cells for 15-30 min prior to All
addition. Peak height was used as a measure of the cellular
activation. Maximum responses to All routinely represented
130% of basal acidification rate (normalized to be 100%).
Results reported are the means (± s.e.mean) of at least three
determinations with different passage numbers.

Measurement ofphosphoinositide turnover

RASM cells were cultured in 35 mm wells, and labelled to
isotopic equilibrium with [3H]-myoinositol (2 pCi ml- l) in
inositol-free medium for 48 h. Cell monolayers (approx-
imately 90% confluent) were washed, and incubated for
15 min at 370C in a medium containing 1OmM LiCl in the
absence or presence of All antagonist. The cells were
stimulated with agonist for 30 min, the media removed, and
2 mM EDTA at 100IC was added to the cell monolayer to
disrupt cell integrity and release soluble inositol phosphates
(IP). The cells and supernatant were removed, re-boiled, and
centrifuged. The supernatant was applied to a Dowex
AG-1X8 anion exchange column, the labelled inositol,
glycerophosphoinositol, and inositol 1-, 2-, and 3-phosphates
fractionated essentially as described by Berridge (1983) and
aliquots counted in a liquid scintillation counter using
Packard Ultima Gold XR scintillation fluid (Packard Inst.
Co., Meriden, CT, U.S.A.).

Force determinations in vascular smooth muscle

Male New Zealand white rabbits (2-3 kg) were killed by i.v.
injection of Nembutal and the thoracic aorta was removed
and cleaned of connective tissue. Circumferential strips
(3.5-5.0 mm wide) were mounted for isometric force recor-
ding as described in detail elsewhere (Webb et al., 1992a). In
brief, cumulative concentration-response curves were elicited
by agonists (AII, ET-1, KCl, noradrenaline, and U-46619) in
the presence and absence of test compound. Antagonists
were preincubated with the tissue for 20 min prior to addi-
tion of agonists. The data are plotted as the mean
(± s.e.mean) of at least 4 tissues from different animals. ECm
values were calculated by linear regression analysis. KB values
for competitive antagonists were calculated from the follow-
ing equation: KB= BMS/[EC0'/EC50)-1], where BMS
represents the concentration of compound tested, ECm' is the
EC50 value determined in the presence of BMS, and EC50 is
the EC50 value determined in response to All alone. For
insurmountable antagonists, the KB app values were calculated
by double-reciprocal regression analysis: KBapp = BMS/(slope-
1) where the slope is obtained by regression analysis of 1/[A]

I-K

versus -/[A'] with [A] and [A'] denoting the equiactive
agonist concentrations in the absence and presence of BMS,
respectively (Tallarida & Jacob, 1979).

Drugs

['251]-Sarcosine'Ile8angiotensin II (['251]-SI-AII, 2200 Ci mmol ')
was obtained from NEN Research Products (Boston, MA,
U.S.A.), and [3H]-myoinositol (94 Ci mol ') was from Amer-
sham (Arlington Hts, IL, U.S.A.). Angiotensin II and SI-AII
were from Peninsula Labs (Belmont, CA, U.S.A.), and cell
culture reagents from Gibco (Rockville, MD, U.S.A.).
Bovine serum albumin, lithium, sodium, magnesium and
potassium chlorides, noradrenaline, sucrose, EDTA, EGTA,
phenylmethylsulphonylfluoride (PMSF), polyethyleneimine,
aprotinin, 1,10-phenanthroline, HEPES, and Tris were from
Sigma Chemical Co (St. Louis, MO, U.S.A.). Dowex AG-
1X8 was from Biorad (Richmond, CA, U.S.A.). U-46619
(1la, 9a-epoxymethano-PGH2) was purchased from Cayman
Chemical Co. (Ann Arbor, MI, U.S.A.) and endothelin-l
from Peptides International (Louisville, KY, U.S.A.). All
other chemicals were from Fisher (Pittsburgh, PA, U.S.A.)
and were reagent grade. Losartan, EXP3174 and BMS-
180560 were synthesized in Department of Chemistry,
Bristol-Myers Squibb Pharmaceutical Research Institute.

Results

Figure 1 shows the structures of losartan, its metabolite
EXP3174 and BMS-180560 which differs from the biphenyl
compounds losartan and EXP3174 in having an indole linker
between the imidazole and phenyl tetrazole moieties. The
chemical synthesis of BMS-180560 and the in vivo phar-
macological activity of BMS-180560 and its prodrugs are
described elsewhere (Poss et al., 1994).

Binding studies

The ability of losartan and BMS-180560 to inhibit [125I]_SI_
AII binding to rat adrenal cortical, and aortic smooth muscle
cell membranes was compared. Figure 2 shows the competi-
tion curves, and Table 1 shows the Ki values obtained under
standard assay conditions. Competition curves for losartan
and BMS-180560 binding to adrenal AII receptors were
biphasic and indicative of binding to two populations of sites
(Figure 2a). A high affinity population, (AT, receptors), and a
low affinity population (AT2 receptors) represented 75% and
25% of the labelled sites respectively. Both losartan and
BMS-180560 were selective for the AT, receptors relative to
the AT2 receptors (9,000 and 2,000 fold respectively). Both
antagonists generated competition curves with RASM cell
membranes which were monophasic, with slope factors which
were close to unity indicating a homogeneous, high affinity,
population of AT, receptors (Figure 2b, Table 1). The Ki
values obtained for losartan and BMS-180560 for vascular
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Losartan (DuP 753) EXP3174

Figure 1 Structures of angiotensin II receptor antagonists used in this study.
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Table 1 Inhibition constants (K1) of losartan and BMS-180560 for rat adrenal and smooth muscle cell All receptors

K1 values (nm)
Adrenal AT2

85,800 ± 8.700*
37,600 ± 13,000

RASM cell AT,

16.2± 4.6
7.6± 1.2

nH = slope factor of competition curves for RASM cell binding. *Slope factor constrained to nH = 1 for two-site analysis, which
yielded the proportions of AT, and AT2 sites of 75 ± 1, and 25 ± 1% respectively. KF values were computed from IC3o values using the
equation of Cheng & Prusoff (1973). Results show mean (±s.e.mean) for 3-10 experiments.

Table 2 Effect of BSA concentration on the inhibition
constants of BMS-180560 and losartan for rat adrenal
cortical AT', receptors

E
40

E

X 20 -

o b
120

<e 100 6
- 80 A
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40 2
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-11 -10 -9 -8 -7 -6 - -4 -3

log [Drug concentration] M

Figure 2 Competition curves of losartan (0) and BMS-180560 (@)

binding to rat adrenal cortical (a) and RASM cell (b) membranes.

Membranes were incubated with [|25I]-SI-AII (0.2 aM) in the presence

of the shown concentrations of antagonists. Specific binding, cal-

culated as % maximum, has been plotted against antagonist concen-

tration. The lines are computer generated best fit to a one or two site

analysis where slope factors for both sites are constrained to unity.

The curves are representative of experiments performed 3-10 times.

All receptors (16 and 18 nM) were similar to those obtained

for adrenal cortical receptors (9 and 18 nM).

Recent reports indicate diacid All receptor antagonists

bind avidly to serum proteins, whereas losartan show less

activity in this regard (Chiu et al., 1991). Since this property

reduces the free drug able to interact with the All receptor,

we have investigated the influence of BSA concentration on

the calculated K, of BMS-180560. Table 2 shows that reduc-

tion of BSA in the assay buffer from 0.22 to 0.07% decreased

the K1 of BMS-180560 for adrenal AT, receptors by 3.4 fold.

Decreasing the BSA to lower values (0.01%) decreased the K1

by a further 6.8 fold to a value of 0.8 nM. Similar results

were obtained for EXP3 174 which exhibited a K1 of

11.4 2.6 nM in 0.22% BSA and 1.9 1.4 nM in 0.07% BSA

(n = 4). Losartan was insensitive to the BSA concentration in

the assay over the concentration-range tested, and K1 values

obtained with 0.01% BSA were not significantly different

from those determined in 0.22% BSA (Table 2). Similar

findings were observed with RASM membranes, where the K,

for losartan was 17 ±1.4nM (n =3) in 0.01% BSA, and

16.2±+4.6nM (n=a3) in 0.1% BSA.

The characteristics of losartan and BMS-180560 binding to

the rat vascular smooth muscle cell AT, receptors were com-

Drug

BMS-180560
AT,
Losartan
AT,

0.01%
BSA

0.8 ± 0.1

9.8 ± 0.1

K, values (nM)
0.07%
BSA

5.4 ± 2.0

NT

0.22%
BSA

18.4 ± 3.9

9.0 ± 3.2

K1 values (nM) were calculated from competition curves
determined in the presence of the stated concentration of
BSA. Results show mean ± s.e.mean K. values of drugs for
AT, receptors derived from 3-6 experiments.

pared. Saturation binding isotherms were conducted in the
absence or presence of increasing concentrations of losartan
or BMS-180560, and KD and binding site maxima (B.)
values calculated in order to define shifts in affinity (com-
petitive inhibition) or decreases in Bm,, values, with no
change in KD (non-competitive inhibition). Time course
studies indicated that equilibrium binding of ['251]-SI-AII was
reached within 120 min either in the absence or presence of
3-30 nM BMS-180560 (data not shown). In order to obtain
accurate assessment of the Bma,, values we have used tracer
concentrations of radioligand and saturated the binding sites
with unlabelled SI-AI. Data analysis assumed that tracer
radioligand and SI-AII bind to the same population of sites
with similar affinities. This assumption is valid since KD and
Bm. values using exclusively ['25I]-SI-AII (KD = 0.3 ± 0.04
nM, Bm,, = 2,860 ± 700 fmol mg-' protein, n = 4) were
similar to values reported in Table 3.
The presence of losartan resulted in shifts to the right of

the SI-AII saturation binding isotherms with progressive
increases in KD values (see Table 3), but no decreases in the
maximum number of binding sites. Figure 3a shows the
Scatchard plots of representative data where los4rtan caused
successive decreases in the slopes (indicative of increased KD
values for SI-All), with no decreases in the binding site
maxima (defined by the lines' intercept with the abscissa).
These data are consistent with reversible competitive interac-
tion of losartan with the AT, receptor. These data were
analysed by the method of Arunlakshana & Schild (1959) in
order to define a binding KB value for losartan. The cal-
culated Schild slope was 1.07 ± 0.06 and the KB was
10 ± 2.9 nm, which is in good agreement with the Ki of
16.2 nM determined from competition curves.
BMS-180560 (3-100 nM) also shifted the SI-AII saturation

binding isotherms to the right and increased the KD of SI-
All. This is shown in Figure 3b as a successive decrease in
the slopes of the Scatchard plots. At low concentrations of
BMS-180560 (3-30 nM), there was no significant depression
of the Bma. values (Table 3), which indicated that the drug
acted as a competitive inhibitor of SI-AII binding. Similar
results were obtained with membranes either pre-incubated
with BMS-180560 for 30 min or co-incubated with the
antagonist (data not shown). At a higher concentration of
BMS-180560 (100-300nM), there was a 10 to 20 fold in-

Compound

Losartan
BMS 180560

Adrenal AT,

9.0 ± 3.2*
18.4 ± 3.9

a

nH

0.91 ± 0.03
0.99 ± 0.17
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crease in the KD for SI-AII, and a decrease in the Bm.., value
at the highest BMS-180560 concentration. Similar results
were obtained using exclusively ['25I]-SI-AII to saturate the
binding sites (data not shown). These data suggest that BMS-
180560 interacts competitively at low concentrations but may

Table 3 Effect of losartan and BMS-180560 on SI-All
bindinz to RASM cell membranes

Bmax
Cone. (nm) (% control)

0 100
5 110± 12
20 119± 10
50 121 ± 9

BMS- 180560 0 100
3 91
10 97±3
30 91 ±3
100 88±7
300 53 ± 8

n

(
3 (
4 C
3 1

C
2 C
3 C
5 C
3 2
3

RASM membranes were pre-incubated for 15
with the stated concentrations of antagonists, ai
with ligand ['251]-SI-AII (0.2 nM) in the
increasing concentrations of SI-All. Specific
calculated and analysed by computer assisted it
fitting to obtain B..,, and KD values. Bmax value
normalized to % control which was 2,840 ± 43
protein. Results show mean ± s.e.mean of the st
of experiments.

0.7

0.6

0.5

a

0.4

0.3

0.2

0.1

exhibit mixed (competitive and non-competitive) inhibition at
higher concentrations. The Schild slope of these binding data
which also incorporates the higher drug concentrations was
0.89 ± 0.06, and the calculated KB value from this plot was
9.0 ± 4.6 nM, which is in good agreement with the Ki of
7.6 nM calculated from competition curves.

Vascular smooth muscle contraction

The effects of losartan and BMS-180560 on AII-stimulated
contractile responses in rabbit aortic rings are shown in

KD (nM) n Figure 4. Losartan (3 to 100 nM) produced parallel shifts to
).20 ± 0.04 4 the right of the All dose-response curve and did not affect
).28 ± 0.04 3 maximum contractile responses (Figure 4a). The calculated
).84 ± 0.33 4 KB was 2.6 ± 0.13 nM. Data were also generated in the
1.06 ± 0.27 3 presence of 0.1% BSA in order to reproduce conditions used

for the binding studies and phosphoinositide turnover
).30 ± 0.04 4 measurements (see below). The Schild slope of these data was

).39 005 3 -0.9, and the calculated KB was 6.7 ± 1.6 nM which was
*.86 ± 0.05 5 little different from that determined in the absence of BSA.
2.13 ± 0.25 3 BMS-180560 (0.1 to 1 nM) produced progressive shifts in the
4.0 ± 0.10 3 All dose-response curve, and decreased the maximum All-

stimulated response by 25-75% (Figure 4c). Since All was
min at 37TC unable to overcome the inhibition by BMS-180560 the
nd incubated antagonism can be defined as insurmountable. The calculated
presence of apparent KB was 0.068 ± 0.048 nM in the absence of BSA
binding was (Figure 4c) which was similar to the apparent KB of
erative curve 0.058 ± 0.016 nM calculated for EXP3174 (data not shown).
es have been By contrast, the KB generated for BMS-180560 in the
0ated number presence of BSA (5.2 ± 0.92 nM) was 76 fold greater (Figure

4d) and the insurmountable behaviour was maintained.
Figure 5 shows the specificity of BMS-180560 for All

receptors on rabbit aortic rings. At 1 nM, a concentration
producing profound inhibition of All-mediated contractions,
BMS-180560 produced no effect on contractions elicited by
KCl, noradrenaline, or the thromboxane A2 receptor agonist,
U-46619. The slight effect of BMS-180560 on endothelin-
mediated contractions was attributed to differences in tissue
sensitivity to ET. These data suggest BMS-180560 is a
specific All receptor antagonist.

Vascular smooth muscle cell activation determined with
a Cytosensor microphysiometer

I I
A Exposure of RASM cells to All produced a time and

0 20 '0 60 80 160 120 10 concentration-dependent increase in the extracellular acid-
ification rates which reflects cellular activation (Owicki et al.,SI-All bound (pM) 1990). Since prolonged stimulation of cells (15 min) with All

b desensitized the cells to subsequent stimulation, cumulative
0.7 - concentration-response curves were obtained with short
0.6- \ application times. Stimulation of cells with All for 10 s

increased the extracellular acidification rates to a peak level
0.5 \ (130% of basal rates after 2 min) which declined to basal

0.4- as
rates during the next 12 min. This protocol provided
reproducible responses to All and allowed concentration-

0.3 >, response curves to be obtained. Figure 6 shows the All-
stimulated increase in RASM extracellular acidification rates.

0.2- i _ AF The ECm for All was 18 ± 13 nM (n = 10) in control cells
0.1- and in the presence of losartan (30 nM) the ECm, was in-

creased 8 fold with no significant change in the maximum
0.0-. , response, indicating simple competitive interaction. Assuming

0 20 40 60 80 100 120 a Schild slope of unity (see above), the calculated KB for
SI-All bound (pM) losartan was 2.5 ± 1.0 nM, n = 3, which correlated with its

potency as an inhibitor of rabbit aortic smooth muscle con-
3 Scatchard plots of SI-All binding to RASM cell mem- traction (KB = 2.6 nM). BMS-180560 at 0.01 nM had little
in the absence (-) or presence of 5 (-), 10 (0), or 50 effect on the ECm for All (EC50 = 22 nM) whereas 0.1 nM
losartan (a) and 10 (0), 30 (0), or 100 (0) nM BMS- BMS-180560 increased the EC50 to 940 nm. The maximum
(b). RASM membranes were pre-incubated for 15 mn at

with antagonists and incubated with radioligand [2 1I]-SI-AII responses to All were decreased by 60% and 75% for both
l) in the presence of increasing concentrations of SI-AII. concentrations of BMS-180560 indicating insurmountable
binding was determined using computer assisted LIGAND receptor antagonism. In these experiments BMS-180560 was

re program (Munson & Rodbard, 1980) and the data has been more potent as an inhibitor of All-stimulated cellular
Sally displayed according to Scatchard. Results show represen- acidification than of contractile responses or phospho-
data from experiments presented in Table 3. inositide turnover (see below). These findings may relate to
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the short AII stimulation protocol which was used for the
cell based studies.

In order to compare the rates of dissociation of losartan
and BMS-180560 from the RASM cells, cells were stimulated
with AII in the absence of antagonist, and following
exposure and washout of losartan and BMS-180560. Figure 7
shows the acidification rate of cells stimulated for 10 s
initially, stimulated in the presence of losartan or BMS-

a

E
E
x

E

-0.D1
0
IL

1 10

[All] nm
100 lobo E

x

E

0)C-,t

0
L-

180560, and stimulated after washout of drugs for 5 and
38 min. In the presence of losartan (50 nM) All responses
were decreased by 40% relative to control All stimulation
performed at the same time. BMS-180560 (0.1 and 1 nM)
decreased All responses by 22% and 100% respectively.
Following washout of drugs for 5min, All responses to
losartan had recovered to greater than control levels, pro-
bably reflecting protection of the All receptors from desen-

75

50-

25-

0
0.1 1 10 100 l0OC

[All] nM

10 100 1000 0.1 1 10

[All] nM [All] nM
1000

Figure 4 Effect of losartan and BMS-180560 on All-stimulated contractile responses in rabbit aortic rings. Cumulative
concentration-response curves elicited by All were determined in the absence (0) or presence of: 3 (A), 10 (U), 30 (0), or 100
(0) nm losartan (a,b). All concentration-response curves were also obtained in the absence (0) or presence of 0.1 (A), 0.3 (0), 1
(*), 3 (A), 10 (U), or 30 (A) nM BMS-180560 (c,d). Experiments were conducted in the absence (a,c) or presence (b,d) of 0.1%
BSA. Data shown are mean ± s.e.mean of at least 4 aortae from different rabbits.
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Figure 5 Effect of BMS-180560 on contractions elicited by endothelin-l (a), noradrenaline (b), KCI (c), and U-46619 (d) in rabbit
aortic rings. Aortic rings were exposed to the stated concentration of agonist in the absence (0) or presence (U) of 1 nM
BMS-180560. Results are plotted as mean ± s.e.mean of 4 determinations.
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sitization. Thus, All-stimulated responses of control cells
were decreased 40-45% during the course of this experiment.
The inhibition of AII-stimulated responses by BMS-180560
(0.1 and 1 nM) were maintained following 5 min washout.
More prolonged washing (38 min) was necessary in order to
recover All-stimulated responses following BMS-180560
treatment. This recovery was complete for cells exposed to
0.1 nM BMS-180560 and partial (70%) for cells treated with
1 nM BMS-180560. These findings indicate that losartan dis-
sociates more rapidly from RASM cell All receptors than the
insurmountable antagonist BMS-180560 but both drugs can
be considered reversible antagonists of All-mediated res-
ponses.

Phosphoinositide metabolism

The ability of losartan and BMS-180560 to inhibit All-
stimulated phosphoinositide turnover was examined in
RASM cells labelled to isotopic equilibrium with [3H]-
myoinositol. In the presence of LiCl (to inhibit inositol
monophosphatase), All (1 tiM) produced a time-, and
concentration-dependent increase in inositol mono-, bis-, and
tris-phosphate which was linear for 0-40 min (data not
shown). The IP2/IP3 fraction was 35-45% of the IP, fraction.

a

~0
CLa)
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n
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20

100 000

All concentration (nM)

b
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The ECm for AII-stimulated IPI response was 27 ± 6.9 nM
(n = 6) and similar values were obtained for the increases in
IP2/IP3 (data not shown). The maximum stimulation by All
varied somewhat with passage number, but routinely
represented a 10 to 40 fold stimulation above basal IP1 levels.
The effect of losartan on AII-stimulated IP, formation in
RASM cells is shown in Figure 8a. Losartan (30 and 200 nM)
shifted the All concentration-effect curve to the right and
increased the EC50 for All by 3 and 7 fold respectively. The
effect of losartan was surmountable since higher concentra-
tions of All were able to overcome the inhibition by losar-
tan, and the maximum AII-stimulated increase in IP, was
similar in the absence or presence of antagonist. In marked
contrast to the data obtained with losartan, its acid
metabolite EXP3174 decreased the maximal AII-stimulated
IPI formation in a concentration-dependent manner (Figure
8b). At a concentration of 1 nM EXP3174, and in the absence
of BSA, maximal All-stimulated responses were decreased by
50-60%. Thus, the insurmountable activity of EXP3174
(Wong & Timmermans, 1991) can be monitored at the level
of second messanger formation.
The effects of BMS-180560 on AII-stimulated IP, forma-

tion is shown in Figure 8c. At a concentration of 3 nM and in
the presence of 0.1% BSA, BMS-180560 produced somewhat
variable effects on the All concentration-response curve.
Mean data demonstrated a small rightward shift of the curve
and a 30% decrease in the maximum response. A higher
concentration of BMS-180560 (10nM) decreased the max-
imum IP, response by 80%. Losartan (100nM) and BMS-
180560 (10nM) were used for these studies at equi-effective
inhibitory concentrations such that at 10 nM All, there was
85-90% inhibition of IP, formation. Increasing the All con-
centration overcame the inhibition by losartan, but it was
unable to overcome the inhibition by BMS-180560. Thus the
inhibitory activity of BMS-180560 on IP, formation may be
classified as insurmountable. The BMS-180560-induced de-
crease in maximal AII-stimulated IP1 formation in RASM
cells was quantitatively similar to that observed for All-
stimulated contraction of rabbit aortic smooth muscle (com-
pare Figures 4d and 8c). Thus, in the presence of BSA, 3 and
10 nM BMS-180560 decreased maximum contractile force by
30 and 70% respectively, compared to 30 and 80% decreases
in IP formation.

140
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Cn e80-

E60

40

All concentration (nM)

Figure 6 Effects of losartan and BMS-180560 on All-stimulated
increase in extracellular acidification rates of RASM cells. (a) RASM
cells were preincubated for 20 min with media (0) or 30 nM losartan
(-) and stimulated with the stated concentration of All for 10 s. (b)
Cells were preincubated with media (0), 0.01 nM (@), or 0.1 nM (V)
BMS-180560 followed by All. Rates of extracellular acidification
were measured with a Cytosensor microphysiometer. Peak increases
in rates were computed, normalized to the maximum AII-stimulated
increase in acidification rates, and plotted against the All concentra-
tion. Results show mean ± s.e.mean of duplicate experiments which
were performed three times.

1 2 34 1 234 1 234 1 2 34
a b c d

Figure 7 Reversal of losartan and BMS-180560 mediated inhibition
of AII-stimulated RASM cell acidification. RASM cells were
stimulated for 10 s with 100 nm All in the absence (1) or presence of:
50 nM losartan (2), 0.1 nm BMS-180560 (3), or 1 nM BMS-180560
(4). (a) Initial responses to All; (b) cells preincubated with drugs for
30 min and restimulated with All; (c) drugs removed from the
perfusate cells washed for 5 min and restimulated with All; (d) cells
washed for 38 min and restimulated with All. Acidification rates
were measured and normalized to rates obtained initially. Results are
the mean ± s.e.mean of duplicate experiments which were performed
4 times.
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Figure 8 Effect of losartan, EXP3174, and BMS-180560 on All-
stimulated IP, formation in RASM cells. [3H]-myoinositol-labelled
RASM cell monolayers were incubated in the absence (0) or
presence of 30 (0), and 200 (V) nM losartan (a), or 0.1 (0), 0.3
(V), or 1 (V)nM EXP3174 (b) or 3 (0) and 10 (V)nM BMS-
180560 (c) for 15 min at 37°C, and stimulated for 30 min with
increasing concentrations of All. BSA (0.1%) was included in the
experiments performed with losartan and BMS-180560. [3H]-IPI was
extracted as described in Methods and separated by anion exchange
chromatography. IP, levels were normalized to % maximal stimula-
tion produced by I tim All. Results show mean curves ± s.e.mean of
4-6 determinations obtained with cells from different passage
numbers.

We have examined whether the inhibition by EXP3174 and
BMS-180560 was irreversible by attempting to attenuate the
antagonist-mediated inhibition by co-administration of losar-
tan. Figure 9 shows that losartan was able to reverse the
insurmountable inhibition by BMS-180560 and EXP3174.
Thus, the maximum All-stimulated IP, response was 20% of
control in the presence of 10 nM BMS-180560, and 80% of
control in the presence of 200 nM losartan (Figure 9a). The
combination increased the AII-stimulated response to values
not significantly different from those of losartan alone.
Similarly, losartan reversed the EXP3174-mediated inhibition
of AII-stimulated IP, formation to values not different from
losartan alone.

Discussion

This study compared the interactions of the competitive All
receptor antagonist, losartan and the insurmountable anta-
gonists, BMS-180560 and EXP3174 with the AT, receptor.
Losartan and BMS-180560 were potent inhibitors of [12511_S1
All binding to rat adrenal cortex and vascular AT, receptors
with Ki values of 9 and 16 nM for losartan, and 18 and 7 nM
for BMS-180560 respectively. The value obtained for BMS-
180560 was dependent on the concentration of BSA in the
assay buffer since lowering the BSA concentration to 0.01%
decreased the Ki by 23 fold. By contrast, the Ki of losartan
was little affected by lowering the BSA concentration

All concentration (nM)

Figure 9 Reversal of BMS-180560 and EXP3174-mediated insur-
mountable inhibition of All-stimulated IPI formation in RASM cells
by losartan. [3H]-myoinositol-labelled RASM cell monolayers were
incubated in the absence (0) or presence of: 10 nM BMS-180560
(V), 200 nM losartan (V) and 200 nM losartan + 10 nM BMS-180560
(0) (a); or 200 nM losartan (0), 1 nM EXP3174 (V), and 200 nM
losartan + 1 nM EXP3174 (V) (b) for 15 min at 37'C. For the com-

bination experiment, cells were incubated with losartan for 15 min at
37°C, followed by BMS-180560 for 15 min. Cells were then
stimulated with the stated concentrations of All. [3H]-IP, was ex-
tracted as described in Methods and separated by anion exchange
chromatography. IP, levels were normalized to % maximal stimula-
tion produced by 1 tiM All. Results show mean curves ± s.e.mean of
4-6 determinations obtained with cells from different passage
numbers.

whereas its structurally related acid analogue EXP3174,
exhibited an 8 fold decrease in Ki in low (0.07%) BSA. These
findings were quantitatively similar to those reported by Chiu
et al. (1991). This property probably relates to the physico-
chemical characteristics of these molecules. Thus, it has been
suggested that the presence of a di-acidic function in the AII
receptor antagonist molecule may be responsible for protein
binding. Chiu et al. (1991) demonstrated that 99% of the
diacid DuP 532 bound to BSA, compared to 60% for losar-
tan, which contains a mono-acidic function. We have also
examined the protein binding activities of a series of mono
and diacid AII antagonists and the protein binding activity
was related to, but was not totally dependent upon, the
presence of a diacid function (data not shown). From the
possible binding sites on BSA (Kragh-Hansen, 1981) it is
likely that AII receptor antagonists bind at the bilirubin site
3, or the common drug binding site 6. Our results with
BMS-180560 indicate that a substantial amount of drug
(>90%) was bound to BSA, thereby reducing the concentra-
tion of free drug able to interact with the AT, receptor.
Thus, BMS-180560 exhibited a KB for rabbit aortic smooth
muscle AII receptors of 0.068 nM in the absence and 5.2 nM
in the presence of 0.1% BSA, indicating >95% binding of
drug to BSA. The recently described Glaxo antagonist, GR
117,289, is a diacid which also shows significant binding to
BSA (Robertson et al., 1992). The pronounced binding of
these drugs to plasma and tissue proteins may provide an

explanation, in part, for the long duration of action of these
diacid AII receptor antagonists.

Saturation binding experiments conducted in the presence
of losartan indicated that the interaction of losartan with the
vascular AT, receptor was competitive. Thus, in the presence
of losartan, the KD of SI-AII was increased to higher values,
with no change in the B.. Moreover, Schild slopes of the
saturation binding data were close to unity suggesting a

competitive interaction of losartan with the AT, receptor.
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The interaction of BMS- 180560 with the AT, receptor
appeared competitive at low concentrations of BMS-180560,
since the KD for SI-AII was increased with no change in Bmax
value. Similar results have been reported for the insurmoun-
table antagonists L-159,809 and CV-1 1974. Thus, L-158,809
and CV-1 1974 at concentrations similar to their Ki values
increased the KD of ['251]-SI-AII but had no effect on Bmax
(Chang et al., 1992; Shibouta et al., 1993). However, at high
concentrations of BMS-180560 (10 to 30 fold greater than its
Ki for vascular All receptors) the KD for SI-All was in-
creased 10 to 20 fold and the Bmax value was decreased by
12-45%. These findings suggest that BMS-180560 may
exhibit mixed (competitive and non-competitive) inhibitory
activity at high concentrations. The structurally similar insur-
mountable antagonist, GR 117,289 has also been reported to
produce both decreases in Bma, and increases in KD for
[3H]-AII binding to rat liver membranes (Robertson et al.,
1992). Similar results were also reported for EXP3174 which
decreased the Bmax and increased the KD for ['251]-AII binding
to rat lung membranes (Wienen et al., 1992). However in
contrast to our findings, inhibition was obtained at concen-
trations of EXP3174 which were close to its Ki value for the
All receptor. These discrepancies could result from differ-
ences in the AT, receptor subtypes in liver compared to the
smooth muscle (Widdowson et al., 1993) although both liver
and lung are reported to contain predominantly the ATia
receptor subtype (Kakar et al., 1992; Widdowson et al.,
1993). Alternatively, slow kinetics of antagonist binding may
have contributed to the degree of inhibition obtained. Thus,
Pendleton et al. (1989) showed that the insurmountable pep-
tide antagonist, Sar'Leu8AII reduced the Bmax of ['251I]-AII
binding sites on rabbit adrenal membranes only if mem-
branes were preincubated with antagonist, whereas co-
incubation resulted in competitive inhibition. Decreases in
Bmax values were therefore attributed to slow dissociation of
the peptide antagonist from the receptor. In our study the
radioligand reached equilibrium during the course of the 2 h
incubation in the absence or presence of BMS-180560
(3-30 nM) and preincubation of membranes with BMS-
180560 did not change the competitive nature of the inhibi-
tion. These data suggest that BMS-180560 had reached
equilibrium with the vascular All receptor and at concentra-
tions similar to its Ki value, BMS-180560 functioned as a
competitive inhibitor. Concentrations of BMS-180560 which
decreased Bmax values (100-300 nM) were greatly in excess of
those required to depress AII-stimulated contraction of rab-
bit aorta (3-30 nM) when measured in the presence of BSA.
Liu et al. (1992) proposed that insurmountable antagonism
of a series of All receptor analogues was related to peptide-
dependent internalization of All receptors thereby decreasing
receptor concentration. However, our data do not support
the concept that BMS-180560 decreased receptor number at
concentrations of BMS-180560 which produced insurmoun-
table antagonism.

Losartan functioned as a classical competitive antagonist
of AII-mediated smooth muscle contraction. Thus, All
concentration-response curves were shifted to the right with
no depression of maximum response. These findings confirm
reports of others who demonstrated losartan was a com-
petitive inhibitor of All-stimulated rabbit aortic contraction
(Wong et al., 1990a,c; Liu et al., 1992; Wienen et al., 1992;
Robertson et al., 1992; Cazaubon et al., 1993; Shibouta et al.,
1993). In contrast BMS-180560 decreased the maximum All-
stimulated contraction of rabbit aorta in a concentration
dependent manner and at 1 nM BMS-180560 (in the absence
of BSA) maximum contractile responses were inhibited by
75%. Similar results have been reported for L-158,809
(Chang et al., 1992), GR 117,289 (Robertson et al., 1992)
and EXP3174 (Wong & Timmermans, 1991; Wienen et al.,
1992), although the maximum reduction observed for
EXP3 174 was only 24% (Wienen et al., 1992). Liu et al.
(1992) demonstrated concentration-dependent saturable in-
hibition of maximum All-stimulated contraction of rabbit

aorta by a series of peptide All analogues and the depression
of All contraction maxima correlated with the pA2 values of
the antagonists for the All receptor. However, in the case of
the nonpeptide antagonists, the ability of these drugs to
decrease All contraction maxima appears not to correlate
with potency. Thus, BMS-1 80560 produced substantially
greater decreases than EXP3174 although the antagonists
had similar apparent KB and Ki values for All receptors.

This study also examined the effects of All antagonists on
smooth muscle cells using extracellular acidification as a
monitor of cellular activation. All stimulated the acid-
ification rates of smooth muscle cells in a concentration-
dependent manner and with an EC50 of 18 nM which
correlated with the EC50 for AII-stimulated phosphoinositide
turnover (27 nM) suggesting that phospholipase C (PLC)
stimulation may be correlated with cellular activation. Losar-
tan shifted the All concentration-response curve in a manner
commensurate with competitive inhibition and with a
potency which was similar to its interaction with All recep-
tors on rabbit aortic rings. By contrast, BMS-180560 pro-
duced insurmountable inhibition of AII-stimulated cellular
activation with increases in EC50 values and depression of
All maximal responses. The magnitude of this inhibition was
similar to that observed for inhibition of All-stimulated con-
traction of rabbit aortic rings and phosphoinositide turnover
although these effects were observed at lower concentrations
of BMS-180560. Robertson et al. (1992) reported differences
in the potency of GR 117,289 in functional studies compared
to its affinity for All binding sites; these parameters may be
influenced by pretreatment time, protein binding, drug
lipophilicity, or receptor concentration. It is also possible
that the short stimulation protocol used for the mic-
rophysiometer experiments did not allow All to compete
effectively with All receptors which were occupied with
BMS- 180560 especially if BMS-1 80560 dissociated slowly.
Indeed, washout studies indicated that BMS-180560 did dis-
sociate from the RASM cells slower than losartan but that
functional responses to All could be restored following more
extensive washing. These observations indicate that BMS-
180560 binding to the RASM cell All receptor was reversi-
ble.
AT, receptors on RASM cells transduce their signal in part

by activation of a PLC (Smith et al., 1984; Griendling et al.,
1987; 1991). Phosphoinositide turnover is enhanced with pro-
duction of diacylglycerol, and inositol trisphosphate. The
elevation of intracellular Ca2+ is thought to be ultimately
responsible for the increased contractile state of smooth mus-
cle. In order to define the site at which BMS-180560 exerted
its insurmountable action, IP, formation was determined as a
measure of PLC activation. Losartan shifted the All-
mediated IP, formation to the right with no change in the
maximal response. Thus, losartan behaved as a competitive
antagonist of All-mediated responses whether the determina-
tions were made at the level of receptor binding, IP, forma-
tion, smooth muscle contraction, or cellular activation
(measured as extracellular acidification). Others have re-
ported the ability of losartan to inhibit AII-mediated second
messenger formation such as Ca2+ transients (Chiu et al.,
1990), phosphoinositide turnover (Pfeilschifter, 1990), aldo-
sterone secretion (Balla et al., 1991) but demonstration of the
competitive nature of this inhibition has been lacking. By
contrast BMS-180560 functioned as an insurmountable
antagonist of AII-mediated vascular contractile responses,
extracellular acidification and IP, formation. Both BMS-
180560 and EXP3174 decreased maximal AII-stimulated IP,
formation in an insurmountable manner. Chang et al. (1992)
have also reported that L-158,809 shifted the All-stimulated
[3H]-IP accumulation in RASM cells to the right and
significantly decreased the maximal response. Inhibition of
AII-stimulated phosphoinositide turnover by BMS-180560
was quantitatively similar to that for AII-stimulated contrac-
tion of rabbit vascular smooth muscle, when measurements
were made under the same conditions of BSA concentration.
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Our IP measurements were made after 30 min of cell
stimulation. Wojcikiewicz et al. (1993) have recently reviewed
the problems of measuring IP formation in Li-containing
assays after long time intervals (>5 min) of cell stimulation.
Moreover, our measured [3H]-IP1 may have derived from
both PIP2 and PI hydrolysis. Griendling et al. (1991) have
described two isoforms of PLC in RASM cells with different
Ca2 , pH and substrate specificities. Thus, it was possible
that the measured [3H]-1P1 pool derived from activation of
two PLCs. Since IP2 and IP3 are thought to be generated in
RASM cells as a result of rapid PLC-mediated PIP2 hydro-
lysis (Griendling et al., 1991), it was important to establish
that the insurmountable activity was also demonstrable at
short time intervals using IP3 formation as a monitor of PIP2
hydrolysis. We have demonstrated that EXP3174 and BMS-
180560 (at 1 nM) produced insurmountable antagonism of
All-stimulated IP2/IP3 formation at 4 min (data not shown).
Since the insurmountable activity was detected at this level, it
follows that -the insurmountable target site for these
antagonists lies proximal to PLC-mediated PIP2 hydrolysis.
The interaction of insurmountable antagonist and receptor

is not irreversible since losartan reversed the insurmountable
inhibition of All-stimulated phosphoinositide turnover
caused by EXP3174 and BMS-180560 and inhibition of All-
stimulated increase in RASM extracellular acidification rates
by BMS-180560 was irreversible following washout. These
data confirm previous reports showing losartan was able to
attenuate EXP3174-induced decrease in maximum All con-
traction of vascular smooth muscle (Wong & Timmermans,
1991). Moreover, these findings suggest that the reversible
antagonist losartan but not All was able to access the BMS-
180560 binding site which was responsible for insurmoun-
table inhibition.
The molecular basis for insurmountable inhibition remains

to be established although a number of theories have been
proposed. Receptor heterogeneity could explain this pheno-
menon although available evidence suggest that the All
receptors on RASM cells represent a homogeneous popula-
tion (Kakar et al., 1992; Cohen et al., 1993). Pseudoirrevers-
ible antagonism and allosteric modulation of All receptors
have also been proposed as the basis for insurmountable
antagonism although our studies were unable to discriminate

between these alternatives. Pseudoirreversible antagonism,
which decreases the available receptors for effector coupling,
could be produced by slow dissociation of the antagonist
from the receptor. Our studies indicated that BMS-180560
dissociated slower than losartan and slow dissociation rates
have also been reported for EXP3174 (Chiu et al., 1991).
Thus, replacement of receptor-bound BMS-180560 or EXP-
3174 by the rapidly dissociating antagonist losartan would
allow All to compete more effectively. This mechanism could
explain the reversibility by losartan of BMS-180560- or
EXP3174-induced insurmountable inhibition.
An allosteric model has also been proposed to explain

insurmountable antagonism at All receptors (Timmermans et
al., 1991). Two binding sites are postulated, one which binds
All BMS-180560, and losartan and a second site which could
allosterically decrease receptor-effector coupling thereby pro-
ducing depression of the maximal AII-stimulated responses.
The first site is demonstrable with All radioligands and All
and nonpeptides compete for binding to this site. The second
site is not available to All whereas BMS-180560, EXP3174,
and losartan can all bind. However, only BMS-180560 and
EXP3174 can allosterically decrease receptor-effector coup-
ling and cause insurmountable inhibition, perhaps by stabiliz-
ing a receptor conformation which had reduced ability to
couple to G proteins. Binding of losartan (but not All) to
this site would be predicted to reverse BMS-180560- or
EXP3174-mediated insurmountable inhibition. These two
sites may have similar molecular characteristics since insur-
mountable and surmountable antagonists differ only slightly
in their structure. Thus, insurmountable activity is associated
with the presence of a -COOH group whereas the parent
-CH2OH containing drug generally exhibits surmountable
antagonism. Perhaps more convincing are data for a series of
imidazol-2-one All receptor antagonists, where modest
changes in alkyl substitution changed the nature of the
antagonism (Reitz et al., 1993). Thus, methyl and isopropyl
containing drugs were surmountable whereas ethyl substitu-
tion resulted in an insurmountable antagonist. Whether this
behaviour is due to differential dissociation rates of the com-
pounds or their abilities to bind to secondary allosteric sites
remains to be established.
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Abolition of flow-dependent EDRF release before that evoked
by agonists in hypercholesterolaemic rabbits

lain R. Hutcheson, *Jerry A. Smith & 'Tudor M. Griffith

Departments of Diagnostic Radiology and *Cardiology, University of Wales College of Medicine, Heath Park,
Cardiff CF4 4XN

1 We have used a pulsatile cascade bioassay system to investigate the effects of dietary-induced
hypercholesterolaemia on EDRF release evoked by acetylcholine and by the oscillatory and time-
averaged components of flow, in isolated segments of rabbit abdominal aorta.
2 Flow pulsatility (frequency range O.1-1OHz) was studied with constant flow (9mlmin') at a pulse
pressure amplitude of 2 mmHg. Frequency-related EDRF release, maximal at 6 Hz, was slightly
attenuated after 4 weeks and abolished after 8 weeks of cholesterol feeding.
3 Time-averaged shear stress was manipulated with dextran (1-4% w/v, 80000mol. wt.), to increase
perfusate viscosity. EDRF release induced by increased perfusate viscosity was unaffected after 4 weeks
but abolished after 8 weeks of cholesterol feeding.
4 Endothelium-dependent relaxations to acetylcholine (0.1-10IM) were not influenced after 4 weeks
and only partially attenuated (by 60% of the maximal response, ECm unchanged at 6.45 ± 0.04 vs.
6.4 ± 0.1 pM) after 8 weeks of cholesterol feeding.
5 Blood cholesterol levels were significantly (P<0.001) increased after 4 weeks (26 ± 3.6 vs
2.6 ± 0.6 mmol 1-') and 8 weeks (56.2 ± 3.8 vs 1.3 ± 0.1 mmol I-) of cholesterol feeding but after 8
weeks plasma L-arginine levels were not significantly different from the age-matched controls (0.2 ± 0.05
vs. 0.19 ± 0.04 mmolI 1).
6 We conclude that hypercholesterolaemia impairs flow-related (pulsatile- and time-averaged shear-
induced) EDRF release earlier than acetylcholine-induced relaxation in rabbit aorta. This is consistent
with the view that different transduction mechanisms mediate EDRF release in response to agonists and
flow.

Keywords: Rabbit aorta; pulsatile flow; hypercholesterolaemia; endothelium-derived relaxing factor (EDRF)

Introduction

Atherosclerosis is a major inflammatory disorder of the
arterial wall that is characterized by recruitment of
monocytes and their transformation into lipid-rich foam
cells, smooth muscle proliferation, intimal thickening and
deposition of extracellular matrix to form fibrous plaques. It
has been proposed that injury to the endothelium is the
initiating event in atherogenesis and progression of the
disease occurs as a result of an excessive inflammatory-
fibroproliferative response to this insult (Ross, 1993). A
major risk factor in this disease process is hyperchol-
esterolaemia which is associated with raised levels of low
density lipoprotein (LDL), the principal carrier of cholesterol
in the blood. Recently, oxidized LDL (OxLDL), a modified
form of LDL, has been implicated both as a key factor in
endothelial injury and a potential promoter of atheroma
formation (Ross, 1993; Witztum, 1993).
A reduced level of EDRF activity could promote the

atherogenesis by making the arterial wall a more throm-
bogenic and adherent surface for platelets and monocytes
and by enhancing smooth muscle proliferation (Moncada et

al., 1988; Garg & Hassid, 1990; Bath et al., 1991). Indeed,
regions of blood vessel prone to atherosclerosis are

associated with areas of low longitudinal endothelial shear
stress and thus presumably a low degree of mechanical
stimulus for EDRF synthesis (Ku et al., 1985). An early
manifestation of hypercholesterolaemia is an impairment in
endothelium-dependent responses to specific agonists in both
animals and human subjects (Verbeuren et al., 1986; Bos-
saller et al., 1987; Forstermann et al., 1988; Flavahan, 1992).
This dysfunction displays regional differences in conduit

' Author for correspondence.

arteries, with the most severe impairment occurring at bifur-
cations and in the proximal aorta (Ragazzi et al., 1989,
McLenachan et al., 1990) and is not a consequence of
decreased vascular smooth muscle responsiveness since relax-
ations to exogenous donors of nitric oxide are unaffected
(Bossaller et al., 1987; Flavahan, 1992). The abnormality also
extends to the microcirculation, so that the effects of hyper-
cholesterolaemia cannot simply be attributed to a diffusion
barrier to EDRF resulting from intimal thickening or plaque
formation as resistance vessels do not show these
pathological features (Yamamoto et al., 1988; Kuo et al.,
1992).
Flow-dependent dilatation is compromised in human con-

duit arteries by hypercholesterolaemia (Cox et al., 1989) and
flow-related EDRF activity is attenuated in resistance arteries
from the porcine coronary circulation in an experimental
model of atheroma (Kuo et al., 1993). Recently Randall et al.
(1993) have demonstrated that a 4 week dietary supplement
of 1% cholesterol has little effect on agonist-dependent
EDRF release but severely depresses the EDRF-dependent
opening of pre-existing collateral vessels following arterial
ligation in the rabbit ear. However, after 8 weeks dietary
supplementation both collateral perfusion and agonist-
induced responses are significantly impaired. These observa-
tions may reflect a greater susceptibility of basal and flow-
induced EDRF activity to the deleterious effects of hyper-
cholesterolaemia than agonist-evoked responses and repre-
sent a further example of differences in the transduction
mechanisms for flow- and agonist-induced EDRF release
(Griffith et al., 1987; Macarthur et al., 1993; Hutcheson &
Griffith, 1994). In the present study, a pulsatile flow cascade
bioassay system was used to compare the effect of 4 and 8
weeks dietary-induced hypercholesterolaemia on flow- (both
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the oscillatory and time-averaged components) and agonist-
induced EDRF release.

Methods

Feeding protocol

Male New Zealand White rabbits matched by age and weight
(2-2.5 kg) were divided into two groups, one being fed a
cholesterol-supplemented (1% ) diet (Special Diet Services,
Witham, Essex), the other kept on standard chow.

in Holman buffer with the exception of indomethacin (5%
w/v NaHCO3 in distilled water).

Statistics

All data are given as mean ± s.e.mean, where n denotes the
number of animals studied for each data point. Statistical
analysis was assessed by Student's t test for paired and
unpaired data as appropriate, P<0.05 being considered as
significant. EC50 values for vasodilator responses were
obtained from individual concentration-response curves as
the concentration at which half maximal reduction in
recipient tone occurred.

Experimental protocol

Half the rabbits in each group were killed by cervical disloca-
tion after 4 weeks, the remainder after 8 weeks. Abdominal
aortae were removed and placed into pre-gassed (95%
02-5% CO2, pH 7.4) Holman's Solution of the following
composition (mM): NaCl 120, KCI 5, NaH2PO4 1.3, NaHCO3
25, CaCl2 2.5 glucose 11, sucrose 10, containing
indomethacin (10 gM). N0-nitro-L-arginine methyl ester (L-
NAME) was used as a specific inhibitor of EDRF formation
from L-arginine. Plasma L-arginine levels were determined by
gas chromatography as described by Williams et al. (1993).
The bioassay system used to quantify EDRF release in

response to changes in flow pulsatility has been previously
described (Hutcheson & Griffith, 1991). Briefly, segments
(3-5 cm) of endothelium-intact abdominal aorta from either
the cholesterol or control group (the donor) were placed
horizontally in an organ chamber filled with oxygenated
buffer at 37TC. The preparations were perfused at a mean
flow rate of 9 ml min-' by a Watson-Marlow peristaltic
pump (Type 503U), and an air-filled compliance chamber
was connected immediately proximal to the infusion cannula.
EDRF activity in the effluent from the donor vessel was
assayed by relaxation of a preconstricted (phenylephrine;
300 nM) ring of endothelium-denuded thoracic aorta (the
recipient) which was positioned directly below the organ bath
outlet. Its tension was measured by an isometric force trans-
ducer (Dynamometer UFI) and the transit time between the
donor and recipient was ca. 2 s. The recipient ring was taken
from young control rabbits to eliminate the effects of aging
on its ability to respond to EDRF.
The pulse frequency of perfusion was varied by employing

silastic tubing (Watson-Marlow) of three different internal
diameters (3.2 mm, 1.6 mm and 0.8 mm). The narrower the
diameter of the tubing, the higher the frequency of the
oscillatory flow required to perfuse the donor aorta at a
mean flow rate of 9mlmin-'. Technical details have been
provided elsewhere (Hutcheson & Griffith, 1991). Flow rate
was calibrated against pump speed for each diameter of
tubing before each experiment. Maximum damping of the
perfusion circuit was introduced by a 70 ml compliance
chamber when studying pulse frequency-related effects (from
0.15 to 9.75Hz), the amplitude of the pressure pulse then
remaining at 2mmHg. Dextran (80,000 mol wt; 1-4% w/v)
was added to the perfusate to study changes in viscosity and
thus time-averaged shear stress. Relaxations to the
endothelium-dependent vasodilator, acetylcholine were also
assessed. When constructing cumulative concentration-
response curves to acetylcholine, atropine (3 LM) was super-
fused over the recipient ring to eliminate direct vasoconstric-
tion. The presence or absence of endothelium was also
confirmed histologically by en face silver staining of the
donor vessel at the end of each experiment.

Drugs

Acetylcholine, phenylephrine, dextran 80, indomethacin,
atropine and NG-nitro-L-arginine methyl ester were obtained
from Sigma Limited, Poole, Dorset. All drugs were dissolved

Results

Effects of cholesterol diet on plasma cholesterol and
L-arginine levels

Plasma cholesterol levels in animals receiving a 1%
cholesterol diet were 26 ± 3.6 mmol 1l-' after 4 weeks,
(n = 10) and 56.2 ± 3.8 mmol 1' after 8 weeks (n = 10) both
being significantly (P<0.001) elevated above their corres-
ponding controls (2.6 ± 0.6 mmol 1-', and 1.3 ± 0.1 mmol
1-', n = 10 respectively). Plasma L-arginine levels were
0.2 ± 0.05 mmol l-I' after 8 weeks of cholesterol supplementa-
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Figure 1 Effects of age and hypercholesterolaemia on frequency-
related release of EDRF. This was significantly depressed after 8 but
not 4 weeks in control animals. Hypercholesterolaemia abolished
EDRF release after 8 weeks, but the slight reduction after 4 weeks
was not statistically significant (CP<0.05 cf. 4 week control;
*P<0.05 cf. 8 week control). (*) Control 0-1 week; (A) control 4
weeks; (A) control 8 weeks; (0) cholesterol-fed 4 weeks; (0)
cholesterol-fed 8 weeks.
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tion (n = 8) and were not significantly different from the
age-matched control value of 0.19 ± 0.04 mmol 1' (n = 7).

Frequency-dependent responses

Increasing the pulse frequency of the perfusate through
segments of abdominal aorta from rabbits receiving a normal
diet evoked relaxation of the recipient ring with a peak
response at 6 Hz (Figure 1). However, the amplitudes of the
responses at 6 Hz were significantly (P <0.05) smaller in the
8 week (7.1 ± 0.8%) compared to the 4 week (12.2 ± 1.1%)
control group (n = 8 and 4 respectively, Figure 1). Aortae
from rabbits receiving a high cholesterol diet for 4 weeks
produced smaller frequency-dependent relaxations of
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Figure 2 Viscosity-related EDRF release was abolished by 8 but not
by 4 weeks of high cholesterol feeding. Control responses were again
significantly depressed in the older animals. Note the small residual
relaxation in the presence of 100 JAM NG-nitro-L-arginine methyl ester
(L-NAME) in both groups which represents a direct effect of dextran
on the recipient. tp<0.05 cf. 4 week control; (*P<0.05 cf. 8 week
control). (*) Control 0-I week; (A) control 4 weeks; (A) control 8
weeks; (0) cholesterol-fed 4 weeks; (0) cholesterol-fed 8 weeks; (U)
control 4 weeks + L-NAME; (0) control 8 weeks + L-NAME.

9.2 ± 1.6% relative to control, but this did not achieve statis-
tical significance (Figure 1 a). In contrast, frequency-
dependent relaxations were absent in aortae from the 8 week
cholesterol-supplemented group (P< 0.05; n = 8; Figure lb).
No frequency-dependent relaxations were observed in the 4
and 8 week control groups following pre-incubation of the
donor with L-NAME (n = 4 in each case).

Viscosity-dependent responses

Dextran elicited concentration-dependent relaxations of the
detector tissue when introduced into the aortic perfusate of
both the 4 and 8 week control groups, although the absolute
responses were significantly smaller (P<0.05) in the older
animals (n = 4 and 8 respectively; Figure 2). There was no
significant loss of viscosity-related relaxations after 4 weeks
of the cholesterol rich diet (Figure 2a) but those of the 8
week cholesterol-fed group were significantly (P <0.05)
reduced compared to their age-matched controls (n = 4,
Figure 2b). The responses in the 4 week group were
significantly attenuated by pre-incubation of the donor with
L-NAME (Figure 2a), although a minor degree of relaxation
to dextran was still evident which represents a direct effect of
dextran on the recipient ring (Hutcheson & Griffith, 1994). In
contast, L-NAME did not significantly decrease relaxation to
dextran after 8 weeks of hypercholesterolaemia (n = 4, not
shown). The effects of L-NAME in control vessels and those
of 8 weeks of hypercholesterolaemia were similar in terms of
their impairment of viscosity-related relaxations (Figure 2b).

Acetylcholine-induced responses

In the 4 week control group, acetylcholine evoked
concentration-dependent, L-NAME-sensitive relaxations of
the detector tissue in the cascade bioassay which were similar
in terms of ECm values and maximum reduction in tone to
those obtained with donor aortae from 4 week cholesterol-
fed rabbits (Table 1, Figure 3a). The maximum relaxation of
control preparations from the 8 week group of animals was
significantly lower than in the 4 week group (Table 1; Figure
3a and b), and was further depressed in animals fed a
cholesterol-rich diet for 8 weeks (Table 1, Figure 3b).

Discussion

The object of the present series of experiments was to deter-
mine the degree to which EDRF release evoked by receptor
stimulation, increased time-averaged shear stress and changes
in the frequency of pulsatile flow is compromised in a model
of dietary-induced hypercholesterolaemia. A previously des-
cribed cascade bioassay system (Hutcheson & Griffith, 1991)
was used to quantify EDRF release and the specificity of
responses confirmed with L-NAME. The involvement of pro-
stanoids was excluded by addition of indomethacin to the
perfusate in all experiments.

Hypercholesterolaemia impaired EDRF release to both
acetylcholine and flow, to an extent that was directly related
to the duration of the dietary supplementation. After 8 weeks
of hypercholesterolaemia, both viscosity- and frequency-

Table 1 Effect of age and cholesterol feeding on the ECm values and maximum relaxations of the recipient ring to acetylcholine

EC50
(-lOgM)

Maximal response
(%)

8-week group
Control
Cholesterol-fed

Maximal response
(%)

6.45 ± 0.04 34.5 ± 1.7 (n = 4)t
6.1 ±0.11 23.5± 7.7 (n=4)*

Responses of endothelium-denuded aortic rings constricted by phenylephrine to EDRF released by aortae from rabbits fed a

high-cholesterol diet for 4 and 8 weeks and that observed with the appropriate controls. Maximum responses were depressed both by
age and dietary supplementation for 8 but not 4 weeks (tp<0.05 cf. 4 week control: *P<0.05 cf. 8 week control). EC50 values were
similar in all groups.
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EC50
(-lOgM)

4-week group
Control
Cholesterol-fed

6.25 ± 0.06 57.2 ± 3.5 (n = 4)
6.25±0.02 57 ± I (n=4)
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Figure 3 EDRF release evoked by acetylcholine was abolished by
100 jM NG-nitro-L-arginine methyl ester (L-NAME) and significantly
depressed by 8 weeks of high cholesterol diet. As in Figures 1 and 2,
control responses were significantly smaller in the older animals.
(tP<0.05 cf. 4 week control; *P<0.05 cf. 8 week control). (*)

Control 0-I week; (A) control 4 weeks; (A) control 8 weeks; (0)

cholesterol-fed 4 weeks; (0) cholesterol-fed 8 weeks; (A) control 4
weeks + L-NAME; (0) control 8 weeks + L-NAME.

related EDRF release were abolished (i.e. attenuated to the
same extent as with 100 JUM L-NAME) consistent with
previous evidence that EDRF-mediated flow-dependent
dilatation is impaired in hypercholesterolaemia (Kuo et al.,
1993; Randall et al., 1993). The response to acetylcholine,
however, was normal after 4 weeks of dietary supplementa-
tion and partially retained even after 8 weeks. This suggests
that the response to acetylcholine is less susceptible to the
deleterious effects of hypercholesterolaemia. It is possible that
this may simply reflect varying strengths of stimulus on the
same mechanistic pathway; however, it is also consistent with
evidence from a number of groups that flow- and agonist-
induced EDRF release involve distinct signal transduction
mechanisms (Griffith et al., 1987; Macarthur et al., 1993;
Hutcheson & Griffith, 1994). There was also a progressive
decrease in both agonist- and flow-induced EDRF release
over the 8 week period in the rabbits fed standard chow. This
is consistent with previous reports of an age-related reduction
in endothelium-dependent relaxation that does not simply
reflect a reduced capacity of vascular smooth muscle to
respond to nitrovasodilators (Shirasaki et al., 1986).
The endothelium of atherosclerotic arteries becomes refrac-

tory to acetylcholine, ATP and 5-hydroxytryptamine,
whereas responses to bradykinin and the receptor-
independent calcium ionophore A23187 are preserved until a

relatively late stage of the disease when there may be non-

specific effects (Bossaller et al., 1987; Shimokawa et al., 1991;
Flavahan, 1992). A similar pattern of impaired endothelial
function follows administration of pertussis toxin to normal

vessels, suggesting that hypercholesterolaemia selectively
inhibits a pertussis toxin-sensitive Gi protein and/or its coupl-
ing to phospholipase C (Shimokawa et al., 1991; Flavahan,
1992). Both the EDRF response to acute changes in shear
and its upregulation by prolonged increases in flow are also
reportedly sensitive to inhibition by pertussis toxin, which
may reflect direct Gi protein-Kca channel coupling (Miller &
Burnett, 1992; Ohno et al., 1993). Interestingly, the
endothelium which regenerates following balloon angioplasty
exhibits prolonged functional impairment to agonists at the
level of Gi protein subtype (Shimokawa et al., 1990), but
flow-dependent dilatation reportedly returns to normal after
one week (Hayashi et al., 1988). This raises the possibility
that Gi proteins may be coupled to more than one transduc-
tion pathway.

Oxidized LDL may contribute to the dysfunction in hyper-
cholesterolaemia as it is a potent and rapidly acting inhibitor
of endothelium-dependent relaxation (Jacobs et al., 1990;
Flavahan, 1992), that may chemically inactivate EDRF
(Jacobs et al., 1990) and directly inhibit NO synthase (Mit-
chell et al., 1992). It also contains lysophosphatidylcholine
(LPC) which can impair endothelium-dependent relaxation
(Kugiyama et al., 1990; Yokoyama et al., 1990). This may
result from transient activation of protein kinase C
(Kugiyama et al., 1992) which attenuates agonist-mediated
endothelium-dependent relaxation by inhibiting a Gi protein
(Flavahan et al., 1991), depletion of internal Ca2l stores
(Inoue et al., 1992), and direct disruption of receptor-G
protein coupling (Flavahan, 1993). Lysophospholipids are
also capable of rapid incorporation into the endothelial
plasma membrane (Kugiyama et al., 1990) potentially affect-
ing transmembrane ion transport kinetics (Karli et al., 1979).
Such an action could specifically impair the flow response
since in rabbit aorta, EDRF release induced by flow but not
agonists involves the activation of KCa and KATP channels
(Hutcheson & Griffith, 1994).

There is accumulating evidence that in vivo administration
of L-arginine can improve impaired EDRF activity in conduit
vessels from both animals and man, although this has not
been a universal finding in vitro (Cooke et al., 1991; Drexler
& Zeiher, 1991; Mugge & Harrison, 1991). Complete restora-
tion of 5-HT, histamine and ADP responses has nevertheless
been reported in isolated coronary resistance arterioles from
hypercholesterolaemic pigs (Kuo et al., 1993). It has been
suggested that the availability of L-arginine for NOS becomes
a rate-limiting step for NO synthesis in hypercholeste-
rolaemia, even though pathways exist to recycle L-citrulline
to L-arginine at the expense of other amino acids (Mitchell et
al., 1990). However, plasma L-arginine levels were found to
be normal in our hypercholesterolaemic rabbits. Similarly,
enhanced formation of vasoconstrictor prostaglandins, which
has also been proposed as an explanation for reduced
endothelium-dependent relaxation in hypercholesterolaemic
pigs (Shimokawa & Vanhoutte, 1989), cannot account for the
impairment of flow- and agonist-induced reponses in the
present study since the cyclo-oxygenase inhibitor
indomethacin was present throughout.

In conclusion, this study confirms previous findings that
short term hypercholesterolaemia impairs agonist- and flow-
induced EDRF release in rabbit aorta. Both the pulsatile-
and shear-related components of flow-induced EDRF release
are abolished at an early stage in the disease process whereas
acetylcholine-induced relaxations are still present reinforcing
the suggestion that basal/flow-induced EDRF release is more
susceptible to the deleterious actions of hypercholeste-
rolaemia in conduit vessels. This greater susceptibility also
provides further evidence that the mechanisms of pulsatile
flow-induced EDRF release differ from those of agonist-
induced release in this artery type.

This work was funded by a grant from the British Heart Found-
ation. The authors are grateful to Mrs R. Maylin for secretarial
assistance and thank Professor G.M. Roberts of the University of
Wales College of Medicine for his support and interest.
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Factors underlying the increased sensitivity to field stimulation
of urinary bladder strips from streptozotocin-induced diabetic
rats

'Teuvo L.J. Tammela, Janice A.K. Briscoe, Robert M. Levin & 2Penelope A. Longhurst

Division of Urology, Hospital of the University of Pennsylvania, 3400 Spruce Street, Philadelphia, Pennsylvania 19104, U.S.A.

1 The responses of bladder strips from control, streptozotocin-diabetic, and sucrose-drinking rats to
electrical field stimulation were investigated. Sucrose-drinking rats were included as additional controls
because they have enlarged bladders as a result of non-diabetic diuresis.
2 Bladder strips from diabetic rats developed more spontaneous activity than those from the two
control groups. Indomethacin reduced the amplitude and frequency of spontaneous contractions sugges-
ting that they resulted from endogenous prostaglandin formation. Tetrodotoxin (TTX) had little effect,
while a,-methylene ATP caused increases in spontaneous activity.
3 Bladder strips from diabetic rats responded to field stimulation with greater contractions than
controls in the absence of antagonists as well as in the presence of atropine and at,p-methylene ATP.
Increasing TTX concentrations caused a step-wise depression of the contractile response to electrical
stimulation which was not affected by preincubation with either atropine or a,-methylene ATP.
4 Atropine and indomethacin had no effect on stength-duration curves constructed to measure
threshold contractile responses to five pulses stimulation. The curves were shifted to the right by both
TTX and a,-methylene ATP, indicating that the responses were neurogenic in nature and at least
partially, the result of stimulation of P2-purinoceptors. In the absence of drugs, bladder strips from
diabetics responded at lower voltages and pulse widths than those of control and sucrose-drinking rats,
suggesting that they were more excitable.
5 The response curve of bladder strips from diabetics to field stimulation at increasing voltage was
shifted upwards and to the left compared to strips from control or sucrose-drinking rats.
6 Bladder strips from diabetics responded to stimulation at increasing pulse width with greater
responses than those from control or sucrose-drinking rats. At 1.0 ms pulse width, the TTX-resistant
response of strips from diabetic rats was still greater than that of the other groups, indicating that a
myogenic component was also involved.
7 The data suggest that bladder strips from diabetic rats are more excitable than those of control or
sucrose-drinking rats. This may result from diabetes-induced decreases in bladder lipid or other
membrane changes, and/or be a result of partial depolarization, perhaps related to diabetic neuropathy.

Keywords: Diabetes mellitus; sucrose; rat bladder; muscle contraction; electric stimulation

Introduction

The autonomic neuropathy associated with diabetes mellitus
results in bladder dysfunction, characterized by a large
capacity, atonic bladder (Frimodt-M0ller, 1976). Although
asymptomatic urodynamic changes have been found in
diabetic children with or without neuropathy (Faerman et al.,
1971; Barkai & Szabo, 1993), the symptoms of diabetic cys-
topathy are more likely to present problems in older patients.
The urodynamic changes associated with experimental

diabetes mellitus are similar to those found in diabetic
patients. Micturition frequency and volume are increased;
intravesical pressure upon filling remains low, and the amp-
litude of filling-induced intravesical contractions is reduced
(Santicioli et al., 1987; Andersson et al., 1988; Longhurst et
al., 1991). However, there are some differences between the
characteristics of human and experimental diabetes. Neuro-
physiological studies on insulin-treated spontaneously dia-
betic BB rats at 4 and 6 months, and 2 month streptozo-
tocin-diabetic rats show changes in sensory innervation, but
only modest changes in motor innervation (Paro et al., 1990;
Steers et al., 1990; Nadelhaft & Vera, 1992). Furthermore,
electrical field stimulation of strips from diabetic rat bladders

fails to show any evidence of neuropathy; decreases in res-
ponsiveness have not been observed (Carpenter, 1983; Lin-
coln et al., 1984; Luheshi & Zar, 1990; 1991; Paro et al.,
1990; Longhurst et al., 1991). Some markers of innervation
include acetylcholinesterase, choline acetyltransferase, and
nerve growth factor (NGF). Decreased acetylcholinesterase
and choline acetyltransferase staining has been noted in blad-
ders from human and experimental diabetics when expressed
as concentration, suggesting that cholinergic innervation is
altered by diabetes (Faerman et al., 1973; Lincoln et al.,
1984). Buttyan and co-workers found increased bladder NGF
mRNA 4 weeks after streptozotocin (STZ) treatment, but a
steady decrease in NGF protein up to 8 weeks, suggesting a
decreased efficiency of NGF mRNA translation (Te et al.,
1992). More recently, the same group found decreases in
NGF expression 6 weeks after induction of diabetes (Koo et
al., 1993).
The response of urinary bladder strips to electrical field

stimulation is thought to be at least partially the result of
stimulation of cholinergic and purinergic nerves. The relative
contributions of cholinergic and non-adrenergic, non-cholin-
ergic (NANC) innervation to the contractile response appear
to be species and stimulus-dependent (Sibley, 1984; Brading
& Williams, 1990). It is generally agreed that the rapid phasic
portion of the response to field stimulation, which is
relatively unchanged after atropine treatment but lost after
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desensitization of P2-purinoceptors with ap-methylene ATP,
results from stimulation of purinergic nerves. Conversely, the
tonic portion, which is reduced after atropine treatment but
unaltered by P2-purinoceptor desensitization, is thought to
result from stimulation of cholinergic nerves (Brading &
Williams, 1990). A series of studies by Luheshi & Zar sug-
gested that bladder strips from diabetic rats had a reduced
NANC response and increased cholinergic response to field
stimulation, as a result of increased acetylcholine release and
reduced NANC transmitter release (Luheshi & Zar, 1990;
1991). Previous studies from this laboratory showed that
bladder strips from diabetic rats responded to electrical field
stimulation with significantly greater responses than those
from control or sucrose-drinking rats (Longhurst et al.,
1991).

In the present paper we have investigated the possibility
that differences in excitability of diabetic rat bladders were
responsible for the changes in response to electrical stimula-
tion, by altering stimulation parameters, and using com-
pounds which altered resting membrane potential or nerve
conduction. We also examined further the effects of diuresis
induced by sucrose consumption on the contractile responses
to electrical stimulation to evaluate whether the observed
changes in bladders from diabetics resulted from the diabetic
state or increases in bladder mass per se.

Methods

Animals

Male Sprague-Dawley rats (300-325 g) obtained from Ace
Animals Inc. (Boyertown, PA, U.S.A.) were used throughout
the study. All animals received food and water ad libitum,
except when indicated.

Induction of diabetes

Rats were fasted for 18-24 h. Diabetes was induced in app-
roximately one-third of the rats with a single injection of
STZ (60 mg kg-', i.p.) in ice-cold 0.02M citrate saline. The
remainder of the rats were injected with vehicle. Rats were
used 9-12 weeks after the induction of diabetes.

Sucrose treatment

After injection of the vehicle, one-half of the control rats was
given 5% sucrose in tap water to drink instead of water. This
was continued until the day of experimentation. Sucrose
consumption causes polyuria and increases in bladder mass
(Longhurst et al., 1990b). For this reason this group was
included as non-diabetic controls. Rats were used 9-12
weeks after onset of sucrose treatment. The remaining group
of control rats was given tap water to drink.

Tissue preparation

Before anaesthesia, blood samples were collected from the
tail artery and the serum separated and analyzed for serum
glucose by use of the ABTS method of Bergmeyer & Bernt
(1974). The rats were then anaesthetized with pentobarbitone
(50 mg kg-', i.p.). The urinary bladder was removed from
each rat and placed in ice-cold Krebs-Henseleit buffer of the
following composition (mM): NaCl 113, KCI 4.8, CaC12 2.5,
KH2PO4 1.2, MgSO4.7H20 1.2, NaHCO3 25 and dextrose 5.6
The bladder was separated into bladder body and base at the
level of the ureters. Three or four equally sized longitudinal
strips of approximately 2 mm x 1Omm were cut from the
bladder body, suspended on 000 sutures between a pair of
platinum ring electrodes 8 mm apart, and placed in 30 ml
organ baths containing Krebs-Henseleit solution equilibrated
with 95% 02, 5% CO2, and maintained at 32°C (to reduce
spontaneous activity). The tissues were connected to Grass

force displacement transducers (FT03) and adjusted to 2 g
resting tension. Previously it was determined in our labora-
tory that maximal active tension was generated at 2 g resting
tension in all groups (Longhurst et al., 1990a). Responses
were recorded on a Grass Model 7E polygraph. All tissues
were then given a 30 min equilibration period during which
they were washed and the resting tension was adjusted every
10 min. Electrical stimuli were delivered using a Grass S88
stimulator. Rate of tension development was measured using
a LS-14 logging analyzer (Buxco Electronics, Inc., Troy, NY,
U.S.A.).

Influence of antagonists on response to field stimulation

Frequency-response curves were elicited by stimulating the
tissues for 15 s with pulses of 0.05 ms width at 100 V every
2 min. Subsequently after resting periods of 15 min, frequen-
cy-response curves were repeated in the presence of different
antagonists as described in the results sections.

Construction of strength-duration curves

Using separate strips, the voltage required at each pulse
width to produce a just noticeable contractile response to five
stimuli at 1 Hz was recorded. After construction of a control
(no drug) curve, antagonists were added, and a second curve
recorded after an appropriate period of time (see drugs). One
strip from each bladder was exposed to each antagonist.
Preliminary experiments showed that repetitive contractile
responses to stimulation were not altered by time.

Measurement of voltage and pulse width dependence

Using separate strips, the contractile response to 10 pulses at
32 Hz stimulation was measured at increasing voltage using
0.05 ms width, or at increasing pulse width using 100 V
stimulus.

Drugs

The following drugs were obtained from Sigma Chemical
Company (time of exposure and dose in parentheses):
atropine (5 min, 1IgM), ,p-methyleneadenosine 5'-triphos-
phate (a,f-methylene ATP) (15min, 100gM), indomethacin
(60 min, 10 ItM), and tetrodotoxin (TTX) (15 min, 1 M).
Indomethacin was dissolved in 0.5 ml dimethylsulphoxide
(DMSO) and made up to 100 ml with Krebs. This was then
added to the organ bath in a 1:10 dilution.

Statistical analysis

Data are presented as means ± s.e.mean or as a percentage of
maximal control (no drug) response. To avoid confusion
between references to control (no drug) contractile responses
and those to control (not diabetic) animals or tissues, control
contractile responses will be referred to in the results section
as 'no drug'. Differences between the response of a single
strip to field stimulation before and after drug treatment
during construction of strength-duration curves were com-
pared by the paired t test. Comparisons between groups were
done using the Bonferroni test. A probability ofP< 0.05 was
taken as the criterion of significance. In all instances
N = number of animals and n = number of strips.

Results

Rat weight, bladder weight, and serum glucose
concentration

Diabetes caused the usual decreases in body weight, and
increases in serum glucose concentration and bladder weight
compared to control and sucrose-drinking rats (Table 1).
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Table 1 Effect of streptozotocin (STZ)-induced diabetes and sucrose-consumption on rat weight, bladder and strip weights, and
serum glucose concentration

Control

Rat weight (g)
Bladder weight (mg)
Serum glucose (mmol/l)

549± 14
143.5 ± 4.5

5.9 ± 0.2

STZ

276 ± 12t
243.2 ± 9.2t
24.5 ± 1.2t

Sucrose

564± 19
187.0 ± 8.3*

6.0 ± 0.3

Values indicate the mean ± s.e.mean (N = n = 32-48). *Significant difference compared to controls; tsignificant difference compared to
both controls and the sucrose group (P< 0.05).

Bladder weights were significantly increased in sucrose-
drinking rats compared to controls, but there were no
differences in rat weight or serum glucose concentration
between the control and sucrose group (Table 1).

General observations of the contractile responses of
bladder strips

There was a great deal of spontaneous activity generated by
the bladder strips, particularly those from diabetic rats. To
reduce this as much as possible, the studies were done at
32°C. Addition of indomethacin decreased the amplitude of
spontaneous activity. TTX had little or no effect on spon-
taneous activity, while x,-methylene ATP increased the amp-
litude, particularly in strips from diabetics (Figure 1). On
several occasions after a,3-methylene ATP treatment it was
difficult to distinguish the response to low frequencies of field
stimulation from the spontaneous activity, which in some
instances was 1-3 g in amplitude.
The mean contractile response of bladder strips from

diabetic rats to x,f-methylene ATP was significantly greater
than that of controls (Figure 2). Bladder strips appeared to
be fully desensitized with one dose of x,P-methylene ATP,
because administration of a second dose was without effect.
After treatment with indomethacin the contractile response
to x,-methylene ATP was slightly reduced in the control
group (Figure 2). In both the STZ and sucrose-drinking
group, the response to x,p-methylene ATP was significantly
reduced by indomethacin pretreatment to control levels,
indicating that the increased tension observed in response to
x,-methylene ATP was probably mediated by prostaglandin
release.

Non-cholinergic, non-adrenergic component of the
response to field stimulation

There was a difference in the general shape of the response to
field stimulation in the absence of drugs between strips from
diabetic rats and those from control and sucrose-drinking
rats (Figure 3). In particular, strips from diabetic rats had
less distinction between the phasic (within 5 s) and tonic

Control

L L

Figure 1 Influence of a,p-methylene ATP (100 IAM) on spontaneous
activity in bladder strips from control (top) and diabetic (STZ)
(bottom) rats. Left panel, spontaneous activity before a,p-methylene
ATP; centre panel, response to a,-methylene ATP; right panel,
spontaneous activity after a,p-methylene ATP. Left and right panels,
vertical line represents 0.5 g, horizontal line represents 1 min. Centre
panel, vertical line represents 2 g, horizontal line represents 4min.
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Figure 2 Contractile response of bladder body strips from control,
diabetic (STZ), and sucrose-drinking rats to a,p-methylene ATP
(100I1M) in the absence (open columns) and presence (cross-hatched
columns) of indomethacin (10 1AM, 60 min). Each column represents
the mean ± s.e.mean (N = n = 6-9). *Significantly different from res-
ponse of control bladder strips; tsignificantly different from a,P-
methylene ATP alone (P< 0.05).
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Figure 3 Representative responses of bladder strips from control
(Con), diabetic (STZ), and sucrose-drinking (Suc) rats to 4 Hz
stimulation. Parameters were 100 V, 0.05 ms pulse width, 15 s
stimulation.

(after 15 s of stimulation) portion of the response, while in
control and sucrose-drinking rats the phasic portion was
usually easily distinguishable, and larger than the tonic por-
tion. At all frequencies, the phasic:tonic component of the
contractile response of strips from diabetic rats was signifi-
cantly less than that of control and sucrose-drinking rats.
Values at 2 and 32 Hz are shown in Table 2. In general, after
treatment with x,p-methylene ATP the phasic component of
the response to field stimulation was lost and the contraction
appeared more like that shown for the bladder from the
diabetic rat in Figure 3. In separate experiments, we cal-
culated the rate of tension development in response to
stimulation at low and high rates of frequency. Tension and
maximal rate of tension development in response to electrical
stimulation at 2 and 32 Hz were significantly greater in strips
from sucrose-drinking rats than controls, and greater than
controls at 32 Hz for strips from diabetic rats (Table 2).

Frequency-response curves for bladder strips in the
absence and presence of atropine, a,-methylene ATP, and
TTX are shown in Figure 4. Because of the difficulty in
distinguishing phasic and tonic responses, the data are pres-
ented as maximal responses. Strips from diabetics responded
to stimulation in the absence of antagonists with significantly
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Table 2 Effect of streptozotocin (STZ)-induced diabetes
and sucrose-consumption on phasic and tonic components
and maximal rate of tension development after 2 and 32 Hz
field stimulation

Control STZ Sucrose

Relative proportion of phasic: tonic component (phasic response
(g)/tonic response (g))
2 Hz 2.53 ± 0.32 1.15 ± 0.10* 2.03 ± 0.23

32 Hz 2.27 ± 0.27 1.35 ± 0.12* 1.59 ± 0.11

Maximal rate
2 Hz

32 Hz

of tension development (g s-')
1.49±0.17 2.35±0.42
4.30 ± 0.38 6.58 ± 0.80*

')

0

0)
H

9

2.39 ± 0.23*
6.87 ± 0.58*
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Parameters used were 0.05 ms width, 0.01 ms delay, 100 V,
stimulation for 15 s. Values indicate the mean ± s.e.mean
(for phasic: tonic experiments, N = n = 17-20; for rate
experiments, N = 6-9, n = 12-18). *Significant difference
compared to controls (P<0.05).

greater contractions than those of control or sucrose-drinking
rats. Incubation with atropine caused a 46% decrease in the
response of control bladder strips to 32 Hz field stimulation.
The responses of strips from diabetic and sucrose-drinking
rats were decreased to a slightly greater extent, by 54% and
50% respectively (Figure 4). The effects of atropine were
most noticeable at higher frequencies. Addition of a,-
methylene ATP caused a further decrease in the response to
32 Hz to 27% of the no drug maximum in controls and 16%
and 27% in diabetic and sucrose-drinking rats. TTX reduced
the contractile response to 32 Hz to 10% of the no drug
maximum in controls and 5 and 6% in strips from diabetic
and sucrose-drinking rats. In the presence of atropine the
absolute responses of strips from diabetic rats were signifi-
cantly greater than those of the control groups, but there
were no significant differences in the degree of antagonist-
induced suppression between groups.
Incubation with indomethacin had greater effects on the

responses of bladder strips to low frequency stimulation than
high frequency (Figure 5). Responses of strips from controls
to low frequencies of stimulation were reduced by pretreat-
ment with indomethacin (P = 0.040); the decrease was less at
higher frequencies. In contrast, strips from diabetic and
sucrose-drinking rats were less affected by indomethacin
pretreatment. Cumulative addition of atropine and oj-
methylene ATP with indomethacin, or TTX alone caused
significant decreases in contractile response of a similar mag-
nitude to those shown in Figure 4.
To try to identify the relative importance of cholinergic vs.

purinergic transmitter release in the response to field stimula-
tion, the effects of increasing TTX concentrations were
monitored in the presence or absence of atropine or x,-
methylene ATP. Three separate strips from each rat were
used. All strips were stimulated first in the absence of drugs
(no drug curves). Subsequently one strip was incubated in
normal Krebs to establish a time-effect, one with atropine,
and one with a,-methylene ATP before repeating the
frequency-response curve (time; atropine; x,-methylene ATP
curves). Then each strip was incubated with increasing con-
centrations of TTX, 15 min before stimulation. Bladder strips
from diabetic rats responded to field stimulation with sig-
nificantly greater responses than the two control groups, both
in the absence and presence of atropine and xp-methylene
ATP. In all groups, TTX caused a sequential decrease in
contractile response, which was not altered by the presence of
atropine or (x,P-methylene ATP. Inhibition was first seen at
20-40 nM TTX. Maximal inhibition was seen with 320 nM
TTX. Increasing the concentration of TTX to 640 nM did not
reduce the response further (data not shown). There were no
differences between the responses of strips from control
(Figure 6), diabetic (not shown), or sucrose-drinking rats (not
shown) in the absence and presence of atropine and a,-
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Figure 4 Influence of diabetes mellitus (b) and sucrose-consumption
(c) on frequency-response curves of rat bladder body strips after
cumulative addition of different antagonists; (a) control: (O) no
drug; (*) atropine 1 AM, 15 min; (0) atropine + a,-methylene
ATP 100 AM, 15 min; (0) tetrodotoxin 1 AM 15min. Each point
represents the mean ± s.e.mean (N = n = 7 or 8).

methylene ATP, and there were no differences in the IC50
values for TTX, whether used in the absence or presence of
antagonists. Nor were there any differences in TTX IC50
values between strips from control, diabetic, or sucrose-
drinking rats.

Strength-duration curves

Bladder strips from diabetic rats responded to five pulses of
field stimulation at significantly lower voltages and pulse
widths than did those of control or sucrose-drinking rats
(Figure 7). At 0.1 ms width, 43.2 ± 2.6 V were required to
elicit a contraction in strips from control rats (N= 12,
n = 36), 31.5 ± 2.8 V for diabetics (N= 13, n = 39; P = 0.003
vs. controls, P = 0.058 vs. sucrose), and 39.4 ± 3.1 V for
sucrose-drinking rats (N= 12, n = 36; P = 0.35 vs. controls).
Addition of a,-methylene ATP and TTX caused significant
shifts of rat bladder strength-duration curves to the right,
while atropine and indomethacin had no effects on the
strength-duration curves (Figure 7). No differences were
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Figure 5 Influence of diabetes mellitus (b) and sucrose-consumption
(c) on responses of rat urinary bladder strips to electrical stimulation
after cumulative addition of different antagonists; (a) control: no
drug (open columns); indomethacin 10 gM, 60 min (left hatched-
columns); indomethacin + atropine I ELM, 15 min (cross-hatched col-
umns); indomethacin + atropine + a,p-methylene ATP 100 LM, 15
min (solid columns); TTX I1jM, 15 min (right hatched columns).
Data are expressed as percentage of no drug maximum. Each bar
represents the mean ± s.e.mean (N = n = 6-9). *Significantly differ-
ent from the no drug response (P<0.05).

noted in the responses of bladders strip from control,
diabetic, or sucrose-drinking rats in the sensitivity of the
strength-duration curves to antagonists.

Responses to increasing voltage or pulse width

The increased spontaneous activity and increased sensitivity
to electrical stimulation of the strips from diabetic rats dur-
ing construction of the voltage-duration curves led us to
investigate the responses to increasing voltage and pulse
width more closely. Diabetes caused a significant shift of the
voltage-response curve upwards and to the left compared to
the two control groups, indicating that the strips were more

excitable (Figure 8). The responses of the strips from
diabetics were significantly greater than those of controls at
all voltages studied. There were no differences between the
responses of strips from sucrose-drinking and control rats.
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Figure 6 Effects of increasing tetrodotoxin (TTX) concentrations on
the frequency-response curves of control rat bladder body strips.
Data are expressed as percentage of the maximum no drug response.
Each point represents the mean ± s.e.mean (N = n = 5-9). (a) (0)
No drug; (@) time curve; (A) TTX 20nM; (M) TTX 80nM; (0)
TTrX 160 nM; (V) TTX 320 nM. (b) (0) No drug; (A) atropine
1 ItM, 15 min; (A) atropine + TTX 20 nM; (U) atropine + TTX
80 nM; (0) atropine + TTX 160 nM; (V) atropine + TTX 320 nM.
(c) (0) No drug; (V) E,P-methylene ATP 100 tM, 15 min; (A)
a,P-methylene ATP + TTX 20 nM; (-) a,p-methylene ATP + TTX
80 nM; (0) m,P-methylene ATP + TTX 160 nM; (V) m,P-methylene
ATP + TTX 320 nm. Curves generated in the presence of 10, 40 and
640 nM TTX have been omitted for clarity.

The effects of increasing pulse width while stimulating at
32 Hz and 100 V were also determined. At 0.05 and 0.1 ms
pulse width the contractile responses of strips from diabetics
were significantly greater than those from control or sucrose-

drinking rats (Figure 9). At all pulse widths the contractile
responses of strips from sucrose-drinking rats were the same

as those of controls. Incubation with TTX almost completely
suppressed the response to stimulation at widths less than
0.2 ms, and at these widths there were no differences in
response between the three groups. Increasing the pulse
width to 1.0 ms duration in the presence of TTX caused
significantly greater responses of strips from diabetics
(4.18 ± 0.60 g, N = n = 8) than those from control (2.40 +
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0.32 g, N = n = 8) or sucrose-drinking rats (2.88 ± 0.19 g,
. 4 N=n= 8).

0.8 1.0

Discussion

Several laboratories have shown that bladders from diabetic
rats respond to field stimulation and contractile agents with
greater responses than those of controls (Latifpour et al.,
1989; Longhurst et al., 1991). The non-specificity of this
increased responsiveness implies that the mechanism is un-
likely to be the result of changes in specific receptors, but
rather, could result from increases in bladder excitability or
post-receptor events. The findings of the current study sug-
gest that bladders from diabetic rats are more excitable and

--__ _-- therefore more sensitive to membrane depolarization than are
bladders from control or sucrose-drinking rats.

0.8 1.0 Previous studies from this laboratory found that bladder
strips from diabetic rats responded to electrical field stimula-
tion with significantly greater responses than those of control
or sucrose-drinking rats, and this finding was confirmed in

acrose-consumption the present study. The shape of the response to field stimula-
Ider body strips; (a) tion was different between groups: the phasic component,
O0 gM, 15 min; (A) which is thought to result from ATP release, was smaller in
1I M, 15 mn; (V) relation to the tonic portion in bladder strips from diabetic
mean ± s.e.mean of compared to control and sucrose-drinking rats, and resemb-

* led the response obtained with control strips in the presence
of the acetylcholinesterase inhibitor, physostigmine (Long-
hurst & Tammela, unpublished observation), suggestive of an
increase in the cholinergic component. This indirect quan-
titative evidence supports the finding of Luheshi & Zar who

6211 found that in the presence of atropine, the non-cholinergic
</ j' I response was significantly smaller in diabetics than controls
Tl T (Luheshi & Zar, 1990), while in the presence of 1 jtM

.i 6-0, nifedipine, the cholinergic response was significantly larger'"6/ (Luheshi & Zar, 1991). They postulated that this might result
from early degenerative cholinergic nerve changes resulting in
loss of normal control over quantal transmitter release, or
alternatively a compensatory overactivity of the cholinergic
component, resulting in increases in release of the cholinergic

100 110 120 transmitter and decreases in release of the NANC transmit-
ter(s).

Bladder strips from diabetic rats exhibited an increasedse-consumptlon on amplitude of spontaneous activity and had an increased sen-
and 0.05 ms width: sitivity to increasing voltage and pulse width compared to

joint represents the those from control and sucrose-drinking rats. The spon-
;trips from diabetic taneous activity was probably partially the result of prosta-trols at all voltages glandin release, as previously suggested by Maggi et al.

(1984), since the amplitude was substantially reduced by
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indomethacin. Anderson & Kohn (1978) found a non-
competitive antagonism of the calcium dose-response curve
in 80 mM K+ depolarized rabbit bladder strips, and sug-
gested that indomethacin had effects on calcium channels as
well as on prostaglandin synthesis. However, other studies
have shown only minor suppressant effects of 10 1M indo-
methacin on bladder strip responses to acetylcholine (Maggi
et al., 1984), carbachol (Anderson, 1982), or palytoxin
(Posangi et al., 1992). Additionally, indomethacin had no
effects on carbachol-induced calcium uptake by rabbit blad-
der strips (Anderson, 1982). Bladders from diabetic rats have
an increased basal prostacyclin release (Jeremy et al., 1986)
and bradykinin-stimulated prostaglandin F2C release (Pinna et
al., 1992) compared to controls. Increased prostaglandin
release could therefore account, at least in part, for the
greater spontaneous activity observed in bladders from
diabetic rats. However, the lack of effect of indomethacin on
strength-duration and frequency-response curves indicates
that increases in prostaglandin release cannot explain the
increased responsiveness to electrical stimulation.

In our experiments, incubation with a,p-methylene ATP
caused contraction followed by a considerable degree of
spontaneous activity. This was particularly noticeable with
the strips from diabetic rats, was long-lasting, and presuma-
bly the result of generation of spontaneous action potentials.
Previous studies have shown that the contractile response of
the urinary bladder to ATP is partially dependent on pros-
taglandin synthesis (Dean & Downie, 1978; Andersson et al.,
1980; Choo & Mitchelson, 1980). Although incubation with
indomethacin had little effect on the contractile response of
control bladder strips to a,-methylene ATP, the responses of
strips from diabetic and sucrose-drinking rats were signifi-
cantly reduced, suggesting that the response was at least
partially the result of prostaglandin synthesis. Increased pros-
taglandin synthesis in bladders from diabetic rats could
therefore explain the changes in activity after x,p-methylene
ATP treatment, as well as basal spontaneous activity.

Increases in spontaneous activity are frequently associated
with changes in membrane excitability. In the vas deferens
and other smooth muscles, spontaneous activity increases
after denervation, and this is associated with significant
decreases in the contractile response to field stimulation and
non-specific increases in responses to agonists (Fleming et al.,
1973). This postjunctional supersensitivity is thought to be
due to a reduction in the resting membrane potential (Flem-
ing & Westfall, 1975). One explanation for the apparent
increase in excitability in bladders from diabetic rats is that it
could result from depolarization, causing the Em to be closer
to the threshold voltage required to generate action poten-
tials or excitatory junction potentials, similar to the mech-
anism proposed in the vas deferens to explain postjunctional
supersensitivity (Fleming & Westfall, 1975). Electrophysio-
logical studies have not been done on bladders from diabetics
rats, therefore the presence of depolarization has not been
established.
Removal of the pelvic ganglion or chemical sympathec-

tomy causes increases in spontaneous activity of rat bladder
strips, which are insensitive to TTX, but no difference in the
response to field stimulation between denervated and control
bladder strips (Ekstrom & Uvelius, 1981), and supersen-
sitivity to autonomic agonists (Ekstr6m, 1981; Ekstrom &
Malmberg, 1984), which may be related to bladder distension
and hypertropy. Studies of the influence of denervation or
decentralization on choline acetyltransferase, which is used as
a marker for cholinergic innervation, found that although
initially decreased, levels increased rapidly after surgery and
returned to control levels 10 to 25 days after surgery
(Ekstr6m, 1981). This suggests that measurement of choline
acetyltransferase and other enzymes modulating acetylcholine
synthesis, as well as evaluation of the contractile response to
field stimulation, may not be very specific tests for denerva-
tion in the bladder. The possibility that diabetic neuropathy-
induced changes could cause a postjunctional supersensitivity

in bladders from two month-diabetic rats has seemed un-
likely because of the findings of increases (Longhurst et al.,
1991) or no changes (Carpenter, 1983; Lincoln et al., 1984;
Luheshi & Zar, 1990; 1991; Paro et al., 1990) in responses to
electrical stimulation, and increases in the total activities of
acetylchlinesterase and choline acetyltransferase per bladder
(Lincoln et al., 1984). However, acetylcholinestserase activity
was unchanged in a study by Kudlacz et al. (1989). Luheshi
& Zar concluded that possible mechanisms contributing to
the relative increase in the cholinergic component of the
response of diabetic bladder strips to electrical field stimula-
tion were increased transmitter release, decreased inactiva-
tion, or degenerative nerve changes. They could find no
difference in responses to acetylcholine in the presence of
1 JLM nifedipine, and this in conjunction with the findings of
increased cholinesterase activity of Lincoln et al. (1984), led
them to conclude that decreased inactivation was unlikely to
be a factor. However, if we consider that removal of the
pelvic ganglia fails to affect the contractile responses of blad-
der strips to nerve stimulation (Ekstrom & Uvelius, 1981),
and produces only temporary changes in choline acetyltrans-
ferase activity (Ekstr6m, 1981), the findings of increases or
no change in contractile response of bladder strips from
diabetic rats to electrical stimulation, associated with variable
levels of acetylcholinesterase and choline acetyltransferase,
cannot be used as circumstantial evidence that two months
after induction of diabetes with streptozotocin, there is no
evidence of neuropathy in the bladder. The possibility re-
mains that the increased responsiveness of bladder strips
from diabetic rats to agonists could therefore result from
some form of denervation supersensitivity, maybe related to
diabetic neuropathy.

Strength-duration curves provide information about the
general excitability of tissues. Similar to the findings of
Brading & Williams (1990), atropine had little effect on the
strength-duration curves of bladder strips from any group,
implying that acetylcholine is not the predominant transmit-
ter involved in the response to field stimulation. Similarly,
indomethacin had little effect on the strength-duration
curves. However, both atropine and indomethacin had quite
significant depressant effects on the frequency-response curve.
The explanation for this apparent discrepancy is probably
related to the difference between transmitter release stimula-
ted by five pulses (strength-duration) vs. 15 s stimulation in
the frequency-response curves (ranging from seven pulses to
0.5 Hz to 960 pulses at 64 Hz). The amount of acetylcholine
released by a small number of pulses (as seen in the strength-
duration curves at at low frequencies of stimulation) is prob-
ably too low to stimulate influx of extracellular calcium or
initiate pharmacomechanical coupling and cause a contrac-
tion. Apparently ATP can be released by low numbers of
pulses, because the strength-duration curve is shifted to the
right by x,p-methylene ATP, and the response to low fre-
quencies of stimulation in frequency-response curves is more
sensitive to 0-methylene ATP than to atropine.

The experiments using increasing concentrations of TTX
were done to determine whether acetylcholine and ATP, the
presumed major transmitters responsible for field stimula-
tion-induced contraction in the rat bladder, were released
from the same nerve terminals, or whether separate choliner-
gic and purinergic nerves were present. Our rationale was
that if the transmitters were released from the same nerve,
the sensitivity to TTX blockade would be the same. Whether
the strips were incubated with no drug, atropine to block
muscarinic receptors and the responses to cholinergic stimu-
lation, or a,p-methylene ATP to block the response to ATP
release, the sensitivity to TTX was the same, and there were
no differences between diabetics and controls. However, we
cannot exclude the possibility that separate nerves releasing
acetylcholine and ATP are present (different nerves with the
same sensitivity to TTX could be present).

In separate experiments we looked at the influence of TTX
on the contractile response to increasing pulse width. In the
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absence of TTX, the response of strips from diabetics were
significantly greater than those of the two control groups at
0.05 and 0.1 ms, widths at which the response was subse-
quently shown to be of neural origin. At 1.0 ms width in the
presence of TTX, where the response was elicited by direct
muscle stimulation, the response was also significantly greater
in the strips from diabetics. This indicates that some of the
diabetes-induced alterations in contractile responsiveness of
the urinary bladder may result from myogenic changes,
presumably related to alterations in calcium homeostasis, or
second messenger systems. Previous studies from this labora-
tory examined the sensitivity of bladder strips from diabetics
to calcium, and could find no differences in responsiveness
(Longhurst et al., 1992). However, studies by Belis et al.
(1992) found changes in calcium channel activity in bladders
from diabetic rats. Additionally, the non-specificity of the
increased responses makes alterations in specific receptors an
unlikely explanation.
Changes in membrane lipid content or type could alter the

membrane properties of the bladder cells, and cause altera-
tions in excitability as well as responsiveness to agonists. We
previously showed that bladders from diabetic rats had a
significantly lower lipid content than those of controls (Eika
et al., 1992). We could not distinguish between nerve-
associated lipids or those associated with smooth muscle
membranes, but theoretically alterations in neural lipids
could alter nervous transmission and excitability. Addi-
tionally, synthesis and metabolism of phosphatidylinositol is
known to be altered in diabetes (Greene et al., 1988), which
could have implications both for neural transmission and as
a second messenger system for a number of agonists. To our
knowledge, the influence of diabetes on either bladder phos-

phatidylinositol hydrolysis or lipid metabolism has not been
investigated.
The experiments described in this paper included sucrose-

drinking rats as controls for the effects of diuresis on bladder
contractility. The bladders from these rats were significantly
larger than those of controls, although smaller than those of
the diabetics. In general, the responses of strips from sucrose-
drinking rats were similar to those of the controls, rather
than the diabetics. The shape of the response, and sensitivity
to antagonists resembled the control response, as did the
sensitivity to increasing voltage and pulse width. The data
lead us to conclude that the increased responsiveness of
bladders from diabetic rats to electrical stimulation results
from the diabetic state rather than from the effects of
diuresis-induced increases in bladder mass.

In conclusion, the present study suggests that bladders
from diabetic rats are more excitable than those of control or
sucrose-drinking rats, resulting in increased contractile re-
sponses to field stimulation. These effects on responsiveness
to electrical stimulation do not seem to result from diuresis-
induced effects on the bladder. The increased excitability
could be the result of decreased nerve or bladder membrane
lipids associated with diabetes mellitus, resulting in changes
in resting membrane potential or other membrane effects.
Additional possibilities include a diabetes-induced partial
denervation which results in a form of postjunctional super-
sensitivity.

This work was supported in parts by grants from the Veteran's
Administration, NIH grants DK 26508, DK 33559, and DK 41610,
and also by the Finnish Academy of Sciences and the Paulo Found-
ation, Finland.

References

ANDERSON, G.F. (1982). Evidence for a prostaglandin link in the
purinergic activation of rabbit bladder smooth muscle. J. Phar-
macol. Exp. Ther., 220, 347-352.

ANDERSON, G.F. & KOHN, K.I. (1978). Interactions of calcium,
prostaglandins and indomethacin on the smooth muscle of the
bladder. Pharmacology, 16, 306-313.

ANDERSSON, K.-E., HUSTED, S. & SJOGREN, C. (1980). Contribution
of prostaglandins to the adenosine triphosphate-induced contrac-
tion of rabbit urinary bladder. Br. J. Pharmacol., 70, 443-452.

ANDERSSON, P.O., MALMGREN, A. & UVELIUS, B. (1988). Cys-
tometrical and in vitro evaluation of urinary bladder function in
rats with streptozotocin-induced diabetes. J. Urol., 139,
1359-1362.

BARKAI, L. & SZABO, L. (1993). Urinary bladder dysfunction in
diabetic children with and without subclinical cardiovascular
autonomic neuropathy. Eur. J. Pediatr., 152, 190-192.

BELIS, J.A., CURLEY, R.M., MURTY, V.N., WAGNER, C.H., WINTER,
S.J. & ROHNER, T.J.Jr. (1992). Calcium channel agonist/antagonist
effects on cholinergic stimulation of the diabetic rat bladder.
Pharmacology, 44, 81-91.

BERGMEYER, H.U. & BERNT, E. (1974). D-glucose determination
with glucose oxidase and peroxidase. In Methods of Enzymatic
Analysis, 3rd edn, vol. 3 (ed. Bergmeyer, H.U. & Bernt, E.).
pp. 1205-1215. New York: Academic Press, 2nd English Edition.

BRADING, A.F. & WILLIAMS, J.H. (1990). Contractile responses of
smooth muscle strips from rat and guinea-pig urinary bladder to
transmural stimulation: effects of atropine and a,-methylene
ATP. Br. J. Pharmacol., 99, 493-498.

CARPENTER, F.C. (1983). Impairment and restoration of rat
urinary bladder responsiveness following distension. Am. J.
Physiol., (Regulatory Integrative Comp. Physiol., 13), 244, R106-
Rl 13.

CHOO, L.K. & MITCHELSON, F. (1980). The effect of indomethacin
and adenosine 5'-triphosphate on the excitatory innervation of
the rat urinary bladder. Can. J. Physiol. Pharmacol., 58,
1042-1048.

DEAN, D.M. & DOWNIE, J.W. (1978). Interaction of prostaglandins
and adenosine 5'-triphosphate in the noncholinergic neurotrans-
mission in rabbit detrusor. Prostaglandins, 16, 245-251.

EIKA, B., LEVIN, R.M. & LONGHURST, P.A. (1992). Collagen and
bladder function in streptozotocin-diabetic rats: effects of insulin
and aminoguanidine. J. Urol., 148, 167-172.

EKSTROM, J. (1981). Increase in choline acetyltransferase activity in
surgically isolated postganglionic neurones of the urinary bladder
of adult rats. Acta Physiol. Scand., 111, 81-86.

EKSTROM, J. & MALMBERG, L. (1984). Development of supersen-
sitivity to methacholine in the rat detrusor following either
parasympathetic denervation or decentralization. Acta Physiol.
Scand., 122, 175-179.

EKSTROM, J. & UVELIUS, B. (1981). Length-tension relations of
smooth muscle from normal and denervated rat urinary bladders.
Acta Physiol. Scand., 112, 443-447.

FAERMAN, I., GLOCER, L., CELENER, D., JADZINSKY, M., FOX, D.,
MALER, M. & ALVAREZ. E. (1973). Autonomic nervous system
and diabetes. Histological and histochemical study of the
autonomic nerve fibers of the urinary bladder in diabetic patients.
Diabetes, 22, 225-237.

FAERMAN, I., MALER, M., JADZINSKY, M., ALVAREZ, E., FOX, D.,
ZILBERVARG, J., CIBEIRA, J.B. & COLINAS, R. (1971). Asympto-
matic neurogenic bladder in juvenile diabetics. Diabetologia, 7,
168-172.

FLEMING, W.W., MCPHILLIPS, J.J. & WESTFALL, D.P. (1973). Post-
junctional supersensitivity and subsensitivity of excitable tissue to
drugs. Ergeb. Physiol. Biol. Chem. Exp. Pharmacol., 68, 56-119.

FLEMING, W.W. & WESTFALL, D.P. (1975). Altered resting mem-
brane potential in the supersensitive vas deferens of the guinea
pig. J. Pharmacol. Exp. Ther., 192, 381-389.

FRIMODT-M0LLER, C. (1976). Diabetic cystopathy I: a clinical study
of the frequency of bladder dysfunction in diabetics. Dan. Med.
Bull., 23, 267-278.

GREENE, D.A., LATTIMER, S.A. & SIMA, A.A.F. (1988). Are distur-
bances of sorbitol, phosphoinositide, and Na+-K+-ATPase regu-
lation involved in pathogenesis of diabetic neuropathy. Diabetes,
37, 688-693.

JEREMY, J.Y., MIKHAILIDIS, D.P., THOMPSON, C.S. & DANDONA, P.
(1986). The effect of streptozotocin-induced diabetes on PGI2
synthesis by the rat bladder. J. Urol., 135, 1290-1292.



DIURESIS AND RESPONSE TO FIELD STIMULATION 203

KOO, H.P., SANTAROSA, R.P., BUTTYAN, R., SHABSIGH, R., OLS-
SON, C.A. & KAPLAN, S.A. (1993). Comparison of gene expression
in streptozotocin induced diabetic cystopathy and osmotic
diuresis in rat bladders. J. Urol., 149, 267A.

KUDLACZ, E.M., GERALD, M.C. & WALLACE, L.J. (1989). Effects of
diabetes and diuresis on contraction and relaxation mechanisms
in rat urinary bladder. Diabetes, 38, 278-284.

LATIFPOUR, J., GOUSSE, A., KONDO, S., MORITA, T. & WEISS, R.M.
(1989). Effects of experimental diabetes on biochemical and func-
tional characteristics of bladder muscarinic receptors. J. Phar-
macol. Exp. Ther., 248, 81-88.

LINCOLN, J., CROCKETT, M., HAVEN, A.J. & BURNSTOCK, G.
(1984). Rat bladder in the early stages of streptozotocin-induced
diabetes: adrenergic and cholinergic innervation. Diabetologia, 26,
81-87.

LONGHURST, P.A., BROTCKE, T.P., LEGGETT, R.E. & LEVIN, R.M.
(1992). The influence of streptozotocin-induced diabetes mellitus
on the sensitivity of rat urinary bladder body and base strips to
changes in extracellular calcium. Gen. Pharmacol., 23, 83-88.

LONGHURST, P.A., KANG, J., WEIN, AJ. & LEVIN, R.M. (1990a).
Length-tension relationship of urinary bladder strips from strep-
tozotocin-diabetic rats. Pharmacology, 40, 110-121.

LONGHURST, P.A., KAUER, J. & LEVIN, R.M. (1991). The ability of
insulin treatment to reverse or prevent the changes in urinary
bladder function caused by streptozotocin-induced diabetes melli-
tus. Gen. Pharmacol., 22, 305-311.

LONGHURST, P.A., WEIN, A.J. & LEVIN, R.M. (1990b). In-vivo
urinary bladder function in rats following prolonged diabetic and
non-diabetic diuresis. Neurourol. Urodynam., 9, 171-178.

LUHESHI, G.N. & ZAR, M.A. (1990). Inhibitory effect of streptozo-
tocin-induced diabetes on non-cholinergic motor transmission in
rat detrusor and its prevention by sorbinil. Br. J. Pharmacol.,
101, 411-417.

LUHESHI, G.N. & ZAR, M.A. (1991). The effect of streptozotocin-
induced diabetes on cholinergic motor transmission in the rat
urinary bladder. Br. J. Pharmacol., 103, 1657-1662.

MAGGI, C.A., EVANGELISTA, S., GRIMALDI, G., SANTICIOLI, P.,
GIOLITTI, A. & MELI, A. (1984). Evidence for the involvement of
arachidonic acid metabolites in spontaneous and drug-induced
contractions of rat urinary bladder. J. Pharmacol. Exp. Ther.,
230, 500-513.

NADELHAFT, I. & VERA, P.L. (1992). Reduced urinary bladder
afferent conduction velocities in streptozotocin diabetic rats.
Neurosci. Lett., 135, 276-278.

PARO, M., ITALIANO, G., TRAVAGLI, R.A., PETRELLI, L., ZANONI,
R., PROSDOCIMI, M. & FIORI, M.G. (1990). Cystometric changes
in alloxan diabetic rats: evidence for functional and structural
correlates of diabetic autonomic neuropathy. J. Auton. Nerve.
Syst., 30, 1-11.

PINNA, C., CARATOZZOLO, 0. & PUGLISI, L. (1992). A possible role
for urinary bladder epithelium in bradykinin-induced contraction
in diabetic rats. Eur. J. Pharmacol., 214, 143-148.

POSANGI, J., ZAR, M.A. & HARRIS, J.B. (1992). The actions of
palytoxin on the isolated detrusor muscle of the rat. Br. J.
Pharmacol., 106, 307-314.

SANTICIOLI, P., GAMSE, R., MAGGI, C.A. & MELI, A. (1987). Cys-
tometric changes in the early phase of streptozotocin-induced
diabetes in rats: evidence for sensory changes not correlated to
diabetic neuropathy. Naunyn. Schmied. Arch. Pharmacol., 335,
580-587.

SIBLEY, G.N.A. (1984). A comparison of spontaneous and nerve-
mediated activity in bladder muscle from man, pig and rabbit. J.
Physiol., 354, 431-443.

STEERS, W.D., MACKWAY, A.M., CIAMBOTTI, J. & Dg GROAT, W.C.
(1990). Effects of streptozotocin-induced diabetes on bladder
function in the rat. J. Urol., 143, 1032-1036.

TE, A.E., BUTTYAN, R., KOO, H.P., SHABSIGH, R., OLSSON, C.A. &
KAPLAN, S.A. (1992). Nerve growth factor in diabetic cystopathy.
J. Urol., 147, 350A.

(Received November 15, 1993
Revised April 20, 1994

Accepted April 26, 1994)



Br. J. Pharmacol. (1994), 113, 204-208

Hydrolysis of iodine labelled urodilatin and ANP by
recombinant neutral endopeptidase EC. 3.4.24.11

*I'Zaid A. Abassi, *Eliahu Golomb, tRiad Agbaria, tPeter P. Roller, *John Tate & *Harry R.
Keiser

*Hypertension-Endocrine Branch, National Heart, Lung and Blood Institute, and tLaboratory of Medicinal Chemistry, DTP,
DCT, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892, U.S.A.

1 Urodilatin is a 32 amino-acid peptide of similar sequence to atrial natriuretic peptide (ANP), with
four additional amino-acids at the N-terminus. Although ANP and urodilatin bind to the same

receptors with similar affinities, urodilatin is more active than ANP as a natriuretic agent. Previous
studies, using neutral endopeptidase EC 3.4.24.11 (NEP) derived from crude membrane preparations,
were inconclusive, but suggested that urodilatin was more resistant than ANP to degradation by this
enzyme. In the present study, we compared the degradation rates of ['25l]-urodilatin and ['l251-ANP by
pure recombinant NEP (rNEP).
2 Incubation of radioactively labelled ANP with rNEP resulted in a much more rapid degradation of
the peptide than that for labelled urodilatin.
3 Both phosphoramidon and SQ-28,603, potent inhibitors of NEP, completely protected both peptides
from metabolism by rNEP.
4 The circular dichroism spectra of the two peptides indicate that they are very similar and exist largely
in unordered or flexible conformations.
5 These results support the relative resistance of urodilatin to NEP, and indicate that urodilatin may

be of use as a therapeutic agent, in conditions in which ANP is ineffective.
Keywords: Atrial natriuretic peptide; urodilatin; neutral endopeptidase; h.p.l.c.; phosphoramidon; SQ-28,603

Introduction

Urodilatin (URO) is a 32 amino-acid peptide, first isolated
from human urine (Schulz-Knappe et al., 1988). It has the
same amino-acid sequence as atrial natriuretic peptide
(ANP99-126) with four additional amino-acids at the amino-
terminus. These amino-acids are the same ones that immed-
iately precede ANP in its precursor molecule, suggesting that
URO is derived from pre-pro-ANP. Like ANP, URO has a
17 amino-acids loop structure closed by a disulphide bridge
between cysteine-105 and cysteine-121. While ANP is abun-
dant in cardiac atria and the circulation, URO is found only
in human urine, and has not been detected in blood (Schulz-
Knappe et al., 1988; Goetz, 1992; Abassi et al., 1992a; Valen-
tin & Humphreys, 1993).
URO and ANP exert similar renal and cardiovascular

effects. In general, both peptides increase sodium excretion
and urine flow (Goetz et al., 1990; Abassi et al., 1992b;
Valentin & Humphreys, 1993). Infusion of either ANP or
URO into experimental animals (Villarreal et al., 1991;
Abassi et al., 1992b; Hildebrandt et al., 1992) and man
(Saxenhofer et al., 1990; Kentsch et al., 1992) induces
significant natriuresis, diuresis and a reduction of blood pres-
sure. In some studies, URO was found to be more potent
than ANP (Riegger et al., 1990; Saxenhofer et al., 1990;
Abassi et al., 1992b; Hildebrandt et al., 1992; Bestle & Bie,
1993). In normal subjects, bolus injections of URO induced
natriuresis and diuresis, which were twice as large as those
obtained with similar doses of ANP (Saxenhofer et al., 1990).
Similar findings were documented in rats (Abassi et al.,
1992b) and dogs (Riegger et al., 1990; Villarreal et al., 1991)
with experimental congestive heart failure (CHF).

Since ANP and URO exert their effect by binding to the
same receptors, with similar affinities in vitro (Heim et al.,
1989; Saxenhofer et al., 1993; Valentin et al., 1993; Koike et
al., 1993), the difference in potency between these peptides is
either due to different conformations of the peptides in vivo,
or, more likely, due to higher availability of URO at the

Author for correspondence.

medullary collecting duct, resulting from its resistance to
proteolytic degradation. URO was found to be less suscepti-
ble to biological inactivation by neutral endopeptidase EC
3.4.24.11 (NEP) in renal membrane preparations (Gagelmann
et al., 1988; Kenny et al., 1993) and in vivo (Abassi et al.,
1992c). NEP is a zinc-containing metalloendopeptidase wide-
ly distributed in brain, lung and in the brush border of the
kidney and intestines (Booth & Kenny, 1974; Johnson et al.,
1985). Several studies demonstrated that NEP is the main
enzyme that degrades ANP, through a single cleavage
between cysteine-105 and phenylalanine-106 (Olins et al.,
1987; Stephenson & Kenny, 1987). The product of the initial
proteolytic attack is subject to further cleavage within the
loop, and at the amino- and carboxy-termini (Olins et al.,
1986; Stephenson & Kenny, 1987; Vanneste et al., 1988). The
different stability of ANP and URO to degradation may
account for the differences in the intensity of their renal
effects. Data concerning the relative resistance of URO to
degradation are based on work in crude membrane prepara-
tions. These preparations probably contain other enzymes,
besides NEP 24.11. The present study was designed to assess
directly the relative stability of ['251]-ANP and ["25I]-URO to
pure recombinant NEP 24.11 (rNEP).

Methods

Recombinant human neutral endopeptidase EC.3.4.24.11 was
produced by Genentech. Inc. (San Francisco, CA, U.S.A.).
The full length cDNA coding for human neutral endopep-
tidase EC.3.4.24.11 was cloned originally from a human
placental cDNA library (Malfroy et al., 1988) and transfec-
tion of mammalian cells with an expression plasmid contain-
ing this cDNA resulted in the production of the enzymati-
cally active protein (Gorman et al., 1989), which was purified
by a modification of a standard procedure and quantified in
terms of protein catalytic activity. The active enzyme is a
glycoprotein, of approximately 90 kilodaltons.

'." Macmillan Press Ltd, 1994
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One ng of either ['25I]-Tyr,26-human a-ANP99-,26 or [125I]_
Tyrl26-UR095126 (both 2000Cimmol ', NEN, Boston, MA,
U.S.A.), were incubated with either 1 or 10 1g of the rNEP
at 370C, in 1 ml solution of 50 mM HEPES, pH = 7.4, 50 mM
NaCl, 10% acetonitrile, for different times (0.5-120 min).
This concentration of acetonitrile was necessary to obtain a
homogeneous solution of ['251]-URO and prevent its adher-
ence to the reaction tubes, because ['25I]-URO is less water-
soluble than ['251]-ANP. It had been confirmed in preliminary
experiments that this concentration of acetonitrile did not
interfere with NEP activity upon either ['251]-ANP or [125I]_
URO. In some experiments either phosphoramidon (Peptides
International, Louisville, KY, U.S.A.) or SQ-28,603 (N-[2-
(mercaptomethyl)-l-o x o-3-phenylpropyl]-<b-alanine; Bristol-
Myers Squib Pharmaceuticals, Princeton, NJ, U.S.A.) was
added to the solution at a final concentration of 10ILM prior
to the addition of the enzyme. Each reaction was terminated
by the addition of 50 gI of 70% acetic acid, followed by
heating at 60C for 3 min. Fifty microliters of each reaction
mixture were analysed by reverse phase high performance
liquid chromatography (h.p.l.c.) (C,8y Bondapak,
3.9 x 300 mm column, Waters, Milford, MA, U.S.A.), using
a linear gradient of 10-60% acetonitrile in 0.1%
trifluoroacetic acid over 35 min, at a flow rate of 1 ml min-'.
The h.p.l.c. system was calibrated with '25I-labelled ANF or
'25I-labelled URO. Radioactivity eluting from the column was
continuously monitored with a gamma-counter (Beckman
Instruments, Irvine, CA, U.S.A.). In addition, 50 pl of each
reaction mixture (n = 6 for each time period) were treated
with 250 fl of 10% trichloroacetic acid (TCA) at 0°C and
centrifuged at 2200 g. The pellets were resuspended in 250 III
of TCA at 0°C and recentrifuged. The radioactivity in either
the combined supernatants (TCA-soluble) or in the pellet
(TCA-precipitate) was determined. The TCA-precipitable 12511
radioactivity was shown by h.p.l.c. to be mainly intact [125I]-
ANF or [251I]-URO, while the soluble I251-radioactivity repre-
sents mainly free 251I and some hydrolytic products. This
agrees with previous reports in the literature (Almeida et al.,
1989; Chiu et al., 1991; Abassi et al., 1992c).

Circular dichroism (CD) spectra were measured on a
JASCO model J-50OA/DP-501N spectropolarimeter using
1 mm path Hellma quartz cells. Spectra were scanned from
190 to 260 nm, and the spectral amplitudes are expressed as
mean residue ellipticities [0]. Spectra were measured on 16 JiM
solutions in pH 7.4, 50 mM phosphate buffer containing 10%
acetonitrile, as well as in the same buffer containing 10%
acetonitrile and 40% trifluoroethanol.
The disappearance rate of ['25I]-ANP was compared to that

of ['25I]-urodilatin by using two-way analysis of variance
(ANOVA), followed by an unpaired t test; a value of
P<0.05 was considered significant.

Results

Radioactively labelled URO and ANP eluted from the
h.p.l.c. with retention times of 23 and 24 min, respectively.
Incubation of ['25I]-ANP with 1 Ag mlh I rNEP at 37°C
resulted in rapid degradation of the peptide (Figure 1). After
a short incubation with the enzyme, most of the radioactivity
eluted at 22 min, whereas increasing the incubation time to
more than 30 min resulted in the appearance of an additional
major peak at 16 min (Figure 2a). Increasing the concentra-
tion of rNEP to 10 g ml-', resulted in total degradation of
the 125I-ANP within 2 min (Figure 2a).

Incubation of ['25I]-URO with rNEP, at the same concen-
tration as ['251]-ANP, resulted in a much slower degradation
of this peptide. After incubation with rNEP 1 pg ml-', deg-
radation of ['251]-URO was first detected at 5 min of incuba-
tion (Figure la). Even after incubation of labelled URO with
rNEP at a concentration of 0 jg ml-', about half of the
radioactivity in the reaction mixture eluted as intact [125IJ-
URO after 15 min (Figure lb and Figure 2b).

These results are further confirmed by the use of TCA
precipitation. The rate of disappearance of the TCA precip-
itable (TCA-ppt) radioactivity, which represents the intact
peptide, is shown in Figure 3. The disappearance of [12sI]-
URO was significantly slower than that of ['251]-ANP, at both
concentrations of rNEP. Addition of either of the NEP
inhibitors, SQ-28,603 or phosphoramidon, completely inhibi-
ted the degradation of both ['25Il-ANP and ['25I]-URO by
rNEP (data not shown).
The CD spectral features of the two peptides are very

similar in buffered solutions (pH 7.4) containing 10% aceton-
itrile, i.e., showing single negative ellipticity maxima at 197
nm, with mean residue ellipticity values of - 7300 deg x cm2
x dmolh' for ANP and - 8700 deg x cm2 x dmol'1 for
urodilatin. On addition of 40% trifluoroethanol to solutions
of the peptides the spectra became identical with negative
ellipticity maximum shifted to 205 nm, [6] = - 8000 deg x
cm2 x dmolh' and the appearance of a broad shoulder in the
217-222 nm region [6] = - (3799 to 3200) deg x cm2 x
dmol-'. The concentrations of ANP and URO in the solu-
tions were confirmed by u.v. absorption maximum at 275 nm
with extinction coefficient, e = 2000 for both peptides.

Discussion

The present study confirms that ['251]-URO is relatively resis-
tant to degradation by NEP. This finding is in agreement
with previous in vitro studies. Gagelmann et al. (1988) dem-
onstrated that ANP, but not URO, was proteolytically deg-
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Figure 1 Disappearance of intact ['l25]-atrial natriuetic peptide (0)
and ['25I]-urodilatin (@) incubated with recombinant neutral endo-
peptidase EC.3.4.24.1 1, (I ptg (a) and 10og (b)) for different time
periods (0.5-120 min). The intact ['l25]-atrial natriuretic peptide and
[125I]-urodilatin were separated from their hydrolytic products by
h.p.l.c. (see Figure 2).
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Figure 2 Reversed-phase h.p.l.c. radioactive flow monitoring analysis of the fragmentation of (a) ['25I]-atrial natriuretic peptide
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romatograms of reaction mixture of 1 ng of ['251]-ANP or ['25I]-URO with 10 fig ml-' of recombinant neutral endopeptidase
incubated for different time periods (0.5-30 min). The arrow indicates the elution times of intact ['25l]-ANF (a) and ['25I]-URO (b).

raded within 5 min by crude preparations of dog kidney
cortex. Similarly, Kenny et al. (1993), reported that URO
was relatively resistant to metabolism by NEP derived from
porcine choroid plexus membranes, whereas other members
of the natriuretic peptide family, namely, ANP, brain nat-
riuretic peptide (BNP) and C-type natriuretic peptide (CNP),
were degraded rapidly by the enzyme. In these studies,
enzymes were extracted from membranes that are rich in
NEP 24.1 1, as well as other enzymes. Use of the recombinant
enzyme enabled us to determine specifically the metabolism
of ANP and URO by a pure preparation. However, a reser-
vation should be pointed out, that the iodine labelling of
URO and ANP might cause steric changes in these peptides,

that might interfere with their interactions with the enzyme.
Even though the site of labelling (Tyr 126) is far from the site
of hydrolysis (CyslO5-PhelO6), the possibility of such inter-
ference cannot be ruled out.

It should be emphasized, that the resistance of URO to
NEP is not absolute and URO is degraded by high concen-
trations of the enzyme, or by exposure to low concentrations
for long periods, as indicated by Kenny et al. (1993). In
addition, these investigators noted, that the relative resistance
of URO to NEP is not merely due to its larger size, since
BNP, which is also a 32 amino acids peptide, is susceptible to
degradation by NEP. The large difference between the sen-

sitivity of ANP and URO in the present study supports this
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Figure 3 Disappearance of trichioroacetic acid-precipitable (TCA-
ppt) radioactivity, i.e., intact ["51]-atrial natriuretic peptide([I-
ANP) (0) or intact ["12]f-urodilatin (["12I]-urodilatin) (0) in the
presence of 1 jig ml (a) or 10 g~g m1-' (b) of recombinant neutral
endopeptidase. Radioactivity in intact peptide is expressed as counts
per min (c.p.m.) in 50 .Il of reaction mixture. Results are means
± s.e.; n = 5-6 in each group. The degradation of ANP by neutral
endopeptidase was much faster than that of urodilatin; P< 0.001 by
analysis of variance (ANOVA).

view. It is therefore suggested, that the four N-terminal
amino acids of URO (Thr-Ala-Pro-Arg) make a specific con-
tribution to the relative resistance of URO to NEP. On the
other hand, when shorter natriuretic peptides, such as: CNP,
ANP4-23 and ANP5-28, were incubated with NEP, their deg-
radation was faster than that of ANP1-28 (Kenny et al.,
1993). In addition, incubation of ANP103-126 (atriopeptin III)
with NEP resulted in rapid inactivation due to attacks on
several cleavage sites, compared to ANP, in which the initial
attack is restricted to a single site between CYS105 and Phe106
(Olins et al., 1986). These findings led to the controversial
assumption, that the susceptibility of natriuretic peptides to
NEP depends primarily on their length, so that elongated
peptides are relatively more resistant to NEP inactivation
than shorter forms or fragments of the peptides. Our findings
that the circular dichroism spectra of ANP and URO are
very similar, tends to exclude the possibility that differences

in configuration contribute to the relative resistance of URO
to NEP. The spectral features of ANP and URO indicate
that both peptides have random or flexible conformations,
with a notable lack of a-helical or P-sheet conformation
components (Woody et al., 1985). The structure of ANP in
dimethylsulphoxide was examined earlier with n.m.r. by
others, and was shown to have a very flexible N-terminal
segment (Kobayashi et al., 1988). It appears that elongation
of the N-terminal region of ANP by four amino acids (URO)
does not fix the conformation of that region to any extent
measurable by CD spectroscopy. Addition of a model
lipophylic solvent, such as trifluoroethanol, induces an in-
creased order in the structure, as evidenced by the red-shift
of the 197 nm spectral band, and by the appearance of the
board shoulder in the 217-222 nm spectral region. However,
these solvents induced parallel conformational changes in
both peptides.

The relative resistance of URO, compared with ANP, to
NEP is of special interest, since it suggests a potential clinical
application of URO in pathophysiological conditions, in
which beneficial effects of ANP are still doubtful. For in-
stance, the renal response to infusion of pharmacological
doses of ANP into patients (Cody et al., 1986) or experiment-
al animals (Riegger et al., 1988; Hoffman et al., 1988; Abassi
et al., 1990; 1991) with congestive heart failure (CHF) is
attenuated, and even blunted in severe stages of the disease.
In contrast, infusion of equimolar doses of URO into rats
with CHF (Abassi et al., 1992b) or dogs with CHF (Riegger
et al., 1990; Villarreal et al., 1991), and into healthy individ-
uals and animals (Saxenhofer et al., 1990; Hildebrandt et al.,
1992; Bestle & Bie, 1993), increased sodium excretion more
than ANP. These differences in the potency of URO and
ANP at the renal level may be explained partially by the
relative resistance of URO to NEP, so that it reaches its
target, namely, the distal segment of the nephron, in greater
amounts, and thereby induces greater sodium excretion. Sup-
port for this view comes from several studies, in which
inhibition of NEP increased longevity and augmented the
natriuretic and diuretic effects of exogenous and endogenous
ANP in animals (Koepke et al., 1989; Wilkins et al., 1990)
and in man (Jardine et al., 1989; Northridge et al., 1989),
possibly due to protection of ANP from NEP inactivation
(see review by Roques et al., 1993). However, we found that
the specific NEP inhibitor SQ-28,603 also potentiated the
renal effects of URO in rats with CHF (Abassi et al., 1992b).
The finding that URO is not completely resistant to NEP,
may explain the stimulatory influence of SQ-28,603 on the
renal effects of the peptide. But, we cannot exclude other
possibilities, such as protection of other peptides with nat-
riuretic activity, e.g., bradykinin (Ura et al., 1987) and BNP
(Kirk & Wilkins, 1993; Mark Richards et al., 1993) and the
inhibitory effects of the drug on sodium reabsorption in the
proximal tubule (Cavero et al., 1990).

In summary, using purified recombinant NEP the present
study confirms previous reports that suggested that URO was
less susceptible than ANP to degradation by NEP. This
advantage of URO over ANP may make the former a better
potential candidate for the treatment of a variety of diseases
characterized by attenuated or blunted renal response to
ANP.

We thank Dr Robert Bridenbaugh, from the Genentech Corp., for
the gift of the recombinant enzyme
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Antifibrillatory effects of clofilium in the rabbit isolated heart

Gregory S. Friedrichs, Liguo Chi, Alysia L. Green & 'Benedict R. Lucchesi

University of Michigan Medical School, Department of Pharmacology, M6322 Medical Science Building I, Ann Arbor,
Michigan 48109-0626 U.S.A.

1 This study was designed to determine whether clofilium exhibits antifibrillatory activity in a

pinacidil + hypoxia-induced model of ventricular fibrillation (VF) in Langendorff-perfused hearts.
2 Ten minutes after exposure to vehicle or clofilium (0.1, 1.0 and 10.0 JIM), hearts were exposed to
pinacidil (1.25 riM), then subjected to 12 min of hypoxia and reoxygenated. Onset to VF was recorded.
Additional groups of hearts were pretreated with UK-68,798 (1.0, 3.0 and 10.0 pLM), a delayed rectifier
channel blocker, and 5-hydroxydecanoate (1O iM), a known ATP-dependent K+ channel blocker, and
subjected to an identical protocol.
3 Clofilium decreased the incidence of VF in a concentration-dependent manner; 7/9 control hearts
developed VF vs 1/9 hearts (P = 0.007, Fisher's Exact) treated with 10.011M clofilium. In addition,
5-hydroxydecanoate protected hearts from VF, while UK-68,798 pretreatment did not.

4 In a separate group of hearts, electrically-induced VF was converted to sinus rhythm in 10/11 hearts
after clofilium was introduced as a bolus.
5 Clofilium is capable of preventing VF in the rabbit isolated heart in a concentration-dependent
manner. We have data to suggest that the ability of clofilium to attenuate the effects of pinacidil +
hypoxia in our model may include blockade of metabolically active K+ channels, i.e., KATP
(glibenclamide-sensitive) channel.

Keywords: Class III antiarrhythmic drugs; clofilium; UK-68,798; 5-hydroxydecanoate; ATP-dependent K+ channels; rabbit
isolated heart; chemical defibrillation; ventricular fibrillation

Introduction

In view of the inefficacy of Class I agents to prevent sudden
cardiac death, there is a renewed effort in the development of
antiarrhythmic drugs with selected cardiac electro-
physiological properties. Agents with demonstrated experi-
mental efficacy against ventricular arrhythmias include: UK-
68,798 (Black et al., 1991), CK3579 and sematilide (Chi et
al., 1990a), E-4031 (Lynch et al., 1989), ( ± )-sotalol (Lynch
et al., 1984), and amiodarone (Patterson et al., 1983). In each
of the examples cited, the incidence of ventricular fibrillation
(VF), or sudden cardiac death in the conscious dog, was
reduced significantly when compared to vehicle-treated con-
trols. Another promising investigational agent is WAY-
123,398, purported to prolong ventricular refractoriness and
increase the ventricular fibrillation threshold without affect-
ing impulse conduction (Spinelli et al., 1992).
The antiarrhythmic compound clofilium, is a bretylium

congener devoid of sympathomimetic or sympatholytic effects
(Steinberg & Molley, 1975; Steinberg et al., 1981; Lindstrom
et al., 1982). Clofilium has been shown to prolong the
effective refractory period or action potential duration in a
number of animal models (Steinberg & Molley, 1975;
Steinberg et al., 1981; Kowey et al., 1985; Wu et al., 1989; Li
et al., 1990) as well as to increase the refractory period in the
human ventricular myocardium without affecting conduction
time or haemodynamics (Greene et al., 1983). An additional
potential benefit of clofilium derives from its ability to
decrease the electrical energy requirement for ventricular
defibrillation (Kopia et al., 1985; Dorian et al., 1991). How-
ever, its reported mechanism of action varies with species and
model employed. For example, clofilium is capable of induc-
ing closed states in batrachotoxin-actived Na+ channels from
rabbit skeletal muscle (Nettleton et al., 1991). Others report a
decrease in outward potassium (delayed rectifier) current of
guinea-pig ventricular myocytes after clofilium treatment
(Snyders & Katzung, 1985), a finding repeated in ischaemic
Purkinje fibres of the dog (Gough et al., 1988). It has been
reported that the delayed rectifier, but not the inward rectifier

'Author for correspondence.

current, is blocked by quaternary clofilium in guinea-pig
ventricular cells (Arena & Kass, 1988). Moreover, clofilium
and its tertiary homologue LY 97119 have been shown to
block the transient outward potassium current (Ito) in rat
ventricular myocytes (Castle, 1991). Most recently, clofilium
was shown to inhibit glibenclamide-sensitive K+ channels in
voltage-clamped Xenopus oocytes (Sakuta et al., 1993).

It is clear the clofilium may have the capacity to affect a
number of potassium channels in the normal or ischaemic
myocardium. To define further its antifibrillatory actions, we
studied clofilium in a Langendorff-perfused rabbit isolated
heart model in which KATP channels have been implicated in
the genesis of VF (Chi et al., 1993). The primary objective of
our study was to determine whether clofilium was capable of
antagonizing the effects of pinacidil, a known KATP channel
opener in ventricular myocardium, especially when applied in
the presence of hypoxia and an associated decrease in tissue
ATP content (Chi et al., 1993). The conditions for perfusion,
low extracellular K+, pinacidil and hypoxia, favoured the
induction of ventricular fibrillation through activation of the
KATp-dependent or glibenclamide-sensitive K+ channel (Chi
et al., 1993). We postulated that clofilium may owe its
antifibrillatory effect to the blockade of the metabolically
active KATP channel or glibenclamide-sensitive K+ channel.
We examined this hypothesis in the rabbit perfused isolated
heart.

Methods

Guidelines for animal research

The procedures followed in this study are in accordance with
the guidelines of the University of Michigan Committee on
the Use and Care of Animals. Veterinary care was provided
by the University of Michigan Unit for Laboratory Animal
Medicine. The University of Michigan is accredited by the
American Association of Accreditation of Laboratory
Animal Care. The animal care and use programme conforms

11" Macmillan Press Ltd, 1994
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to the standards in The Guide for the Care and Use of
Laboratory Animals, DHEW Publ. No. (NIH) 86-23.

Isolated heart preparation
New Zealand, white rabbits (1.8-2.0 kg) were rendered
unconscious by cervical dislocation. A median sternotomy
was performed immediately therafter and the heart removed.
The aorta was cannulated (Langendorff preparation) and
perfused with a buffer solution at a constant rate of
18-20 ml min-'. The time taken to complete the isolation of
the heart and initiate perfusion was less than 10 s. The
isolated heart was allowed to stabilize for approximately
20 min during which time, flow rate (Master Flex Roller
Pump, Cole Parmer, Chicago, IL, U.S.A.) was adjusted to
produce a coronary artery perfusion pressure of
50± 5 mmHg. Once a steady state had been established,
pump settings remained constant throughout the protocol.
The buffered perfusion medium (pH 7.4) was composed of
(in mM): NaCI 117, KCI 1.41, CaCl2 2.4, MgCl2 1.2,
NaHCO3 25, KH2PO4 1.1, glucose 5.0, L-glutamate (Na'
salt) 5.0 and sodium pyruvate 2.0. The final K+ concentra-
tion in the perfusate was 2.5 mM.
The perfusion medium was passed through an 'artificial

lung' that consisted of 6 m of medical grade gas permeable
tubing (Silastic, Dow Corning Corp, Midland, MI, U.S.A.)
placed in a double-walled, water-heated chamber. Changing
the oxygen mixture in the lung chamber caused the perfusion
medium to equilibrate with the introduced gas mixture within
60s.
During normoxia, the chamber was gassed continuously

with 95% 02/5% C02. Hypoxia was produced by gassing the
chamber with 95% N2/5% CO2. The temperature of the
perfusion medium and isolated heart were maintained at
370C using a temperature controlled circulating water bath.
The hearts were paced electrically from the right atrium at a
frequency of 20-30% above the intrinsic sinus rate. Electri-
cal pacing was maintained for the duration of each protocol.
A latex balloon was advanced into the left ventricle

through an incision in the left atrial appendage and con-
nected via a rigid cannula to a pressure transducer positioned
at the level of the heart. The intraventricular balloon was
expanded with distilled water to establish a ventricular end-
diastolic pressure of 5 mmHg. Continuous measurement of
left ventricular isovolumic developed pressure and end-
diastolic pressure were made with the intraventricular bal-
loon. A polyethylene cannula was placed in the left ventricle
to vent the chamber of fluid entering the left ventricle via the
Thebesian vessels. A thermistor probe (Tele-thermometer,
Yellow Springs Instrument Co., Yellow Springs, OH, U.S.A.)
was inserted in the left ventricle to monitor the temperature
of the heart. A pressure transducer was attached to a side
arm of the aortic cannula and was zeroed at the level of the
heart. The rate of coronary artery flow was maintained con-
stant by the roller pump. Therefore, changes in perfusion
pressure in the aortic cannula reflected changes in coronary
artery resistance.
Oxygen tension (Po2) of the perfusion buffer was

monitored continuously by an in-line Clark type oxygen
electrode (Instech dual oxygen electrode amplifier model 203,
Instech Laboratories, Plymouth Meeting, PA, U.S.A.) placed
immediately proximal to the aortic cannula. The electrogram
was recorded from leads placed on the aorta and at the
cardiac apex.
The following parameters were recorded with a Model 7

Grass Polygraph (Grass Instrument Co. Quincy, MA,
U.S.A.): electrogram, monophasic action potential, coronary
perfusion pressure, left ventricular pressure and its first
derivative ± dP/dt.

Experimental protocol
Hearts were randomized by blind selection of preassigned
treatments. Ten experimental groups, consisting of Langen-

dorff perfused hearts were used in this study: Group I:
Vehicle + pinacidil (1.25 gEM) + hypoxia + reoxygenation (n =
9); Group II: clofilium (0.1 AIM) + pinacidil (1.25 jM) +
hypoxia + reoxygenation (n = 7); Group III: clofilium (1.0 jM)
+ pinacidil (1.25 EM) + hypoxia + reoxygenation (n = 7); Group
IV: clofilium (10.0 AM) + pinacidil (1.25 gM) + hypoxia + re-
oxygenation (n = 9); Group V: electrophysiological studies
(n = 8); Group VI: electrically induced ventricular fibrillation,
treatment with clofilium (n = 11); Group VII: UK-68,798
(1.0 jM) + pinacidil (1.25 gM) + hypoxia + reoxygenation (n =
5); Group VIII: UK-68,798 (3.0 jM) + pinacidil (1.25 AM)
+ hypoxia + reoxygenation (n = 4); Group IX: UK-68,798
(10.0 AM) + pinacidil (1.25 jIM) + hypoxia + reoxygenation (n =
5); Group X: 5-hydroxydecanoate (10.0 AM) + pinacidil (1.25
gm) + hypoxia + reoxygenation (n = 9).
A drug-free equilibration period of 20 min elapsed before

the start of each protocol (Figure 1). In groups I-IV, clofilium
or drug-free buffer, perfused the hearts for 10 min. In groups
VII-X either UK-68,798 or 5-hydroxydecanoate was added to
the buffer and perfused the hearts for 10 min. Pinacidil was
added to the buffer to achieve a final concentration of 1.25 jM.
Five minutes after pinacidil was added to the perfusion
medium, global hypoxic perfusion was initiated by changing
the gas mixture in the 'artificial lung' to 95% N2 5% Co2. The
state of global hypoxic perfusion was maintained for 12 min
(hypoxic period). Normoxic perfusion was re-established by
returning the gas mixture in the 'artificial lung' to 95% 02, 5%
CO2 (reoxygenation) for the remaining 40 min of the experi-
mental protocol. The period of time to onset of spontaneous,
sustained ventricular fibrillation (30 s minimum) was recorded.
Groups I-IV and VII-X were studied under conditions of a
reduced potassium concentration (2.5 mM) in the perfusion
medium. Under these conditions, during global hypoxic per-
fusion, myocardial ATP content decreases approximately 50%.
We have shown in the past that under conditions of 2.5 mM
K+ and reduced ATP, the heart becomes susceptible to the
development of ventricular fibrillation in the presence of
pinacidil (Chi et al., 1993).

Electrophysiological effects of clofilium

In Group V hearts, a miniature bipolar plunge electrode
(INAPRES, Norwich, NY, U.S.A.) was sutured over the right
ventricular outflow tract (RVOT) for delivery of the S2 vent-
ricular stimulus from a Grass S8800 square wave stimulator
and stimulus isolation unit (SIU5; Grass Instrument Co.,
Quincy, MA, U.S.A.). The S2 stimulus duration was 4 ms and
was triggered 250 ms after the R wave of the ECG. The
threshold current was defined as the minimum current required
to elicit a propagated ventricular impulse. To determine
effective refractory period (ERP), stimulation (S2) to the
RVOT (at 1.5 times threshold current) was initiated at a
250 ms delay. The S2 delay stimulation was decreased
repeatedly by 10 ms until the refractory period was reached.
The refractory period determined in the region of the RVOT is
defined as the longest R-wave stimulus interval that fails to
elicit a propagated ventricular complex.

Clofilium 0.1, 1.0, 10.0 gM
Pinacidil 1.25 gM

Hypoxia Reoxygenation

-15 -5 0 12 52
Time (min)

Figure 1 Experimental protocol for Groups I-IV and VII-X; hat-
ched areas, 95% 02/5% C02; open areas, 95% N2/5% CO2.
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Determination of the ventricular effective refractory period
under conditions of low K+ (2.5 mM) invariably resulted in the
induction of ventricular fibrillation. Therefore, Group IV
hearts were perfused with perfusion medium containing a
potassium concentration of 5.1 mM. Refractory periods were
determined at 5, 15 and 30 min after clofilium was added to
the perfusion medium.
A Ag-AgCl electrode was used to record the endocardial

monophasic action potential duration. Action potential dura-
tions (APD) at 90% repolarization were determined at
baseline, 10 min after addition of clofilium, and 5 min after
pinacidil plus clofilium in groups II-IV.
Group VI hearts received a train of stimuli delivered to the

region of the RVOT (S2, S3, S4-instead of a single impulse)
until ventricular fibrillation occurred. After 30 s of sustained
ventricular fibrillation, a volume of drug diluent (perfusion
medium) was administered immediately proximal to the can-
nulated aorta. Time for injection to reversion of normal sinus
rhythm was recorded. If 30 s had elapsed and reversion was
not evident, clofilium (0.35 or 0.6 ml of 10.0 mM), dissolved in
perfusion medium, was administered rapidly, and time to
return of normal rhythm was recorded.

Drugs

Pinacidil and clofilium were gifts from the Eli Lilly Co.
(Indianapolis, IN, U.S.A.). A stock solution of pinacidil was
prepared daily, by dissolving the drug in acidified perfusate
(pH 2.0-2.5). The stock solution was added to the perfusion
buffer to yield a final concentration of 1.25 gtM. Clofilium was
dissolved in the perfusate buffer and prepared just before use
in each experiment. UK-68,798 (dofetilide) was a gift from
Pfizer Central Research (Sandwich, U.K.) and 5-hydroxy-
decanoate was a gift from Parke-Davis (Ann Arbor, MI,
U.S.A.). Analytical grade chemicals used for preparation of
the buffer solution were obtained from commercial sources.

Statistical analysis

The data are expressed as mean ± s.e.mean. The difference
between groups (fibrillation occurrence) was analysed by
Fisher's Exact test. A one-way ANOVA was used for com-
parisons between groups (factorial) at specific time points, as
well as within groups (repeated measures). Differences were
considered significant at P <0.05.

Results

Antifibrillatory effects of clofilium

The antifibrillatory effect of clofilium was examined in a
Langendorff-perfused rabbit isolated heart model in which
ventricular fibrillation was induced by the combined introduc-
tion of pinacidil (1.25 IAM) to the perfusion medium with the
subsequent induction of global hypoxia for 12 min followed by
reoxygenation for 40 min. Exposure of the heart to pinacidil
(1.25 JtM) during normoxic perfusion, did not result in the
development of cardiac arrhythmias. However, when pinacidil-
treated hearts were subjected to 12 min of hypoxia followed by
reoxygenation, there was a 78% (7 of 9 hearts) incidence of
ventricular fibrillation in the control group (Group I). Most of
the hearts in Group I developed ventricular fibrillation during
hypoxia or within the first 20 min of reoxygenation (Figure 2).
Clofilium pretreatment was associated with a concentration-
related suppression in the incidence of ventricular fibrillation.
At a concentration of 10.0 fLM, 1 of 9 (11%) hearts developed
ventricular fibrillation during the period of reoxygenation
(P <0.05 vs vehicle-treated hearts; Figure 2). Clofilium con-
centrations of 0.1 and 1.0 gM did not confer a significant
protective effect against the induction of ventricular fibrillation
upon exposure to the combined effects of pinacidil and
hypoxia/reoxygenation.

Non-
Baseline Ventricular fibrillation fibrillation

Vehicle
Pinacidil 1.25 gM
Clofilium 0.1 gM
Pinacidil 1.25 gM

Clofilium 1.0 gM
Pinacidil 1.25 gM

Clofilium 10.0 gM
Pinacidil 1.25 gM

*6@

000

000
000
0

000000
000O
_ _ _

ON. EUo

00 0

0

.

000
0

000 *
000
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6 12 10 20 30 40 min
I_.I_- .

12 min 40 min Reoxygenation
Hypoxia

Figure 2 Incidence of ventricular fibrillation in the presence of
vehicle or clofilium. Each symbol represents an individual isolated
heart. *P<0.05 vs vehicle, Fisher's exact test.

Effects of UK-68,798 and 5-hydroxydecanoate on
ventricular fibrillation

Groups VII-IX were added to our study to determine if
another putative Class III antiarrhythmic agent, devoid of
ATP-dependent/glibenclamide-sensitive K+ channel blocking
activity, was able to prevent the induction of ventricular fibril-
lation by exposing the perfused heart to the combined effects
of pinacidil and hypoxia. The selective inhibitor of the rapid
component of the delayed rectifier channel, UK-68,798 was
used to test this hypothesis. Finally, Group X was included to
examine a specific ATP-dependent/glibenclamide-sensitive K+
channel blocker, 5-hydroxydecanoate, in the isolated heart
model of ventricular fibrillation.

UK-68,798 pretreatment was not associated with a
concentration-related suppression in the incidence of ven-
tricular fibrillation. At a concentration of 10.0 JM, 3 of 5
(60%) hearts developed ventricular fibrillation during the
period of reoxygenation (Figure 3). UK-68,798 concentrations
of 1.O0M (80% VF) and 3.011M (100% VF) did not confer a
significant protective effect against the induction of ventricular
fibrillation upon exposure to the combined effects of pinacidil
and hypoxia-reoxygenation. However, at a concentration of
10tiM, 5-hydroxydecanoate, reduced the incidence of ven-
tricular fibrillation to 2 of 9 (22%) hearts during the period of
reoxygenation (P<0.05 vs vehicle treated hearts).

Effects of clofilium on cardiac function

Coronary perfusion pressure (Table I) did not differ between
Groups I-IV at baseline. The highest concentration of

Non-
Baseline Ventricular fibrillation fibrillation

UK-68,798 1.0 gM
Pinacidil 1.25 gM
UK-68,798 3.0 gM
Pinacidil 1.25 gM
UK-68,798 10 gM
Pinacidil 1.25 gM

5-HD 10.0 gM
Pinacidi-l 1.25 gM

000
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6 12 10 20 30 40 min

12 min' 40 min Reoxygenation
Hypoxia

Figure 3 Incidence of ventricular fibrillation in the presence of
UK-68,798 and 5-hydroxydecanoate (5-HD). Each symbol represents
an individual isolated heart. *P<0.05 vs vehicle, Fisher's Exact test.
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Table 1 Coronary perfusion pressure (mmHg) in the rabbit isolated heart treated with vehicle or clofilium

Vehicle

Baseline
Clofilium (O min)
Pinacidil (5 min)
Hypoxia (5 min)
Hypoxia (12 min)
Reoxygen (10 min)
Reoxygen (40 min)

52 ± 3 (9)

37 ± 2 (9)'
31 ± 4 (7)'
40 ± 4 (7)'
48 ± 3 (5)

0.1 JM

52±1 (7)
57 ± 2 (7)'
45 ± 2 (7)ab
38 ± 4 (7)'
45 ± 3 (6)'
57 ± 9 (3)

1.0 pM
61±4 (7)
66 ± 6 (7)'
50 ± 4 (7)ab
42 ± 4 (7)a
55 ± 6 (7)
59 ± 6 (5)
82 ± 18 (4)

10.0OfM

58 ± 3(9)
50 ± 2 (9)-C
48 ± 2 (9)ab
38 ± 3 (8)'
53 ± 4 (8)
55 ± 4 (8)
75 ± 6 (8)a

Data are expressed as mean ± s.e.mean, n in parentheses.
'P< 0.05 vs. corresponding baseline; bP< 0.05 vs. respective clofilium (0 min); CP< 0.05 vs 1.0 gM clofilium

clofilium (10.0 JAM) produced a reduction in coronary perfusion
pressure from baseline, 58 ± 3 mmHg to 50 ± 2 mmHg after
10 min of exposure (P <0.05). More striking was the coronary
perfusion pressure (CPP) response upon the subsequent
administration of pinacidil (1.25 JAM). For hearts treated with
0.1 and 1.0 JM clofilium, CPP decreased in the presence of
pinacidil. In contrast, hearts treated with 10.0 JM clofilium
exhibited a modest reduction of CPP. Clearly, at a concentra-
tion of 10.0 JAM clofilium attenuates the vasodilator effects of
pinacidil. Hypoxia further decreased CPP in each group and
there were no differences in coronary artery perfusion pressure
among groups during hypoxia or reoxygenation.

Clofilium produced minimal effects upon myocardial con-
tractile performance when added to the perfusion medium
(10.0 JAM) compared to the control group of hearts. In hearts
exposed to clofilium followed by pinacidil (1.25 JM), + IP/dt
was 475 ± 6 mmHg s-', compared to 470 ± 9 mmHg .s-'
before pinacidil treatment. Vehicle-treated hearts typically
exhibit a 10% reduction in + RP/dt upon the addition of
pinacidil (1.25 JiM), clofilium attenuated this response. During
hypoxia, (t = 12 min) + IP/dt was 355 ± 14 mmHg s-' in the
clofilium-treated group. Lower concentrations of clofilium
failed to show significant haemodynamic changes compared to
vehicle-treated hearts throughout the experimental protocol.

Electrophysiological effects of clofilium
As shown in Table 2, a group of hearts was used for the
characterization of the ventricular effective refractory period
(ERP) determinations in the absence and presence of
cumulative concentrations of clofilium (0.3, 1.0 and 3.0 JiM). In
the presence of the lowest concentration of clofilium (0.3 J1M),
ERP increased 17 ± 5% above baseline after 30 min of
exposure (P <0.05). At a concentration of 1.0 JM, clofilium
progressively increased ERP 25 ± 9% above baseline after

Table 2 Ventricular effective refractory p
paced rabbit isolated hearts in the prese
concentrations of clofilium

Concentration Predrug S min

0.3jM (n=8)
1.OI1M (n=6)
3.0OJM (n=6)

156 ± 13 173 ± 16
- 177 ± 15
- 190±15 24

Data are mean ± s.e.mean. 'P <0.05 relati
value.

eriods (ms) of
nce of graded

15 min 30 min

75± 17a 170±9a
84± 15 189±9a
03 ± 13' 213± 16'

ive to predrug

30 min of exposure to the drug in the perfusion medium. An
additional prolongation to 213 ± 16 ms was found after 30 min
of exposure to 3.0 JM clofilium (P<0.05 vs baseline). The
total increase in ERP was 37 ± 18% compared to baseline
values. Stepwise increases above 3.0 JM clofilium decreased
atrioventricular conduction velocity and interfered with the
ability to maintain atrial pacing. Therefore the elect-
rophysiological effects of clofilium at concentrations greater
than 3.0 JM were not studied.

Action potential durations (APD) at 90% repolarization
were determined at baseline, 10 min after addition of clofilium,
and 5 min after pinacidil plus clofilium in groups II-IV. Table
3 summarizes the results. The changes in APD were not as
profound in our preparation as were the changes in measured
refractory period after clofilium exposure. An important result
was obtained in this portion of the study. While we measured
only slight increases in APD after clofilium alone, there was a
significant change in APD after pinacidil had been
administered. After the lowest 2 concentrations of clofilium
had been administed (0.1 and 1.0 JAM), pinacidil reduced APD
(P<0.05 vs corresponding baseline). In the presence of
10.0 JM clofilium, there was no reduction in APD compared to
baseline. These findings indicate that the prevention of APD
shortening by 10.0 JAM clofilium may contribute to its
antifibrillatory action.

Chemical defibrillatory effects of clofilium

Hearts in Group VI were used to explore the ability of
clofilium to achieve chemical defibrillation in the isolated per-
fused heart. Ventricular fibrillation was induced by direct cur-
rent pulses applied to the RVOT of the isolated heart while
coronary flow was maintained constant. Ventricular fibrillation
was permitted to persist for a period of 30 s to ensure the
presence of a persistent state of fibrillation after which a
volume of vehicle buffer was administered just proximal to the
aorta. Repeated administration of the drug diluent did not
influence the fibrillation status of the isolated heart. Isolated
perfused hearts, while in ventricular fibrillation, were given a
single dose of clofilium (0.35 or 0.60 ml of a 10 mM solution)
rapidly, immediately above the aorta. Conversion of the
electrically-induced VF to normal sinus rhythm occurred in 10
of 11 hearts (Figure 4). The mean time to conversion was
14 ± 2 s in 5/5 hearts (P<0.05 vs vehicle), using 0.35 ml of
10.0 mM clofilium. Time to conversion after 0.60 ml of
10.0 mM clofilium was 42 ± 13 s in 5/6 hearts (P<0.05 vs
vehicle). The longer time to conversion in the latter group was
related to sinus arrest associated with exposure to 0.6 ml of

Table 3 Action potential duration (ms) on paced rabbit isolated hearts during baseline, and in the presence of clofilium and pinacidil
Concentration Baseline Clofilium (10 min) Clofilium + pinacidil

143±6 (3±2)
150±9 (7±3)
150± 12 (5±2)

123 8' (-9+ 5)
134 8' (-4 5)
142 ± 11 (+4± 2b)

Data are mean ± s.e.mean at 90% repolarization (ms). Values in parentheses represent % change from baseline. ap <0.05 vs

corresponding clofilium (10min) value. bp< 0.05 relative to 0.1 AM clofilium + pinacidil (1.25 gM) % change.

0.1I pM (n=6)
I.011M (n=7)
10.0jAM (n=5)

139 ± 6
141 ± 9
143 ± 13
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Baseline electrogram
Baseline L. ventricular pressure

100.

3A
mV [>4j'k, y'k4 'lt ,ri| mmHg |

Ventricular fibrillation (60 s)
100 .

3

mmHg

0

Clofilium bolus (0.6 ml of 10 mM)
100

c

mV mmHg

o~~~~~~~~~~~~~

30 s post Clofilium bolus
d

mV mmHg

60 s post Clofilium bolus

3

mV mmHg

Figure 4 (a) Electrogram (left), and corresponding left ventricular pressure (right); under baseline conditions. (b) Electrogram after
60 s of sustained ventricular fibrillation (L) and left ventricular function (R). (c) Electrogram after induction of clofilium bolus
(0.6 ml of 10 mM) to the heart (L) and left ventricular function (R). (d) Electrogram 30 s post administration of clofilium (L) and
left ventricular function (R). (e) Electrogram 60 s post administration of clofilium (L) and left ventricular function (R).

10 mM clofilium. The administration of a non-drug containing
volume of perfusion buffer was used as a vehicle control.
Introduction of the placebo buffer never resulted in the conver-
sion of ventricular fibrillation to sinus rhythm.

Discussion and conclusions

The inefficacy of many Class I agents for the prevention of
sudden cardiac death has prompted a renewed effort in the
development of antiarrhythmic drugs. Class III antiarrhyth-
mic therapy targeting lethal arrhythmias is receiving much
attention. Several Class III agents in various stages of
development have been reported to be efficacious in animal
models characterized by the development of ventricular fibril-
lation (Lynch et al., 1984; Chi et al., 1990a; Black et al.,
1991). It is novel however to find an agent that possesses not
only an antiarrhythmic/antifibrillatory capacity, but a
defibrillatory capacity. Reports in the past have ascribed this
effect to bretylium (Bacaner, 1968; Sanna & Arcidiacono,
1973), but the effects of bretylium on the sympathetic ner-
vous system, i.e., release of catecholamines from sympathetic
nerve terminals (Boura & Green, 1959) and side effects of
hypotension contributed to its lack of widespread use.

Clofilium, another quaternary antiarrhythmic agent has been
shown to prolong the effective refractory period or action
potential duration in animal models (Steinberg & Molloy,
1975; Steinberg et al., 1981; Kowey et al., 1985; Wu et al.,
1989; Li et al., 1990) as well as increase the refractory period
in man without affecting conduction time or haemodynamics
(Greene et al., 1983). The role of clofilium as an
antifibrillatory agent has been shown to be beneficial by
lowering defibrillation requirements (Kopia et al., 1985;
Dorian et al., 1991). To date, there has not been a report
that systematically describes the chemical defibrillatory
ability of clofilium. We have evidence that clofilium, which
up to now has been considered to be a ItO/IK (Arena & Kass,
1988; Castle, 1991) channel blocker is not only efficacious as
an antifibrillatory agent, but as a defibrillatory agent as well.
While it is generally understood that ATP-dependent

potassium channels (glibenclamide-sensitive channels) are
closed under normal conditions (Noma, 1983), blockade of
channels that are closed would be expected to produce few
measurable effects. Under normal conditions, the rabbit
isolated heart treated with graded concentrations of clofilium
responds by a progressive increase in the ventricular effective
refractory period (Table 2). We observed slight increases in
the duration of the monophasic action potential after
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clofilium administration (Table 3). If the mechanism of
action of clofilium were KATP channel blockade, we would
expect to find very little change in either measure. This was
not the case, which implies that clofilium does not block the
ATP dependent K+ channel under normal conditions during
which the intracellular ATP concentration is not perturbed.
Blockade of delayed rectifier current by clofilium in ischaemic
Purkinje fibres has been reported by several investigators
(Gough et al., 1988; Reeve, 1992). In the present study,
clofilium produced a dose-dependent increase in the effective
refractory period, whereas changes in the monophasic action
potential duration (90% repolarization) failed to reach statis-
tical significance after 10 min of exposure. This is not surpris-
ing since it has been reported that clofilium causes substantial
prolongation of action potential duration in the Purkinje
fibre, but the duration was unchanged in the ventricular
muscle cell (Carlsson et al., 1992).

Addition of pinacidil before induction of hypoxia
unmasked effects of clofilium not associated with blockade of
channels associated with the transient outward (Ito) or
delayed rectifier currents. In the presence of lower concen-
trations of clofilium (0.1 and 1.0 pM), pinacidil exposure
produced a reduction in the monophasic action potential
duration. The highest dose of clofilium (10.0tiM), however,
prevented the pinacidil-induced reduction in the monophasic
action potential duration. Therefore the functional data
implicate clofilium in the blockade of ATP-dependent potas-
sium channels in the presence of the KATP channel opener,
pinacidil (Arena & Kass, 1989; Martin & Chinn, 1990). In
support of our functional data is a recent report in which
clofilium was capable of inhibiting glibenclamide-sensitive
K+ channels in voltage-clamped Xenopus oocytes (Sakuta et
al., 1993). However, we cannot exclude the possibility of a
functional antagonism by clofilium. The action potential
duration shortening by pinacidil may be counteracted by
blockade by clofilium of transient outward and/or delayed
rectifier currents, the net result being little change in the
duration of the monophasic action potential.
Membrane channel activity becomes more complex as the

biochemical cascade of events associated with hypoxia ensues.
In our experimental model, control hearts subjected to
hypoxia in the absence of pinacidil had a 20% incidence of
ventricular fibrillation as compared to the significant increase
when pinacidil was present in the perfusion medium. The
results indicate that opening of the KATP channel by pinacidil,
together with a previous hypoxic insult and decrease in intra-
cellular ATP content, is pivotal in the promotion of ventri-
cular fibrillation (Chi et al., 1993). Clofilium (10.0IM) con-
sistently prevented the development of ventricular fibrillation
under the same experimental conditions that otherwise pro-
ved to be arrhythmogenic. Moreover, administration of two
additional agents possessing known pharmacological activity
on myocardial potassium channels add support to our
findings. UK-68,798 which has been shown to block selec-
tively the delayed rectifier current (Gwilt et al., 1989; Ras-
mussen et al., 1992; Carmeliet, 1992) was not effective in
reducing the incidence of ventricular fibrillation in response
to pinacidil plus hypoxia. In contrast, the administration of
5-hydroxydecanoate, a well characterized inhibitor of the
ATP-dependent K+ channel (Niho et al., 1987; Notsu et al.,
1992; Notsuto et al., 1992) was equally as effective as
clofilium in preventing the development of ventricular fibril-
lation.

It is reasonable to believe that clofilium is able to block
not only the transient outward and/or the delayed rectifier
potassium currents, but the metabolically active ATP-
dependent potassium channel under conditions of decreased
intracellular ATP that would promote its opening. In the
present experimental model, pinacidil administration in the
presence of a reduced intracellular ATP content, would be
expected to facilitate opening of the ATP-dependent potas-
sium channel. The increase in the outward potassium current

via the ATP-dependent potassium channel most likely
accounts for the initiation of ventricular fibrillation; an event
that can be prevented by glibenclamide (Chi et al., 1993), and
5-hydroxydecanoate. It follows that clofilium may owe part
or all of its antifibrillatory action to the prevention of action
potential shortening via blockade of ATP-dependent K+
channels. The prevention of ventricular fibrillation in the
present experimental model may be dependent upon a very
specific electrophysiological derangement initiated by opening
of the ATP-dependent potassium of glibenclamide-sensitive
channel. This specific action of clofilium may not occur
under conditions in which the initiation of ventricular fibrilla-
tion is not associated with opening of the ATP-dependent
potassium channel. Hypoxia-induced decrease in myocardial
ATP content increases the responsiveness of the ATP-
dependent K+ channel to the opening effects of pinacidil.
The experimental model, therefore, utilizes the vulnerability
of the heart under a specific set of conditions to explore the
role of the ATP-dependent K+ channel in the genesis of
ventricular fibrillation. Using this approach, it becomes pos-
sible to identify those pharmacological interventions capable
of preventing ventricular fibrillation arising from opening of
the ATP-dependent potassium channel. Clofilium, in addition
to its other potential effects on myocardial membrane potas-
sium channels, appears to have a salutary effect similar to
that of glibenclamide and 5-hydroxydecanoate, and radically
different from that of dofetilide (UK68,798) in terms of
preventing ventricular fibrillation. These observations sup-
port the concept that clofilium has the potential to modulate
the ATP-dependent potassium channel and to prevent those
electrophysiological changes leading to ventricular fibrillation
associated with decreases in myocardial tissue ATP content.

It is noteworthy that clofilium is capable of reverting elect-
rically induced sustained ventricular fibrillation to sinus
rhythm. This group of hearts was an addendum to our
primary study after we had noted that 4/9 hearts in the
10.0yM clofilium group reverted to sinus rhythm after tran-
sient episodes of spontaneous ventricular flutter during the
40 min reperfusion period, a phenomenon that has not been
observed in vehicle-treated rabbit hearts. A bolus of clofilium
(0.35 ml of 10 mM) slowed the rate of fibrillation, until the
heart resumed normal sino-atrioventricular conduction
within 14 ± 2 s. This event was observed in 5 isolated hearts.
A larger quantity of administered clofilium (n = 5, 0.6 ml of
10 mM) to the fibrillating heart, not only slowed the fre-
quency of fibrillatory waves, but elicited sinoatrial arrest.
Since coronary perfusion was maintained constant in our
preparation, and oxygen delivery uncompromised, the heart
was capable of resuming normal sinus rhythm in 42 ± 16 s.
The ability of clofilium to antagonize the coronary

vasodilator action of pinacidil should not be overlooked.
Before induction of hypoxia, pinacidil alone produced
vasodilatation and a negative inotropic effect on the rabbit
isolated perfused heart. The first derivative of left ventricular
pressure, + RP/dt is reduced approximately 10% within
5 min after pinacidil was added to the perfusion medium.
The presence of clofilium in the perfusate attenuated this
effect (see Table 1). It is well known that pinacidil is capable
of specific KATP channel activation (Arena & Kass, 1989),
while others report a profibrillatory effect of pinacidil (Chi et
al., 1990a, 1993). This evidence suggests that pinacidil will
promote ventricular fibrillation given the proper substrate or
altered physiological conditions. Clofilium prevents these res-
ponses, thereby leading us to suggest that clofilium (10.0 jiM)
may, in part, block the metabolically activated ATP-
dependent potassium channel. This conclusion is supported
by the observation that UK-68,798 (specific delayed rectifier
current antagonist) was not effective, while 5-hydroxy-
decanoate (specific ATP-dependent K+ current antagonist)
was effective in attenuating the development of ventricular
fibrillation. It may be that clofilium has been overlooked as a
potentially efficacious antifibrillatory agent.
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Natriuretic peptide-induced cyclic GMP accumulation in adult
guinea-pig cerebellar slices
'Felix Hernaindez, 2Stephen P.H. Alexander & David A. Kendall
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1 Second messenger responses to natriuretic peptides were studied in guinea-pig cerebellar slices by use

of radioactive precursors.

2 The rank order of potency of the different natriuretic peptides in generating [3H]-guanosine 3':5'-
cyclic monophosphate (cyclic GMP) was atrial natriuretic peptide (ANP) > brain natriuretic peptide
(BNP) >> C-type natriuretic peptide (CNP) with EC 0 values of 19.5 ± 8.8 nM for ANP and
169 ± 41 nM for BNP. CNP induced [3H]-cyclic GMP accumulation only at concentrations greater than
1 )AM.
3 An additive response to ANP (1 gAM) was observed in the presence of the adenosine receptor agonist,
5'-N-ethylcarboxamidoadenosine (NECA, 10 g1M) or the soluble guanylyl cyclase activator, sodium
nitroprusside (SNP, 1001M) for [3H]-cyclic GMP accumulation.
4 ANP, BNP and CNP (all at 1I1M) failed to alter significantly either basal-, forskolin- (1O JiM),
isoprenaline- (100 SAM), or NECA- (10 IgM) induced [3H]-cyclic AMP generation. Natriuretic peptides also
did not change the [3H]-cyclic AMP steady-state reached after 10 min of treatment with 10 g1M forskolin.
5 Natriuretic peptides failed to elicit significant accumulation of [3H]-inositol phosphates at concentra-
tions up to 10 1M.

6 These data are consistent with the presence of ANPA, rather than ANPB or clearance receptors
(C-receptors), linked to second messenger cascades in guinea-pig cerebellar slices.

Keywords: ANPA receptor; cyclic GMP; guinea-pig cerebellum; natriuretic peptides

Introduction

The natriuretic peptide family are considered to play a major
role in cardiovascular homoeostasis. However, the role of the
natriuretic peptides in the central nervous system is com-
paratively poorly understood. The presence of natriuretic
peptides in the brain has been clearly demonstrated by
immunological and molecular biological approaches, e.g.
atrial natriuretic peptide (ANP)-like immunoreactivity has
been reported in different brain areas (Morii et al., 1985;
Quirion et al., 1986; Quirion, 1988) and ANP mRNA trans-
cripts have been detected in the brain (Gardner et al., 1987).
ANP can be released, at least in hypothalamic slices, in a
Ca2"-dependent manner (Shibasaki et al., 1986). Brain nat-
riuretic peptide (BNP), the second member of the natriuretic
peptide family, first isolated from porcine brain (Sudoh et al.,
1988), exhibits a high diversity between species in both its
amino acid sequence (Ogawa et al., 1990; Suga et al., 1992)
and sites of synthesis (Saito et al., 1989; Kojima et al., 1990;
Ogawa et al., 1990). C-type natriuretic peptide (CNP), the
last member of the natriuretic peptide family discovered
(Sudoh et al., 1990), is found almost exclusively in the brain
(Ueda et al., 1991) and CNP mRNA also seems to be
restricted to brain (Kojima et al., 1990).

Molecular cloning studies have identified three natriuretic
peptide receptor subtypes (for reviews see Maack, 1992;
Garbers, 1992; Levin, 1993). ANPA (or GC-A) and ANPB
(GC-B) are monomeric receptors with constitutive guanylyl
cyclase activity. At ANPA receptors, ANP is the most potent
for displacing ['25I]-ANP binding, followed by BNP, while
CNP is very much less potent. In contrast, CNP appears to

be a specific ligand for ANPB receptors (Koller et al., 1991).
The third member of the natriuretic peptide family, called the
clearance receptor (C-receptor), is dimeric in nature with an
unclear physiological role other than the clearance of cir-
culating natriuretic peptides (Levin, 1993). Any signal trans-
duction system associated with this receptor has yet to be
clearly demonstrated. ['23I]-ANP binding to the C-receptor is
most potently inhibited by ANP, while BNP and CNP
appear to be equipotent (Maack, 1992). In rat brain, mRNA
for both guanylyl cyclase receptors has been detected (Tal-
lerico-Melnyk et al., 1992), although there is evidence for
binding of natriuretic peptides to sites resembling ANPA and
C-receptors, but not ANPB receptors (Brown & Zuo, 1993).
However, a high degree of variability exists between species.
Thus, neither binding of ANP (Quirion & Dalpe, 1988) nor
an increase in guanosine 3':5'-cyclic monophosphate (cyclic
GMP) (Takayanagi et al., 1986) could be observed in rat
cerebellum, while a high density of binding sites was appar-
ent in guinea-pig cerebellum (Quirion et al., 1986).

It has been proposed that natriuretic peptides can signal
through transduction systems other than cyclic GMP genera-
tion. Thus, a decrease in adenosine 3':5'-cyclic monophos-
phate (cyclic AMP) levels has been observed either through
an inhibition of adenylyl cyclase activity (Pandey et al., 1985;
Resink et al., 1988; Anand-Srivastava et al., 1990; Tseng et
al., 1990) or through activation of cyclic GMP-stimulated
phosphodiesterases (MacFarland et al., 1991). Activation of
phosphoinositide turnover has been reported in vascular
smooth muscle cells (Resink et al., 1988; Hirata et al., 1989)
and in inner medullary collecting tubule cells (Berl et al.,
1991).
The purpose of this study was to use guinea-pig cerebel-

lum, an area which exhibits high density of ['25I]-ANP bind-
ing sites (Quirion & Dalpe, 1988), to investigate functional
receptors to natriuretic peptides using second messenger cas-
cades as an assay for receptor function.
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Results

Tissue preparation and cyclic nucleotides accumulation

Preparation and incubation of slices were essentially the same
as described previously (Hernandez et al., 1993). Briefly,
cross-chopped cerebellar slices (350 x 350 jam) were prepared
from guinea-pigs (Dunkin-Hartley, either sex, weighing 200-
300 g) and incubated in a shaking water bath for 60 min at
3TC in Krebs-bicarbonate medium (mM): NaCl 118, KCl
4.7, MgSO4 1.2, KH2PO4 1.2, glucose 11.7, NaHCO3 25,
CaC12 1.2, equilibrated with 95% 02:5% CO2 to pH 7.4. The
slices were then suspended in fresh Krebs medium and either
[3H]-guanine or [3H]-adenine was added to a final concentra-
tion of 74 kBq ml-'. After an additional 60 min of incuba-
tion, the slices were washed and aliquots (25 ld-ca. 1 mg
protein) transferred into flat-bottomed plastic vials contain-
ing Krebs buffer to give a final volume of 300 id. Slices were
allowed to equilibrate for 15 min prior to addition of agents
in 10 fil; the tubes were resealed under 95% 02:5% CO2 after
each addition. Unless otherwise stated, peptidase inhibitors
were not included in the assays of natriuretic peptide receptor
function. Incubations were terminated at the indicated times
by addition of 200 pl of HCO (1 M), followed by 750 jil of
ice-cold water. [3H]-cyclic GMP and [3H]-cyclic AMP were
extracted by the Dowex-alumina method of Salomon et al.
(1974), monitoring recovery of cyclic nucleotides through the
addition of ['4C]-cyclic AMP and ['4C]-cyclic GMP (ca.
30 Bq/tube) to the samples. Data are expressed as d.p.m. per
25 Al slices.

Inositol phosphates accumulation

Slices were equilibrated with Krebs-bicarbonate buffer for
60min and distributed as 251il aliquots into flat-bottomed
vials in the presence of [3H]-inositol (40kBqml-') and LiCl
(5 mM) to a final volume of 300 gl, as previously described
(Alexander et al., 1989). After 40 min, histamine or
natriuretic peptides was added in 10 1l aliquots and the
incubation continued for 45 min, before termination with
100 gil of 7.5% perchloric acid. After neutralization, [3H]-
inositol phosphates were resolved by chromatography on
Dowex- 1 (chloride form) columns. Data are expressed as
d.p.m. per 25g1 slices.

Chemicals

[8-3H]-guanine (324GBqmmol-') was purchased from Rot-
em Industries Ltd., Beer-Sheva, Israel. [8-3H]-adenine (962
GBq mmol ') and [adenine-U-14C]-adenosine 3',5'-cyclic phos-
phate (1 1.4 GBq mmol-') were obtained from Amersham
International, plc, UK. [8-14C]-guanosine 3':5'-cyclic phos-
phate (1.9 GBq mmol-') was from Moravek Biochemicals
Inc., California, U.S.A. [3H]-inositol (455.1 GBq mmol ')
was purchased from DuPont NEN, 5'-N-ethylcarboxamido-
adenosine (NECA) was from RBI SEMAT, Herts. 3-Iso-
butyl-1-methylxanthine (IBMX), sodium nitroprusside (SNP),
thiorphan, histamine, synthetic rat ANP (A2288), BNP
(B9901) and CNP (N8768) were all from Sigma. All other
compounds were from standard commercial sources. The
natriuretic peptides were dissolved to 300 ;M in purified
water (Waters Milli-Q system) and stored as aliquots at
- 20°C for up to 2 weeks.

Calculations and statistical analysis

In the text, values represent means ± s.e.mean of n experi-
ments conducted in triplicate. The results were analysed by
Student's unpaired t test to determine the significant differ-
ence between means. The computer programme InPlot
(GraphPad, California, U.S.A.) was used to generate EC50
values from concentration-response data.

Effects of natriuretic peptides on [31H]-cyclic GMP
accumulation

Incubation of [3H1-guanine-prelabelled adult guinea-pig cere-
bellar slices in the presence of ANP (1 gM) led to an increase
in [3H]-cyclic GMP levels. In the absence of IBMX, a
significant stimulation of [3H]-cyclic GMP accumulation in
response to 1 JAM ANP was observed within 2 min, and
remained elevated for at least 20 min (Figure 1). In the
presence of the phosphodiesterase inhibitor, IBMX (0.5 mM),
the response to ANP was much larger and reached an
elevated steady-state level within 15 min. Concentration-
response curves for natriuretic peptide-stimulated [3HI-cyclic
GMP production at 5 min in the presence of 0.5 mM IBMX
are shown in Figure 2. ANP and BNP increased [3H]-cyclic
GMP production in a concentration-dependent manner with
ECO values of 19.5 ± 8.8 nM (n = 5) and 169 ± 41 nM (n = 3),
respectively. At 1 gAM, [3H]-cyclic GMP levels were 273 ± 15.5
(n = 7, P<0.01) and 208 ± 10 (n = 3, P<0.01) % over the
control levels, respectively. CNP significantly stimulated [3H]-
cyclic GMP production only at concentrations greater than
10lM in the presence of 0.5 mM IBMX (at 10 JAM, 80 ± 10%
over control, n = 3, P< 0.05).

Preliminary experiments suggested that the natriuretic pep-
tides were not subject to endopeptidase 24-1 1-mediated
hydrolysis during the incubation period, since thiorphan
(10 JM) failed to alter significantly the potency of either ANP
or BNP to generate [3HI-cyclic GMP when added 5 min prior
to a 5 min incubation with the natriuretic peptides (data not
shown).
We have recently described the cyclic GMP response

elicited by activation of the soluble guanylyl cyclase activity
in guinea-pig cerebellar slices by sodium nitroprusside (Her-
nandez et al., 1994), and so we compared the time course of
cyclic GMP responses elicited by soluble and particulate
guanylyl cyclases. Although the magnitude of the cyclic
GMP response to SNP was greater than the ANP response,
the two agents elicited similar time course profiles when
assayed in the presence of 0.5 mM IBMX (Figure 3). When
responses to ANP (Figure 1) and SNP (Hernandez et al.,
1994) are compared in the absence of IBMX, however, it is
apparent that the response to ANP is smaller, but appears to
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Figure 1 Time course profiles for atrial natriuretic peptide (ANP)-
stimulated [3H]-cyclic GMP accumulation in the presence or absence
of 3-isobutyl-l-methylxanthine (IBMX), [3H]-guanine prelabelled
slices were preincubated in the presence (0, *) or in the absence
(0, *) of 0.5 mM IBMX for 5 min, prior to addition of 1 gAM ANP
(filled symbols) or vehicle (open symbols) for varying incubation
periods. Data are means ± s.e.mean of triplicate determinations from
a single experiment repeated on two additional occasions with essen-
tially identical results. In this and in subsequent figures, where error
bars are not shown, they are smaller than the symbol used. Basal
[3H]-cyclic GMP accumulation was 1135 ± 41 d.p.m. per 25 fil ali-
quot.
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be better maintained. The response to a combination of 1 jLM
ANP and 100 gM SNP appeared to be additive when assayed
in the presence of 0.5 mM IBMX (Figure 3), implying com-
partmentalisation of soluble and particulate guanylyl cyclases
in the guinea-pig cerebellum.
Adenosine and related analogues acting through A2b

adenosine receptors are able to potentiate the cyclic GMP
response to SNP in guinea-pig cerebellar slices (Hernandez et
al., 1993). In the absence of IBMX (since the phospho-
diesterase inhibitor is a potent adenosine receptor antagonist,
Smellie et al., 1979), NECA elicited an increase in [3H]-cyclic
GMP levels (Figure 4), as previously noted (Hernaindez et al.,
1994). However, NECA failed to potentiate the [3H]-cyclic
GMP accumulation elicited by ANP (Figure 4).

Effects of natriuretic peptides on cyclic AMP generation

We examined the potential interaction of natriuretic peptides
with cyclic AMP generating systems using two approaches.
Firstly, we investigated whether simultaneous application of
natriuretic peptides with different adenylyl cyclase activators
led to a modified cyclic AMP response. ANP, BNP and CNP
(all at 1 JIM) failed to alter significantly either basal-,
forskolin- (10 fM), isoprenaline- (100 jM) or NECA- (10 I4M)
induced [3H]-cyclic AMP accumulation (data not shown).
Secondly, we studied the effects of natriuretic peptides on
elevated levels of [3H]-cyclic AMP. Forskolin (10 g.M) stimu-
lated an increase in [3H]-cyclic AMP levels with a maximal
response at about 10 min, stable for up to 30 min. This
maintained response was unchanged by the addition of ANP,
BNP, or CNP (all at 1 fLM, for example at 10 min, responses
were 104 ± 8, 105 ± 5 and 107 ± 7% control, respectively,
n = 3).

Effects of natriuretic peptides on phosphoinositide
turnover

Since ANP has been observed to stimulate phosphoinositide
turnover in vascular smooth muscle cells (Resink et al., 1988;
Hirata et al., 1989) and in inner medullary collecting tubule
cells (Berl et al., 1991), we investigated whether this response
might also be elicited in the guinea-pig cerebellum. All three
natriuretic peptides, in the presence of 5 mM LiCl, failed to
alter significantly basal levels of [3H]-inositol phosphates
accumulation over the range of concentrations tested (0.01

400

cn~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~i
.0

I 200

100r
-9 -8 -7 -6 -5

[Natriuretic peptide] (log M)

Figure 2 Concentration-response curves for stimulation of [3H]-
cyclic GMP induced by atrial natriuretic peptide (0), brain nat-
riuretic peptide (A) or C-type natriuretic peptide (0). [3H]-guanine
prelabelled slices were preincubated in the presence of 0.5mM 3-
isobutyl-l-methylxanthine (IBMX), for 5 min, prior to addition of
natriuretic peptides. The incubations were continued for an addi-
tional 5 min. Basal [3H]-cyclic GMP levels in the absence and
presence of 0.5 mM IBMX were 2120 ± 164 and 8137 ± 213 d.p.m.,
respectively. Data are means ± s.e.mean of triplicate determinations
from a single experiment repeated on two additional occasions with
essentially identical results.

nm to 10 M). For example, at 1 JIM the response to ANP,
BNP and CNP was 89 ± 19, 82 ± 22, and 122 ± 15% control,
respectively (n = 3). In contrast, 1 mM histamine elicited a
large accumulation of [3H]-inositol phosphates from basal
levels of 969 ± 100 d.p.m. to 5678 ± 650 d.p.m. per 25 p1l
aliquot.

Discussion

Cyclic GMP generation in guinea-pig cerebellum by
natriuretic peptides is mediated by ANP, receptors

In this paper, we present evidence that natriuretic peptides
elicit increases in cyclic GMP accumulation in guinea-pig
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Figure 3 Time course profiles for atrial natriuretic peptide (ANP)-
and sodium nitroprusside (SNP)-stimulated [3H]-cyclic GMP accum-
ulation in the presence of 3-isobutyl-l-methylxanthine (IBMX). [3H]-
guanine prelabelled slices were preincubated in the presence of
0.5 mM IBMX for 10 min, prior to addition of 1 JLM ANP (0),
100 ;4M SNP (A), I JAM ANP plus 100 JAM SNP (0) or vehicle (0)
for varying incubation periods. Data are means ± s.e.mean of trip-
licate determinations from a single experiment repeated on two
additional occasions with essentially identical results.
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Figure 4 Time course profiles for atrial natriuretic peptide (ANP)-
stimulated [3H]-cyclic GMP accumulation in the presence or absence
of 5'-N-ethylcarboxamidoadenosine (NECA). [3H]-guanine prelab-
elled slices were preincubated in the presence (0, U) or in the
absence (0, *) of 10 fM NECA for 10 min, prior to addition of
I ILM ANP (filled symbols) or vehicle (open symbols) for varying
incubation periods. Data are means ± s.e.mean of triplicate deter-
minations from a single experiment repeated on two additional
occasions with essentially identical results.
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cerebellar slices, without any contemporary change in cyclic
AMP accumulation or phosphoinositide turnover. The rank
order of agonist potency (ANP > BNP >> CNP) is
indicative of the involvement of ANPA receptors in this
response (Schulz et al., 1989). However, the divergence of
BNP molecular weight between species, together with the
variable affinity of BNP from different species, means that
some caution must be exercised when viewing data regarding
natriuretic peptide potency (Ogawa et al., 1990; Suga et al.,
1992). In an homologous assay system (natriuretic peptides
and receptors of the same species), the ratio of ECm values
(EC50 of rat-ANP/EC50 of rat-BNP) for cyclic GMP produc-
tion through ANPA receptors in PC12 cells is 0.17 (Suga et
al., 1992). In our experimental conditions (a heterologous
system comprising synthetic rat natriuretic peptides and
guinea-pig receptors), the ratio of EC50 values is 0.12. Taking
into account the lack of effect of CNP in the present study,
therefore, it is likely that ANP increases cyclic GMP through
an ANPA receptor.

Other natriuretic peptide receptors and signal
transduction mechanisms

We find no evidence for the suggested routes of coupling of
the C-receptor (inhibition of cyclic AMP and stimulation of
phosphoinositide turnover - see Introduction), implying
either the absence of C-receptors in guinea-pig cerebellum or,
more likely, that the C-receptors are not coupled to these
signal transduction mechanisms in this tissue. The lack of
effect of CNP at concentrations up to 1 JLM on cyclic GMP
generation suggests that ANPB receptors do not exist or are
not functionally active in guinea-pig cerebellum. Similar
results might be expected if the peptides were subject to
peptidase activity or removal from the biophase by the C-
receptor. The former eventuality appears unlikely since there
was no effect of thiorphan (an inhibitor of endopeptidase
24-11, Trapani et al., 1989) on natriuretic peptide-induced
cyclic GMP generation. Similarly the latter can be effectively
dismissed since the C-receptor exhibits higher affinity for
ANP than for CNP (Suga et al., 1992), and thus would be
expected to influence the responses to both peptides. ANPB
receptors have been detected in brain microvessel endothelial
cells, but not in aortic endothelial cells, which express ANPA
receptors (Vigne & Frelin, 1992). The possible role of CNP
(apparently a brain-restricted peptide, Kojima et al., 1990;
Komatsu et al., 1991) in the cerebellum and whether CNP
interacts with the cerebral microvasculature require further
investigation.
Although there is evidence for ANP and/or the C-receptor

coupling to phosphoinositide turnover in other systems (see
Introduction), we were unable to observe an increase in
[3H]-inositol phosphates induced by ANP, BNP or CNP in
the guinea-pig cerebellum, although 1 mM histamine genera-

ted a substantial increase in phosphoinositide turnover (ca. 6
fold). We were also unable to find evidence for coupling of
natriuretic peptide receptors to modulation of cyclic AMP
generation in guinea-pig cerebellum. This indicates that
ANP- (and SNP-, Hernandez et al., 1994) induced cyclic
GMP elevations do not activate type II (cyclic GMP-
stimulated cyclic AMP) or type III (cyclic GMP-inhibited
cyclic AMP) phosphodiesterase activity, and therefore one
potential route of ANP modulation of cyclic AMP accumula-
tion in guinea-pig cerebellum can be disregarded (cf. Mac-
Farland et al., 1991).

Cellular localizations ofparticulate and soluble guanylyl
cyclases

The particulate (ANPA receptor) and soluble (nitric oxide-
stimulated) guanylyl cyclase activities are likely to be in
distinct cellular populations, since accumulations of [3H]-
GMP were additive in the presence of both these agents. The
particulate guanylyl cyclase activity and A2b adenosine recep-
tor also appear to be in distinct cellular populations, since
NECA failed to enhance ANP-evoked cyclic GMP eleva-
tions. In contrast, the NECA-induced elevation of SNP-
evoked cyclic GMP accumulation suggests co-localization of
these two entities to some extent (Hernatndez et al., 1993).
ANP seems to be generally associated with cerebral struc-
tures involved in fluid and cardiovascular control (Quirion et
al., 1986; Brown & Czarnecki, 1990), but the physiological
relevance of ANP in the cerebellum is less obvious. ANP
binding sites are present in guinea-pig cerebellum, but not in
the rat (Quirion & Dalpe, 1988) and the potential conse-
quences of this variability are at present unknown, as is the
physiological role of natriuretic peptide-induced cyclic GMP
generation.

Concluding remarks

In summary, we have observed functional receptors for nat-
riuretic peptides in guinea-pig cerebellum, linked to cyclic
GMP formation through ANPA receptors. No activation
through ANPB receptors could be detected. In addition, we
have not been able to furnish evidence for other transduction
pathways (cyclic AMP or phosphoinositide systems) for nat-
riuretic peptides in this tissue. Cyclic GMP induced by nitric
oxide through activation of soluble guanylyl cyclase has been
implicated in the phenomenon of long-term depression in the
cerebellum (Shibuki & Okada, 1991) and the question of
whether a similar role exists for the particulate guanylyl
cyclases requires further investigation.

We are grateful for the financial support of the Medical Research
Council and the Wellcome Trust.
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The electrophysiological effects of antiarrhythmic potential of a

secoaporphine, N-allylsecoboldine
Mei-Hwan Wu, Ming-Jai Su, Shoei-Sheng Lee & Ming-Long Young

Department of Pediatrics and Pharmacy, and Institute of Pharmacology, National Taiwan University, Taipei, Taiwan

1 A satisfactory antiarrhythmic potential of N-allylsecoboldine, a synthetic derivative of secoapor-
phine, has been documented. Its effects on the ionic currents of cardiac myocytes and the influence on

the electrophysiological properties of the conduction system in Langendorff perfused hearts were

investigated.
2 Ionic currents were studied by voltage clamp in the whole cell configuration. N-allylsecoboldine
blocked the Na channel with a leftward-shift of its half voltage-dependent inactivation and a slower rate
of recovery from the inactivation state. Similarly, calcium inward currents were inhibited but to a much
smaller extent.
3 N-allylsecoboldine inhibited the 4-AP-sensitive transient outward K current. Currents through the K,
channels were also reduced.
4 As compared with quinidine, N-allylsecoboldine caused a comparable degree of block on Na and K,
currents but blocked to a lesser extent the Ca and I,. currents.
5 In the perfused whole-heart model, N-allylsecoboldine caused a dose-dependent prolongation in
sinoatrial, atrioventricular and His-Purkinje system conduction intervals and prolonged the effective
refractory periods of the atrium, AV node, His-Purkinje system and ventricle. However, the basic cycle
length was not significantly affected. As compared to quinidine, N-allylsecoboldine exerted less pro-

nounced effects on both the basic cycle length and the atrial and AV nodal refractory periods.
6 We conclude that N-allylsecoboldine predominantly blocks Na and K, channels and in similar
concentrations partly blocks Ca channels and I,. These effects result in a modification of the electro-
physiological properties of the conduction system which provides a satisfactory therapeutic potential for
the treatment of cardiac arrhythmias.

Keywords: N-allylsecoboldine; Na+, K+ and Ca2l currents; cardiac arrhythmia; cardiac myocytes; quinidine

Introduction

The natural aporphine alkaloids, such as dicentrine, have
recently been shown to possess potent ax-adrenoceptor block-
ing and antiarrhythmic activities (Teng et al., 1991). N-
allylsecoboldine (Figure 1), mol.wt. 353 g, is a secoaporphine
prepared from the aporphine, boldine. This compound was
therefore studied for antiarrhythmic and electrophysiological
effects in our laboratory. The current study was conducted to
define its effects on ionic currents of cardiac myocytes and
the effects on the conduction system of Langendorff isolated
perfused hearts. The antiarrhythmic efficacy was assessed
against reperfusion-induced arrhythmias. We concluded that
N-allylsecoboldine is a useful class Ia and III antiarrhythmic
agent with a satisfactory antiarrhythmic potential.

Methods

Voltage clamp experiments on isolated myocytes

Adult (> 3 months) New Zealand white rabbits were anaes-
thetized with intravenous injection of sodium pentobarbitone
(30mg kg-'. i.v.) and given heparin (300 units kg-').

Isolation of myocytes Cardiac myocytes were isolated as
previously described (Mitra & Morad, 1985). In brief, hearts
were quickly removed and retrogradely perfused in a Langen-
dorff apparatus with prewarmed (37°C) calcium-free Tyrode
solution, followed by enzymatic digestion. The calcium
paradox was prevented by perfusion with Kraftbruhe (KB)

medium for 5 min after the enzymatic digestion (Isenberg &
Klockner, 1981). Isolated ventricular myocytes were
incubated in KB medium at room temperature (25-27C)
before the start of electrophysiological studies.

Electrophysiological study All the experiments were per-
formed at room temperature (25-27C). Ionic currents were
studied using a whole-cell voltage-clamp method (Hamill et
al., 1981). A Dagon 8900 patch/whole cell clamp fitted with
100 MO feedback resistor in the headstage was used to clamp
the myoctyes. The total series resistance for the pathway
between the pipette interior and the cell membrane was
estimated from the cell capacitance and capacitance current
decay. It was possible to compensate electronically for
60-80% of the voltage drop across the electrode produced

CH3
I

HO o zN

Figure 1 Chemical structure of N-allylsecoboldine.
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by the current flow. Experiments on INa were performed in a
low Na' Tyrode solution ([Na']= 54 mM, with NaCI re-
placed by choline chloride). The INa elicited was lower than
5 nA, and the estimated voltage error attributed to
uncompensated series resistance would be lower than 5 mV.
Cells were exposed to each concentration of test drug for
7 min.

Intracardiac electrocardiogram recording experiment

Animal preparation The heart including part of the superior
and inferior vena cava and the ascending aorta was quickly
excised via thoracotomy. The aorta was retrogradely per-
fused at a rate of 4 ml min-' g'I cardiac tissue with Tyrode
solution (continuously gassed with 95% 02 and 5% CO2 to
give a pH of 7.4 and warmed to 37C). The experimental
protocol was not started until at least 45 min after isolation.
The endocardial surface of the right atrium was exposed via
a small incision along the anterolateral atrioventricular
groove. Tungsten wires (3 mm in length and 0.05 mm in
diameter) were soldered onto the tip of silver-wire bipolar
electrodes to increase the flexibility. His bundle electrograms
(HBE) were recorded from an area near the apex of the
triangle of Koch. The ventricular recording electrodes were
placed on the epicardium of the right ventricular apex to
obtain an easily recognizable T wave.
A pacing stimulus of 1 ms in duration and three times the

diastolic threshold voltage was applied to the preparation (a
twisted pair of insulated silver wires with a wire diameter of
125 nm). The high right atrial pacing electrode was placed on
the epicardium near the junction of the superior vena cava
and right atrium. The ventricular pacing electrode was placed
on the pericardium near the right ventricular apex.

a b

Control

Z40

0.5 pM

Control

L
2 ms

1.5 gm

.-4oGau

-~~~~;;
1.5 pM

Experimental protocol Electrophysiological studies were per-
formed according to standard methods (Josephson & Seides,
1979). The average of 4 stable cycle lengths of spontaneous
heart beats was taken as the parameter of the pacemaker
automaticity, which could be a sinus or an atrial pacemaker.
The corrected QT interval was a parameter of ventricular
repolarization which was measured from the beginning of the
ventricular depolarization wave to the end of the T wave and
corrected by the square root of basic cycle length.
The right atrium was then paced at a constant rate that

was slightly faster than the spontaneous heart rate. At this
constant rate pacing, the following parameters were
measured pre-, during and post-drug perfusion.

Intra-atrial conduction time (SA) was measured from the
beginning of the stimulation artifact to the first rapid atrial
depolarization wave recorded in the HBE. AV nodal conduc-
tion time was measured from the largest and rapid deflection
of the atrial depolarization wave recorded in the HBE to the
beginning of the His bundle depolarization wave recorded in
the HBE. His-Purkinje conduction time was measured from
the beginning of the His bundle depolarization wave to the
beginning of the ventricular depolarization wave recorded in
the HBE.
The atrial pacing cycle length was then decreased (every

5-lOs) in steps of 10-20ms, until a stable 1:1 AV nodal
conduction pattern was lost. The longest pacing cycle length
at which a 1:1 AV conduction could not be maintained was
defined as the Wenckebach cycle length.
An atrial premature extra-stimulus (S2) was then delivered

to the HRA after a train of constant rate atrial pacing (SSI)
for 8 beats. This atrial extra-stimulation (SIS2) interval was
decreased in 10 ms-steps until the atrial refractory period was
reached. The following data were obtained:

C

Control
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0.5 gM

c
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2 ms

40 ms

I IL
C4

40 ms

C 2
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Figure 2 Changes in Na currents after N-allylsecoboldine. (a) Na currents were elicited from a holding potential of - 80 mV to
- 60 mV to 30 mV in 10 mV steps. (b) Steady-state voltage-dependent inactivation of INa was studied by altering the holding
potentials (- 100 mV to - 50 mV, in 10 mV steps) for I s and then a depolarizing pulse to - 20 mV. (c) Recovery of Na channels
from their inactivation state. Na currents were elicited by twin-pulse depolarization protocol. Cells were first depolarized to
- 20 mV for 10 ms from a holding potential of - 80 mV. The kinetics of recovery were then defined by a second depolarization
given at various time intervals after the first pulse. Ratios of the currents elicited by the second and first pulses reflected the
fractions of Na channels already recovered from inactivation.
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Atrial effective refractory period (AERP) was the longest
S1S2 interval that did not evoke an atrial depolarization wave
(A2). AV nodal effective refractory period (AVERP) was the
longest S1S2 interval in which the evoked A2 failed to evoke a
His bundle depolarization wave (H2). The longest HIH2 inter-
val that failed to evoke a premature ventricular depolariza-
tion was defined as the His Purkinje effective refractory
period (HPERP).
The ventricular extrastimulation study protocol was similar

to the atrial extrastimulation study. The ventricular effective
period (VERP) was defined as the longest SIS2 interval that
failed to evoke a premature ventricular depolarization.

Ischaemia-reperfusion-induced arrhythmias

The Langendorff-perfused heart model with constant per-
fusion pressure instead of constant flow was used (Curtis &
Hearse, 1989).
The electrograms were recorded from a low atrial and a

ventricular recording electrode. The left coronary artery (left
anterior descending artery) was ligated for 30 min before the
release of the ligature. The establishment of ischaemia and

4.5 gM
a

0.5 gM
OA\ Control

(,60 \

40. <

s

20 20 ms
, l.

reperfusion were ascertained by the amount of coronary
effluent. The antiarrhythmic effect of the compound was
tested after arrhythmias had been induced by reperfusion.

Drugs

N-allylsecoboldine was prepared from boldine by exhaustive
N-alkylation (Lee et al., 1992). The purity is about 99% as
analysed by 'H-n.m.r. and h.p.l.c. The compound (stored at
- 20TC) was dissolved in dimethysulphoxide as a 50 mM
stock solution from which the test solutions in concentrations
of 0.5, 1.5 and 4.51iM were prepared. Quinidine was pur-
chased from Sigma.

Solutions

Three basic solutions were used with the following composi-
tions in mM: (1) Ca2"-Tyrode: NaCl 137, KCl 5.4, MgC12 1.1,
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Figure 3 (a) A conditioning pulse to -40 mV was applied to
inactivate the Na channel and 'T' type Ca channels. Depolarizing
pulses of 80 ms duration to 0 mV were then applied to elicit the peak
Ca currents. (b) Spontaneous 'rundown' of Ca currents during the
experiments. This curve was obtained from 8 cells.

K

1.5 gM

4.5 gM

C10
100 Ms

Figure 4 (a) Spontaneous 'rundown' phenomenon of IKI with time.
Inserts are current traces recorded 5 and 15 min after rupture of the
cell membrane. From a holding potential of - 80 mV, currents were
serially elicited (- 30 to - 150 mV in 20 mV steps) after a prepulse
of - 20 mV for 200 ms. (b) N-allylsecoboldine suppressed the cur-
rents through K1 channels. The voltage clamp protocol was the same
as in (a).

Table 1 Changes of Na channel kinetics after N-allylsecoboldine and quinidine

N-allylsecoboldine (JuM)
Control 0.5

Peak INa (%) 100±0
(n = 8)

Vmid (-mV) 76 ± 3
(n = 6)

t (ms) 67 ±1
(n = 4)

1.5 4.5 Control

86±8 42± 11 4±2 100±0
(n = 8)

79±4 87±4 98+4 81 ±2
(n = 8)

88±3 122±4 - 64±4
(n = 6)

Quinidine (JuM)
0.5 1.5 4.5

83 ± 8

90± 5

47± 17 8±5

92±5 103±6

94±13 127±10 -

p

0.82

0.25

0.86

&-%f .-
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CaCl2 1.8, HEPES 12, titrated with NaOH to pH 7.4; (2)
Internal solution for filling the suction pipettes: KCI 120,
NaCl 10, MgATP 5, K2EGTA 11, CaCI2 1, HEPES 10, titrated
with KOH to pH 7.4. Internal solution containing 120 mM
Cs' instead of K+ was used for INa and Ic. studies. (3) KB
medium: taurine 10, glutamic acid 70, KCI 25, KH2PO4 10,
dextrose 22, EGTA 0.5, titrated with KOH to pH 7.3.

Statistics

The data were expressed as mean ± s.e. for each parameter.
A repeated-measures analysis of variance was used for data
comparison of different drugs and doses.

Results

Ionic current modification by N-allylsecoboldine

Na currents N-allylsecoboldine blocked the Na channel by
causing a leftward shift of the voltage-dependent steady-state
inactivation curves as well as a slower rate of recovery from
inactivation (Figure 2). Dose-dependent changes in the Na
channel properties are summarized in Table 1. Peak Na
currents which were elicited from a holding potential of
- 80 mV to -40 mV decreased after N-allylsecoboldine, and
the changes were comparable to those seen after quinidine.
The Vmid (the membrane potential at which half of the Na
channels were inactivated) was obtained by fitting the nor-
malized inactivation curves to the Boltzmann equation (Hille,
1984). The recovery of Na channels from their inactivation
state was studied using twin-pulse depolarization by step-
increase of the interval duration between pulses. The time
constant (t) was obtained after fitting the recovered fraction
of INa with time to a single exponential function. The mag-
nitude of changes in Vi,,d and ? after N-allylsecoboldine was
similar to that observed after quinidine (Table 1).

Ca currents L-type Ca currents were elicited after applica-
tion of a prepulse to - 40 mV to inactivate the Na and 'T'
type Ca channels. A noticeable reduction of Ca currents due
to the 'rundown' phenomenon with time was observed in the
absence of drugs (Figure 3b). This rundown phenomenon
was more prominent during the initial 5-15 min access of the
patch pipette to the interior of the cells. After this equilibra-
tion period, a slower rundown was observed. Therefore,
experiments were performed only on those cells with stable
Ca currents 15 min after cell rupture. A dose-dependent

decrease in the Ca currents was observed after N-allylseco-
boldine (Figure 3a). Peak Ca currents elicited at the potential
of 10 mV decreased to 80 ± 8, 53 ± 9 and 28 ± 7% after 0.5,
1.5 and 4.5 gM N-allylsecoboldine (n = 6), and to 49± 8,
31 ± 10 and 7 ± 5% respectively (n = 6) after quinidine
(P = 0.04, N-allylsecoboldine vs quinidine). Hence, N-allyl-
secoboldine suppressed the Ca currents to a much smaller
extent than quinidine.

K currents Three voltage-dependent K currents (inwardly
rectifying (IKI), transient outward (Ito) and delayed outward
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Figure 5 (a) Spontaneous 'rundown' phenomenon of Ito with time.
Insert: current traces recorded at 5, 10, 15 and 20 min after rupture
of cell membrane. Currents were elicited by a depolarizing step to
60 mV from a holding potential of - 80 mV. (b) N-allylsecoboldine
reduced the Ito current peaks and accelerated its inactivation. The
voltage-clamp protocol was the same as in (a).

Table 2 Comparative dose-related effects of quinidine and N-allylsecoboldine on the conduction system of rabbit isolated perfused
hearts

Quinidine (,uM)
Control 0.5 1.5 4.5 Wash Control 0.5

N-allylsecoboldine (pM)
1.5 4.5

107±2 114±4 118±6 105±7 100±0
(8)

107±7 105±7 117±6 106±6 100±0
103±2 114±5 132±5 107±4 100±0
105±2 118±3 135±5 110±7 100±0
106±4 116±5 126±5 100±2 100±0
102 1 116±5 135±5 98±3 100±0
119±6 130±7 156±8 103±5 100±0
111±2 126±4 148±4 107±2 100±0

(7)
125±6 156±13 209±16 95±5 100±0

(6)
113±3 123±4 141±6 101 3 100 ±0

99±3 104±3 108±3

106 ± 3
106 ± 2
102 ± 3
107 ± 3
100±3
104±5
106±1

113 ± 7
118 ±4
112± 4
113± 3
110 ± 4
117±5
120±5

132 ± 9
129±4
121 ± 7
123 ± 3
127 ± 9
134±5
140±7

108±5 123±3 138±9

106±4 0.05

108±5
108 ± 2
105 ± 8
87 ± 11
96±4
104 ± 7
105 ±4

104 ± 4 0.01

105±2 114±3 124± 10 98±3

Data were obtained from 10 experiments and were expressed as a percentage of the control values (mean ± s.e.). Numbers in the
parentheses indicate the numbers of experimental measurements for the parameters (BCL, HPERP and AVERP) which sometimes
were limited by the physiological properties. Abbreviations: BCL: basic cycle length; SA: sinoatrial conduction interval; AH: atrio-His
bundle conduction interval; HV: His-ventricular conduction interval; QTc: corrected QT interval; WCL: Wenckebach cycle length;
AERP: atrial effective refractory period; HPERP: His-Purkinje system effective refractory period; AVERP: AV nodal effective
refractory period; VERP: ventricular effective refractory period.

BCL

SA
AH
HV
QTc
WCL
AERP
HPERP

AVERP

VERP

100±0
*(8)

100 ±0
100±0
100 ±0
100 ±0
100 ±0
100±0
100 ± 0

(7)
100±0

(7)
100 ±0

p
Wash

0.85
0.73
0.59
0.72
0.33
0.03
0.34

0.12
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K currents) were studied. Of these, the delayed outward K
current was found to be very small in both atrial and ven-
tricular cells, as reported by Giles & Imaizumi (1988), and
has been considered to play only a minor role in the regula-
tion of the action potential of rabbit myocytes. Thus, only
the IKI and Ito were studied further.

Currents through the IKI were elicited by serial hyper-
polarization after a prepulse to -20 mV. These currents

0.5 gM :-usA

AV~~~~~~~~A V ---
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Figure 6 Representative His bundle electrograms (left panel) and
ventricular electrograms after N-allylsecoboldine. A: atrial
depolarization; H: His bundle depolarization; S: stimulation artifact;
V: ventricular depolarization. The paper speed was 100 mm s-.

became smaller after N-allylsecoboldine (Figure 4b). The
slope conductance measured between the membrane potential
-70 to -110 mV was suppressed to 82 ± 7, 57 ± 10 and
28 ± 9% after 0.5, 1.5 and 4.5 jAM of N-allylsecoboldine and
84± 5, 67 ± 5 and 46 ± 3% respectively after quinidine
(P = 0.34, N-allylsecoboldine vs quinidine).

Ito was studied in the presence of 0.5 mM cobalt. Serial
depolarization to 60 mV from a holding potential of
- 80 mV at a slow stimulation frequency of 0.1 Hz was used
to avoid incomplete recovery of these currents from their
inactivation state. N-allylsecoboldine decreased the current
peak and accelerated the inactivation of IO (Figure 5). The
area under the current curve elicited at 60 mV was calculated
to estimate the total charge through the I,O channels after a
baseline was obtained by rapid depolarization to fully inac-
tivate Ito. The integral of the curves decreased to 76 ± 8,
41 ± 11 and 21 ± 8% (n = 8) after 0.5, 1.5 and 4.5 pM N-
allylsecoboldine, and the corresponding values after quinidine
were 42 ± 13, 24 ± 9 and 4 ± 2% (n = 6) respectively
(P = 0.03).

Modification of the electrophysiological properties of the
conduction system

Changes in the electrophysiological properties of the cardiac
conduction system after N-allylsecoboldine are summarized
in Table 2. N-allylsecoboldine caused a dose-dependent pro-
longation in the sinoatrial, atrioventricular and His-Purkinje
system conduction intervals (Figure 6) as well as prolonging
the effective refractory periods of the atrium, AV node,
His-Purkinje system and ventricle (Table 2). However, the
basic cycle length was not significantly affected. As compared
with quinidine, N-allylsecoboldine caused less significant
effects on the basic cycle length, and effective refractory
periods of the atrium and AV node.

Antiarrhythmic efficacy on reperfusion arrhythmias

At a concentration of 1.5 to 4.5 tiM, N-allylsecoboldine was
able to convert a polymorphic ventricular tachycardia
induced by the ischaemia-reperfusion experiment model
(Figure 7). Out of ten episodes of ventricular tachycardia
induced by ischaemia-reperfusion N-allylsecoboldine at
1.5 IBM converted the tachyrhythmias to normal sinus rhythm

10 min after 4.5 gM N-allylsecoboldine
_ _l - .. _ -
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Figure 7 A polymorphic ventricular tachycardia induced by ischaemia-reperfusion was converted to normal sinus rhythm 10 min
after N-allylsecoboldine. Upper panel shows the ventricular electrograms. The electrogram in the lower panel was recorded from
the lower right atrium. Simultaneous recording of atrial (A) and ventricular depolarization (V) is shown. The paper speed was
100 mm s-'.
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Figure 8 Antiarrhythmic efficacy of N-allylsecoboldine at various
concentrations is plotted against the drug concentration.

in one instance and at 4.5 JLM converted eight of the remain-
ing nine episodes. For the one episode of refractory tachy-
rhythmia, when 13.5 lAM of N-allylsecoboldine was applied,
complete atrioventricular block occurred. The dose-response
curve for arrhythmia conversion showed an EDm of 3.2 ptM
(Figure 8). No new tachyrhythmias upon the perfusion of
N-allylsecoboldine for about 2 h were observed during the
experiment.

Discussion

N-allylsecoboldine was shown to have a satisfactory antiarr-
hythmic potential in the present study, an action which may
be mediated through blockade mainly of the Na and IKI
channels, and partly through the IO and Ic. channels. Conse-
quently, N-allylsecoboldine could prolong the conduction
intervals and the refractoriness of the cardiac conduction
system. The electrophysiological effects were similar to those
found for quinidine, but were different from it in channel
selectivity.

Use-dependent inhibition of INa, retardation of the
recovery of Na channel from their inactivation state and
negative shift of the voltage-dependent inactivation curve of
INa are major mechanisms responsible for the action of most
class I antiarrhythmic agents (Chen et al., 1975; Ducouret,
1976; Lee et al., 1981; Saikawa, 1982; Colatsky, 1982;
Saikawa, 1982; Sanchez-Chapula et al., 1983; Clarkson &
Hondeghem, 1985; Su & Morad, 1987; Clarkson et al., 1988).
In this current study, as compared with quinidine, N-
allylsecoboldine caused a similar degree of blocking action on
Na channels. This action like that of other class I antiarr-
hythmic drugs, would explain not only prolongation of the
conduction intervals of the atrial, atrioventricular, His-
Purkinje system and ventricular area but also the increased
refractoriness of these structures.
The class III antiarrhythmic agents exert their antiarrhyth-

mic effects by suppressing the K outward currents to prolong

the action potential duration and thereby increase the refrac-
toriness of the conduction system (Singh & Nademanee,
1985; Hondeghem & Katzung, 1987; Imaizumi & Giles, 1987;
Dukes et al., 1990; Kurachi et al., 1990; Su et al., 1990; 1993;
Gwilt et al., 1991). Our results showed that N-allylseco-
voldine could suppress the IKI and the Ito, which conse-
quently prolonged the action potential duration and
increased further the refractoriness of the myocardium.

In rabbit atrial and atrioventricular nodal cells, Io, is re-
sponsible for the repolarization phase of the action potential
(Nakayama & Irisawa, 1985). Therefore, I,. suppression would
increase the refractoriness of the atrial and atrioventricular
nodal area. The less marked prolongation of the atrial and
atrioventricular refractory periods by N-allylsecoboldine than
by quinidine could be attributed to a smaller suppression of
Ito by N-allylsecoboldine. In diseased human atrial strips, the
resting membrane potential of partially depolarized cells is
noted to be between -40 and - 50 mV, at which Io is
partially activated and may overlap Ica (Escande et al., 1987).
Therefore, it has been proposed that Io plays a protective
role against arrhythmias in the diseased human atrium by
preventing the firing at foci of abnormal automaticity. The
current data indicated that N-allylsecoboldine had a weaker
effect in suppressing It. than quinidine. This would imply that
in the presence of a partially depolarized myocardium, the
proarrhythmic potential of N-allylsecoboldine would be at
least no greater than quinidine.
Drugs that block the Ca channel may preferentially pro-

long the conduction and refractoriness of slow response
fibres (Rosen et al., 1975; Harrison, 1985). However, they
may also result in a negative inotropic effect which is hazar-
dous in some situations. In this respect, the antiarrhythmic
effect of N-allylsecoboldine would be expected to be associ-
ated with a less significant suppression of cardiac contrac-
tility than quinidine. Unpublished results from our
laboratory have shown that N-allylsecoboldine (9 pM) causes
an increase in the contractile tension, to about 160%, in rat
right atrial strips. This effect may be attributed to an inhibi-
tion of K channels (an increase in the action potential dura-
tion) which is accompanied by a less significant inhibition of
Ica

In conclusion, we have identified a satisfactory antiarrhy-
thmic potential for the newly synthesized secoaporphine, N-
allylsecoboldine. This drug has both class I and class III
properties. However, its channel selectivity, in comparison to
quinidine, may give this agent a less negative inotropic and
less proarrhythmic potential, and suggests that N-allylseco-
boldine may be a promising drug for the treatment of cardiac
arrhythmias.
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Nitric oxide as a mediator of the laxative action of magnesium
sulphate
Angelo A. Izzo, 'Timothy S. Gaginella, Nicola Mascolo & 2Francesco Capasso

Department of Experimental Pharmacology, University of Naples, Federico II, via D. Montesano 49, 80131, Naples, Italy

1 Magnesium sulphate was studied for its effects on diarrhoea, fluid secretion, gastrointestinal transit
and nitric oxide (NO) synthase activity in rats.

2 At a dose of 2 g kg- orally magnesium sulphate produced diarrhoea that was delayed in onset and
intensity in a dose-related manner by the NO synthase inhibitor N0-nitro-L-arginine methyl ester
(L-NAME). This was prevented by the NO precursor, L-arginine and the NO donating compound,
isosorbide-5-mononitrate (IMN).
3 Nitric oxide synthase activity was stimulated in gut tissue from rats given magnesium sulphate and
this was inhibited by L-NAME. Dexamethasone (1 mg kg-', i.p.), an inhibitor of inducible NO synthase,
had no effect on magnesium sulphate-induced diarrhoea.
4 Magnesium sulphate stimulated fluid and electrolyte accumulation in the intestinal lumen; these
effects were prevented by L-NAME but not D-NAME.
5 Gastrointestinal transit of a non-absorbable marker (charcoal suspension) was increased by oral
magnesium sulphate from a mean value of 54.1% to 72.9% (P<0.01), and this was prevented by
pretreatment with L-NAME.
6 The results demonstrate that oral magnesium sulphate produces diarrhoea in rats by increasing the
accumulation of fluid in the intestinal lumen and enhancing flow from the proximal to distal intestine.
The mechanism involves release of NO, probably through stimulation of the constitutive form of NO
synthase. Whether or not the effects of magnesium sulphate are due to an osmotic action or an intrinsic
effect of the magnesium or sulphate ions cannot be determined from these experiments.

Keywords: Magnesium sulphate; laxatives; nitric oxide; intestinal secretion; gastrointestinal transit

Introduction

Pharmacological studies on the laxative action of magnesium
sulphate are reported (Wood, 1908) to have been done over
100 years ago. The early studies attributed the action of this
saline laxative to the osmotic activity of the constituent ions
in the intestinal lumen. However, measurement of water
absorption from in situ intestinal loops prepared in cats was
impaired by an isotonic solution of magnesium sulphate
(Lium & Florey, 1939), suggesting that the magnesium or
sulphate ions have an action on the bowel that is indepen-
dent of an osmotic effect. Harvey & Read (1973) presented
arguments to support the idea that the laxative effect of
magnesium sulphate is not due simply to osmotic effects, but
involves the release of cholecystokinin (CCK).

Whilst the proposal that the laxative effect of magnesium
sulphate could be due to the release of a hormone such as
CCK is not universally accepted, perfusion of magnesium
ions as part of an isosmotic solution into the duodenum of
man evoked a moderate stimulatory effect on CCK release
(Malagelada et al., 1978). CCK is an intestinal secretagogue
in rats (Hubel, 1972), guinea-pigs (Kachur et al., 1991), dogs
(Bussjaeger & Johnson, 1973) and man (Moritz et al., 1973).
In the human jejunum, isotonic magnesium sulphate induced
net fluid secretion and increased transit through the small
intestine (Wanitschke & Ammon, 1976). In an in vivo animal
model, others confirmed that an isotonic magnesium sulphate
solution produces secretion, possibly through changes in
intracellular calcium (Reichelderfer et al., 1979).

Because the laxative action of magnesium sulphate (wheth-
er isotonic or hypertonic) might be due to the release of
other mediators, we considered the involvement of nitric

oxide (NO). NO is an apparent mediator of the action of
other laxatives (Mascolo et al., 1993; 1994; Gaginella, per-
sonal communication). NO is an intestinal secretagogue
(Tamai & Gaginella, 1994) and it relaxes intestinal smooth
muscle (Boeckxstaens et al., 1993; Grider, 1993; Stark et al.,
1993). This muscle relaxant effect is likely to enhance intes-
tinal transit and contribute to a laxative/diarrhoeal effect
(Gullikson & Bass, 1984).

Methods

Animals

Male Wistar (Morini) rats (150-170g) were used after a
week of acclimatization to their housing conditions (tempera-
ture 23 ± 2C; humidity 60%). Food was withheld 18 h
before experiments but there was free access to drinking
water. Each rat was placed in a separate cage at the beginn-
ing of the experiment.

Laxative (diarrhoeal) test

Rats were injected intraperitoneally with Nc-nitro-L-arginine
methyl ester (L-NAME, 2.5-25mgkg-'), or D-NAME (25
mg kg-') 15 min before and 3 h after oral dosing with
magnesium sulphate or mannitol. L-Arginine (600 and
1500mgkg-', i.p.) was given 15min before, the NO donor
isosorbide-5-mononitrate (IMN, 30-120mgkg'1, orally) 30
min before plus 3 h after, and the glucocorticoid, dexa-
methasone (1 mg kg-', i.p.) 2 h before the laxatives were
given.
One hour after dosing with the laxatives and each hour for

8 h, the individual rat cages were inspected (by an observer
unaware of the particular treatment) for the presence of

' Present address: Aphton Corporation, P.O. Box 1049, Woodland,
CA 95776, U.S.A.
2 Author for correspondence.

'." Macmillan Press Ltd, 1994
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unformed water faecal pellets; their absence was recorded as
a positive result, indicating protection from diarrhoea at that
time.

Water and electrolyte secretion

Four and one-half hours after dosing with magnesium sul-
phate or mannitol, the rats were anaesthetized with urethane
(1.3 g kg-', i.p.). The colon was rinsed carefully with sterile
0.9% (w/v) NaCI solution (370C) to remove the bowel con-
tents. After 30 min, the colon was ligated after filling with
2.5 ml sterile Tyrode solution consisting of (in g -'): NaCl
8.00, KCI 0.20, NaH2PO4 7H2O 0.05, MgSO4-7H2O 0.05, D-
glucose *H20 1.0, NaHCO3 1.00 and CaCl2 *H2O 0.26. One
hour later, the animals were killed and the colon was quickly
removed. Net water transport was calculated from the
volume of the fluid content of the colon minus the 2.5 ml of
the solution used to fill the colon.

Electrolyte content was analysed in the supernatant (after
centrifugation) by high performance liquid chromatography
(h.p.l.c.) utilizing a conductivity detector (Poole & Shuette,
1984). Net transport was calculated by difference (Van
Hoestenberghe et al., 1992). L-NAME (25 mg kg', i.p.) or
D-NAME (at the same dose, i.p.) was given 15 min before
and 3 h after laxative challenge.

Gastrointestinal transit

Magnesium sulphate or mannitol, at the same doses used in
the diarrhoea and fluid transport protocols, was administered
orally 2 h before the oral administration of 1 ml of a transit
marker (10% charcoal suspension in 5% gum arabic). After
30 min, the rats were killed and the gastrointestinal tract was
removed. The distance travelled by the marker was measured
and expressed as a percentage of the total length of the
intestine from the pylorus to caecum. A dose of 25 mg kg-'
of L-NAME or D-NAME was administered i.p. 30 min
before oral administration of laxatives. Control rats received
water.

Statistics

The Chi-Squared test was used to determine the significance
between groups with or without diarrhoea. Intestinal fluid
volume, electrolyte secretion and small intestinal transit were
expressed as mean ± s.e. and compared by One-way Analysis
of Variance (ANOVA) followed by Duncan's New Multiple-
Range Test and Student's t test respectively. A P value less
than 0.05 was considered significant.

Results

Diarrhoea

Diarrhoea occurred in the magnesium sulphate-treated group
of rats from 3-8 h and from 2-8 h in the mannitol-treated
group; dexamethasone (an inhibitor of inducible nitric oxide
synthase) had no effect on either of these laxatives (Table 1).
Four hours after administration of the laxatives and for the
next 4 h, diarrhoea was evident in all the animals. L-NAME
dose-dependently delayed the onset of diarrhoea to both
drugs and reduced the total number of animals with diarr-
hoea over the time frame studied (Figure 1). The 25 mg kg-'
dose significantly (P <0.05) reduced the incidence of diarr-
hoea from 4-8 h after magnesium sulphate. L-Arginine
(1500mg kg- ) reversed the effect of 25mg kg-' L-NAME

Table 1 Effect of dexamethasone (1 mg kg-', i.p., 2 h
before laxative challenge) on the diarrhoea induced by
magnesium sulphate (2gkg-') and mannitol (10gkg-')

Laxative
(oral)

Magnesium sulphate
+ Dexamethasone
Mannitol
+ Dexamethasone

Number of rats (12) with diarrhoea
at different times

1 2 3 4 5 6 7 8 (h)

O O 2 8 12 12 12 12
0 0 1 9 12 12 12 12
0 2 6 10 12 12 12 12
0 3 5 9 1 1 12 12 12

NO synthase assay

The activity of NO synthase in colonic tissue from control
animals and those treated with magnesium sulphate and
mannitol, some of which were treated with L-NAME or

dexamethasone, was assessed. Five hours after giving the
laxatives the animals were anaesthetized and killed. Full
thickness segments of the colon (0.5 g) were homogenized for
20 s on ice in 2.5 ml of a buffer containing sucrose (0.32 M),
dithiothreitol (1 mM), soybean trypsin inhibitor (10 yg ml-').
The homogenates were centrifuged at 10,000 g for 5 min
(5°C) and the supernatant processed for colorimetric deter-
mination of citrulline as described by Boyde & Rahmatullah
(1980). In brief, 0.1 ml of supernatant was added to 3 ml of
chromogenic solution, vortexed for 30 s and boiled at 100C
for 5 min. Colorimetric readings were made at room
temperature, measuring the absorbance at 530 nm. Citrulline
standard was determined simultaneously with the samples.
The NO synthase activity was expressed as nmol g-' tissue.

Chemicals

L-NAME hydrochloride, magnesium sulphate, mannitol, cit-
rulline, dithiothreitol, soybean trypsin inhibitor and dex-
amethasone were purchased from Sigma Chemical Co.
(Milan, Italy); Isosorbide-5-mononitrate, and D-NAME came

from Astra and RBI respectively (Milan, Italy). These com-

pounds were dissolved in saline before being used except for
IMN, which was suspended in 1% carboxymethylcellulose.
All chemicals used for the Tyrode and other solutions were

of the highest purity available, from commercial sources.

Results were analysed by the Chi-squared test. There were
no significant effects of dexamethasone on any of the
laxatives.
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Figure 1 Inhibitory effect of NG-nitro-L-arginine methyl ester (L-
NAME) (2.5-25 mg kg-') on the percentage of rats (out of 12) with
diarrhoea at various times after oral magnesium sulphate (2 mg kg-',
0). The L-NAME was given (i.p.) 15 min before and 3 h after the
laxative: L-NAME, 2.5mg kg-' (0); 10mg kg-' (V) and 25 mg
kg-' (V). Asterisks indicate significance compared to control (lax-
ative only) at *P<0.05, **P<0.01 and ***P<0.001 by the Chi
squared test.
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on the magnesium sulphate-induced diarrhoea (Figure 2).
L-Arginine (1500mgkg-') itself did not modify the diarr-
hoeal effect nor did D-NAME (25mgkg-'), inhibit the res-
ponse (data not shown). The NO donating compound IMN
prevented the inhibitory effect of L-NAME in rats with
magnesium sulphate-induced diarrhoea (Table 2).

Secretion

Magnesium sulphate produced fluid secretion into the intes-
tinal loops. This was reversed by L-NAME but unaffected by

0

60-

40-

20
20

0 1 2 3 4 5 6 7 8
Time (h)

Figure 2 Reversal by L-arginine (600, V, and 1500 mg kg-',
i.p.) of the inhibitory effect of N0-nitro-L-arginine methyl ester (L-
NAME, 25 mg kg-', i.p., 0) on diarrhoea in animals (n = 12) dosed
orally with magnesium sulphate (2 mg kg- , 0). The L-NAME alone
was given 15 min before and 3 h after the laxative, while L-arginine
was given (i.p.) only 15 min before the laxative. *P<0.05 and
**P<0.01 compared to control (laxative only) by the Chi Squared
test.

Table 2 Reversal of the antidiarrhoeal effect of
NG-nitro-L-arginine methyl ester (L-NAME) on magnesium
sulphate (2 g kg-', p.o.) by isosorbide-5-mononitrate (IMN)

Number of rats
with diarrhoea

(n = 12)Treatment

Magnesium sulphate
+ L-NAME
+ L-NAME + IMN
+ L-NAME + IMN
+ L-NAME + IMN

12
2
5
9
10*

% reversion

30
70
80

Results were analysed by the Chi squared test.
*P<0.05 vs corresponding laxative + L-NAME.
Magnesium sulphate was given orally. L-NAME and IMN
were given twice i.p. 15 min before and 3 h after laxative
challenge. Diarrhoea was assessed at 4 h.

Table 3 Effect of N0-nitro-L-arginine methyl ester (L-NAME,
sulphate and mannitol-induced water flux in the ligated rat col

D-NAME (Table 3); L-NAME and D-NAME had no effect
on the mannitol response. Likewise, L-NAME inhibited the
magnesium sulphate but not the mannitol-induced electrolyte
secretion (Table 4).

NO synthase activity

Magnesium sulphate significantly stimulated nitric oxide syn-
thase activity and this was inhibited by L-NAME (25mg
kg- ') (Figure 3). Mannitol was not tested for this effect
because neither fluid nor electrolyte secretion were affected
by L-NAME.

Gastrointestinal transit

The gastrointestinal transit of charcoal was increased from
54.1 ± 2.1% (n = 12) of the total length of intestine (control
group) to 72.9 ± 2.0% (magnesium sulphate group) (P<
0.01). L-NAME (25 mg kg-' twice) had no effect (48.2 +
2.2%) on the control response and prevented (P <0.05) the
magnesium sulphate effect (58.2 ± 2.3% transit compared to
to the 72.9% for the laxative).

Discussion

Our results support previous suggestions (Harvey & Read,
1973; Stewart et al., 1975; Wanitschke & Ammon, 1976) that
magnesium sulphate produces a laxative effect through a
mechanism that is not solely due to an osmotic gradient. We
used mannitol as an osmotic control for the magnesium
sulphate. Assuming an animal weight of 150 g and dilution in
10 ml of gastrointestinal fluid, magnesium sulphate and
mannitol at the doses used here would yield intraluminal
concentrations of approximately 570 and 825 milliosmolar,
respectively. Even though mannitol represented nearly 1.5
times more osmotic equivalents than magnesium sulphate
and both agents produced diarrhoea, only the effects of
magnesium sulphate were influenced by modulating the
generation of NO. These findings suggest that NO probably
serves as an intermediate in the laxative action of magnesium
sulphate. This does not exclude the possibility that other,
perhaps osmotic factors, also contribute to its mechanism of
action.
Dexamethasone, a glucocorticoid that inhibits the induci-

ble form of NO synthase (see Moncada et al., 1991), failed to
inhibit diarrhoea after dosing with magnesium sulphate or
mannitol, but L-NAME (a competitive inhibitor of consti-
tutive and inducible NO synthases) dose-dependently antago-
nized the diarrhoeal effect of magnesium sulphate. Assay of
NO synthase confirmed that magnesium sulphate stimulated
NO synthase activity in the intestine and that L-NAME can
block this effect. The NO synthesis precursor, L-arginine, and
the NO donating compound, IMN, both antagonized the
diarrhoeal effect of magnesium sulphate, providing additional
support for the involvement of NO. Taken together, the data
indicate that the NO release arises from magnesium and/or
sulphate activation of the constitutive, not the inducible form
of NO synthase.

25mg kg', i.p.) and D-NAME (25mg kg-', i.p.) on magnesium

Treatment

Control'
Magnesium sulphate
Mannitol

Saline

- 1.08 ± 0.08
0.17 i O.lOb
0.16 ± 0.07

Net fluid accumulation (ml)
L-NAME

- 1.00 ± 0.07
- 0.75 ± 0.04c

0.17 ± 0.10

'Results are expressed as mean ± s.e. for 6-8 experiments. The colon was rinsed with 2 ml saline solution. A negative value represents
net absorption and a positive value net secretion.
bP<O0.I vs control.
cP<0.001 vs corresponding laxative + saline group.

D-NAME

- 1.10±0.07
0.14 ± 0.07
0.14 ±0.09
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Table 4 Effect of NG-nitro-L-arginine methyl ester (L-NAME, 25 mg kg-', i.p.) on electrolyte movements in response to laxatives in
the rat ligated colon

Net electrolyte transport (juEq)
Treatment Sodium Chloride Potassium

Control' - 202.4 14.6 -210.0 11.4 7.4 1.7
Magnesium sulphate 17.5 ± 12.2b 12.3 ± 10.5b 19.2 ± 1.9b
+ L-NAME - 170.2 16.5c - 179.1 ± 11.3c 10.1 2.9c
Mannitol - 10.2 ± 10.5b - 20.1 ± 14.2b 12.2 ± 10.5b
+L-NAME - 5.2 12.3 - 12.3±16.5 9.3±2.2

'Results are expressed as mean ± s.e. for 6-8 experiments. A negative value represents net absorption and a positive value net
secretion. L-NAME was administered 15 min before and 3 h after laxatives challenge.
bp<0.001 vs control.
'P< 0.01 vs magnesium sulphate.

5 -

44

C0

0,

Basal Magnesium
sulphate

Figure 3 Effect of magnesium sulphate on nitric oxide synthase
(NOS) activity under control conditions (open column) and after
pretreatment (i.p.) with NG-nitro-L-arginine methyl ester (L-NAME)
(25 mg kg-', hatched column). Columns are means with s.e. (n=
6-8). *P<0.01 compared to control by Duncan's test.

The laxative response to magnesium sulphate results from
effects on gut smooth muscle (enhancement of transit) and
mucosal electrolyte transport (Gullikson & Bass, 1984;
Stewart et al., 1975). The inhibition of electrolyte absorption
or stimulation of secretion causes the accumulation of fluid
in the gut lumen, which is what we observed in the present

experiments. Consistent with the results of the experiments
on diarrhoea, L-NAME reversed the effect of magnesium
sulphate but not mannitol on electrolyte transport and
luminal fluid accumulation. Furthermore, the effect was
enantiomer-specific because D-NAME was inactive.
We also found that magnesium sulphate increased the

transit of a non-absorbable marker through the gut. L-
NAME attenuated the enhanced transit, implicating NO in
this effect. Relaxation of colonic circular smooth muscle
reduces resistance to flow and promotes movement of
material through the intestine (Gullikson & Bass, 1984). Such
an effect would explain the reversal of the constipation due
to morphine by L-arginine in the mouse (Calignano et al.,
1991); a reduction in the force of contraction of ileal and
colonic circular muscle in dogs has been reported (Stewart et
al., 1975). NO also relaxes small intestinal and colonic cir-
cular smooth muscle (Boeckxstaens et al., 1993; Stark et al.,
1993) and also seems to be involved in relaxation of the gut
during the peristaltic reflex (Grider, 1993). In the latter case,
vasoactive intestinal peptide (VIP) is postulated to interact
with NO, whereby VIP stimulates the influx of calcium into
muscle cells and activates constitutive NO synthase, liber-
ating NO as the agonist of relaxation (Murthy et al., 1993).
We have no evidence for the involvement of VIP in the
responses to magnesium sulphate in the present study but we
cannot rule out this possibility, as VIP is not only a smooth
muscle relaxant but also a potent intestinal secretatogue and
diarrhoeagenic peptide (Gaginella et al., 1982).

This study was supported by CNR (Rome) and Murst 60%.
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Ca2+ release induced by myotoxin a, a radio-labellable probe
having novel Ca2 + release properties in sarcoplasmic reticulum

'Ken-Ichi Furukawa, Kaori Funayama, Masamichi Ohkura, Yoshiteru Oshima,
*Anthony T. Tu & Yasushi Ohizumi

Department of Pharmaceutical Molecular Biology, Pharmaceutical Institute Tohoku University, Aobayama, Sendai 980, Japan
and *Department of Biochemistry, Colorado State University, Colorado 80523, U.S.A.

1 Myotoxin a (MYTX), a polypeptide toxin purified from the venom of prairie rattlesnakes (Crotalus
viridis viridis) induced Ca2+ release from the heavy fraction (HSR) but not the light fraction of skeletal
sarcoplasmic reticulum at concentrations higher than 1 pM, followed by spontaneous Ca2+ reuptake by
measuring extravesicular Ca2+ concentrations using the Ca2+ electrode.
2 The rate of 45Ca2+ release from HSR vesicles was markedly accelerated by MYTX in a

concentration-dependent manner in the range of concentrations between 30 nM and 10 JM, indicating
the most potent Ca2+ releaser in HSR.
3 The Ca2+ dependency of MYTX-induced 45Ca2+ release has a bell-shaped profile but it was quite
different from that of caffeine, an inducer of Ca2'-induced Ca2+ release.
4 45Ca2' release induced by MYTX was remarkable in the range of pCa between 8 and 3, whereas that
by caffeine was prominent in the range of pCa, i.e., between 7 and 5.5.
5 MYTX-induced 45Ca2+ release consists of both early and late components. The early component
caused by MYTX at low concentrations (30-300 nM) completed within 20 s, while the late component
induced by it at higher concentrations (>0.3fJM) was maintained for at least min.
6 Both the components were almost completely inhibited by inhibitors of Ca2+ release such as Mg2+,
ruthenium red and spermine.
7 45Ca2+ release induced by caffeine or P,-methyleneadenosine 5'-triphosphate (AMP-PCP) was com-

pletely inhibited by high concentrations of procaine. Procaine abolished the early component but not the
late one, suggesting that at least the early component is mediated through Ca2+-induced Ca2+ release
channels.
8 On the basis of these results, the character of Ca2+ release induced by MYTX was quite different
from that caused by caffeine or AMP-PCP, suggesting that MYTX induces Ca2+ release having novel
properties in HSR. MYTX is the first polypeptide Ca2+ inducer and has become a useful phar-
macological tool for clarifying the mechanism of Ca2+ release from skeletal muscle SR.

Keywords: Myotoxin a; skeletal muscle; sarcoplasmic reticulum; Ca2+ release; caffeine; procaine; excitation-contraction coupl-
ing

Introduction

The contractile state of skeletal muscle is determined by the
intracellular Ca2" concentration ([Ca2+]i) (Ruegg, 1986).
Muscle cells maintain a high gradient of Ca2" across not
only the plasma membrane but also the sarcoplasmic retic-
ulum membrane (SR) (Endo, 1977; Martonosi, 1984). SR has
an ATP-dependent Ca2+ pump that accumulates Ca2+ into
its lumen to reduce [Ca2+]i below 0.1ILM and to maintain the
Ca2+ gradient (Ebashi, 1991). It has been generally accepted
that excitation of the plasma membrane evokes the depolar-
ization of the transverse tubular membrane that leads to
Ca2+ release from SR through a putative Ca2" release chan-
nel (Schneider, 1981; Block et al., 1988). This is a major
process in excitation-contraction coupling. One possible can-
didate for the machinery of the physiological process is the
Ca2+-induced Ca2+ release channels that have been recently
purified by using the plant alkaloid ryanodine, as a bio-
chemical probe and extensively characterized (Hymel et al.,
1988; Smith et al., 1988; Lai et al., 1988; Saito et al., 1988;
Wagenknecht et al., 1989). Application of specific drugs that
affect the Ca2` releasing mechanism is a useful approach to
achieve a better understanding of the molecular mechanism
of this release. Ryanodine (McPherson & Campbell, 1993)
and 9-methyl-7-bromoeudistomin D (MBED), the most
powerful caffeine-like Ca2+ releaser (Seino et al., 1991; Fang
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et al., 1993) have provided us with useful information. How-
ever, little information has accumulated about the physio-
logical mechanism of the signal transduction between the
transverse tubular system and SR (Schneider & Chandler,
1973; Schneider, 1981).
Myotoxin a (MYTX) purified from the venom of prairie

rattlesnakes (Crotalus viridis) is a muscle toxic polypeptide
composed of 42 amino acids (Fox et al., 1979). Electron
microscopic study has revealed that MYTX causes muscle
degeneration and disturbance of the endoplasmic reticulum
and muscle filaments (Cameron & Tu, 1977). In the course of
our survey of natural products having Ca2+ releasing activity
in SR, we have found that MYTX is the most powerful Ca2+
releaser known having novel pharmacological properties; the
radio-labelled compound can be synthesized. This paper
reports the detailed evidence that MYTX causes Ca2+ release
from skeletal muscle SR. MYTX may provide a pharma-
cologically useful tool for resolving the molecular mechanism
of Ca2+ release from SR.

Methods

Purification ofMYTX

Myotoxin a (MYTX) was purified as described previously
(Cameron & Tu, 1977). Crude prairie rattlesnake venom (1 g)

%17" Macmillan Press Ltd, 1994
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was dissolved in 5-6 ml of an elution buffer consisting of
0.05 M Tris, pH 9.0, at 22°C, containing 0.1 M KCI. This was
applied to a Sephadex G-50 gel filtration column (4 x 115
cm) equilibrated with the elution buffer. Fractions of 5 ml
were collected at a flow rate of 0.5 ml min-'. Absorbance of
each fraction at 280 nm was monitored on a Shimazu UV-
260 spectrometer. Appropriate tubes were pooled, and an
aliquot of each fraction was used for protein determination
by the method of Lowry et al. (1951). The Sephadex G-50
fractions were Iyophilized. The Iyophilized fraction was dis-
solved in about 4 ml of the Sephadex G-50 elution buffer,
and was applied to a Sephadex C-25 cation-exchange column
(1.6 x 15 cm) equilibrated with the same elution buffer. After
washing the column, elution was then performed with a
three-step KCI salt gradient in the 0.05 M Tris buffer. Five-ml
fractions were collected, and the absorbance of each fraction
at 280 nm was measured. Appropriate tubes were pooled and
were dialyzed and Iyophilized.

Preparation ofSR vesicles from skeletal muscle

The heavy fraction of fragmented SR (HSR) was prepared
from rabbit skeletal muscle by the method of Kim et al.
(1983). Rabbits were stunned and exsanguinated. White mus-
cle was homogenized in five volumes of 5 mM Tris-maleate
(pH 7.0) and centrifuged at 5,000 g for 5 min. The super-
natant was further centrifuged at 12,000 g for 30 min. The
pellet was suspended in a solution containing 0.1 M KCI and
5 mM Tris-maleate and centrifuged at 70,000 g for 40 min.
The HSR obtained was stored in the same solution at 0C
and used within 4 days.

Ca2+ electrode experiments

The concentration of extravesicular Ca2" in the SR suspen-
sion was measured at 30'C with a Ca2` electrode as des-
cribed previously (Seino et al., 1991). The Ca2` electrode
showed a Nernstian response (slope, 27-29 mV/pCa unit) in
the calibration buffer containing Ca2+-EGTA between pCa
decreased from 6 to 4. The assay solution (final volume,
1 ml) contained 0.05 mM CaC12, 90 mM KCI, 0.25 mM MgCl2,
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Figure 1 Ca2l release induced by MYTX from skeletal muscle
HSR. The concentrations of extravesicular Ca2l were monitored at
30°C with a Ca2l electrode in the assay solution containing 0.05 mM
CaC12, 90 mM KCI, 0.25 mM MgCI2, 50 mM MOPS-Tris (pH 7.0),
1 mg ml-' of HSR, 5 mM creatine phosphate (CP), 0.13 mg ml-I of
creatine kinase (CK) and 0.5 mM (CK) and 0.5 mM ATP. At the
beginning of each experiment, 0.01 mM CaCl2 was added five time
stepwise as the internal standard. The reaction of Ca2+ uptake was

startecw by a simultaneous addition of CK and ATP. Vertical calibra-
tion bars indicate responses for voltage change (10 mV) correspond-
ing to 0.5 pCa unit. In (b) to (d), the traces are those only after the
addition of ATP; (a) 1 mM caffeine; (b) 1 JM MYTX; (c) 2 JM

ruthenium red (RR) plus 10 gM MYTX and 5 mM caffeine; (d) 4 mM
MgCl2 plus 10 JM MYTX and 5 mM caffeine. For abbreviations in
this and other legends, please see text.

Time (s)
Figure 2 Stimulatory effect of MYTX on the 45Ca2l from skeletal
muscle HSR at difference Ca2l concentrations. The 45Ca2+ content in
HSR vesicles was measured at Oc by the Millipore filtration method
after 100 fold dilution of passively 45Ca2+-preloaded HSR into a
medium containing 90 mm KCI, 0.4 mM CaCl2 with various concen-
trations of EGTA and 50 mM MOPS-KOH (pH 7.0) in the presence
or absence of various concentrations of test substance. The initial
content of 45Ca2+ in HSR was obtained by adding the HSR suspen-
sion into the reaction medium containing 90 mM KCI, 5 mM MgCl2,
5 mM LaCI3, and 50mM MOPS (pH 7.0). Free Ca2+ concentration
was maintained with Ca-EGTA buffer. Values are mean with
s.e.mean. (n = 3-4). (a) pCA 7; (b) pCa 6; (c) pCa 4. The concentra-
tions of MYTX were 0 nM (0), 30 nM (0), 100 nm (X), I gAM (A),
and 10;JM (*).
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50 mM MOPS-Tris (pH 7.0), 1 mg ml1' of HSR, 5 mM a
creatine phosphate, 0.13 mg ml' of creatine kinase and
0.5 mM ATP. The reaction of Ca2" uptake was started by the
simultaneous addition of creatine kinase and ATP.

15

45Ca2' release experiments

45Ca2+ release from HSR passively preloaded with 45Ca2` was
measured at 00C as described previously (Nakamura et al.,

1

1986; Kobayashi et al., 1987) with slight modification. After 10
12-h preincubation of 20 mg ml- I HSR with 5 mM 45Ca2+ in
a solution containing 90mM KCI and 50mM MOPS-KOH
(pH 7.0) at 0C, the HSR suspension was diluted with 100
volumes of an ice-cold reaction medium containing, 0.4 mM
CaCl2 with various concentrations of EGTA, 90mM KCI 5
and 50 mM MOPS-KOH (pH 7.0). For measurement of the
amount of 45Ca2' in HSR at time 0 the HSR suspension was
diluted with the reaction medium containing 5 mM LaC13. At
an appropriate time, 5 mM LaCl3 was added to stop 45Ca2+.
The reaction mixture was then filtered through Millipore 0'
filter (HAWP type, 0.45 g1m pore size), and washed with 5 ml 7 6 5
of a solution containing 5 mM LaC13, 5 mM MgC12, 90 mM
KCl and 50 mM MOPS-KOH (pH 7.0). The amount of b
45Ca2+ remaining in the HSR vesicles was measured by coun-
ting the radioactivity on the washed filters.

15
[3H]-ryanodine binding assay 0

[3~~~~~~~~~~~~~~~~~~~~~~~~~~~0[3H]-ryanodine binding was examined as described previously
(Inui et al., 1987) with modification. HSR was incubated E
with 10 nM [3H]-ryanodine at 37°C for 1 h in a solution E

-
containing 0.3 M sucrose, 1 M NaCl, 10 gM CaC12, 2 mM E
DTT, 0.1 mM p-APMSF and 20 mM Tris-HCI (pH 7.4). The C

amount of [3H]-ryanodine bound was determined by mem- C4

brane filtration through Whatman filters (GF/B). Nonspecific
binding was determined in the presence of 10 M unlabelled '-
ryanodine. Ca

C.)

Measurement of (Ca2+-Mg2+)A TPase activity

(Ca2+-Mg2+)ATPase reaction was carried out at 37'C in a 0
medium of 0.1 M KCI, 20 mM Tris-maleate, pH 7.5, 2 mM O 7 6 5
MgCI2, and 2 mM ATP. ATPase activity was determined
from the amount of phosphate liberated, which was mea- c
sured by the method of Chan et al. (1986).

Free Ca2+ concentration
15

Free Ca2+ concentration was maintained by using Ca2+-
EGTA buffer (0.2 mM CaCl2 plus various concentrations of

8a80 10

6O 60

E
0

~40 -40
Cal

+ 20 20

o
0 7 6 5

C8 7 6 5 43 08 ~~~~~~~~~~~~~-Iog[MYTXJ(M)
8 8 7 6 5 4 3

pCa (M) pCa (M) Figure 4 Concentration-dependent acceleration of 43Ca2+ release
from skeletal muscle HSR by MYTX. 45Ca2+ release was measured

Figure 3 Effect of free Ca2l concentrations on 45Ca2+ release at pCa 7 (a), 6 (b) and 4 (c). Experimental protocols were the same
induced by several drugs from skeletal muscle HSR. 45Ca2" release as those described in Figure 2. "Ca2l release was carried out using
from HSR for 5 s (a) and I min (b) was measured. Experimental HSR vesicles during 5s (0) and 1 min (0) after dilution in the
protocols were similar to those described in Figure 2. Values are absence (control) or presence (experimental condition) of MYTX (up
mean with s.e.mean. (n = 4). Control (0); 1 pM MYTX (0); 1 mm to 10 pM). The difference between control and experimental condi-
caffeine (-); 100 pM AMP-PCP (A). tions is plotted. Values are mean with s.e.mean. (n = 3-4).
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EGTA). The free Ca2l was estimated using a microcomputer
programme taking into account the binding constant for
Ca-EGTA, pH, and the concentrations of K+, Mg2", and
nucleotides present (Sillen & Martell, 1964; 1971).

Materials

The sources of materials used in this work were as follows:
crude venom of prairie rattlesnake from Miami Serpentarium
Laboratories; procaine HCI and AMP-PCP from Sigma;
ryanodine from S.B. Penick Company; 45CaCI2 (0.70 Ci
mmol-') and [3H]-ryanodine (60Cimmol-1) from Du-Pont
New England Nuclear; MBED was prepared by the method
described previously (Kobayashi et al., 1988). All other
chemicals were of analytical grade.

Results

Ca2l release experiments with a Ca2+ electrode

The effect of MYTX on the Ca2+-mobilizing activity of SR
can be visualized clearly by monitoring extravesicular Ca2+
concentrations of HSR directly with a Ca2' electrode
(Nakamura et al., 1986; Seino et al., 1991). When the Ca2+
concentration was reduced to submicromolar levels, the ap-
parent Ca2+ uptake slowed. As shown in Figure 1, the addi-
tion of 1 mM caffeine or 1 gAM MYTX to Ca2'-filled HSR
caused an immediate Ca2' release followed by a Ca2+ reup-
take. The rate of Ca2+ reuptake was almost the same as that
before the addition of caffeine or MYTX. Pretreatment of
HSR with 2 tiM ruthenium red (Figure Ic) or 4mM MgCl2
(Figure ld) blocked the effect of 1OJM MYTX and 5 mM
caffeine. In the light fraction of SR (LSR), however, neither
MYTX (0.1-10gM) nor caffeine (0.5-5mM) caused Ca2+
release (data not shown).

45Ca2+ releasefrom HSR

Effects of MYTX on 45Ca2+ release from HSR were inves-
tigated by the Millipore filtration method. Figure 2 shows the
time courses of change in the 45Ca2+ content in HSR evoked
by various concentrations of MYTX at three different free
Ca2+ concentrations. 45Ca2+ release was markedly accelerated
by MYTX, in a concentration-dependent manner at any pCa
used. MYTX at concentrations of 30 nM or more caused the
acceleration of Ca2+ release and this release was completed
within 20 s at pCa 7 and pCa 4. 45Ca2+ release stimulated by
MYTX at concentrations higher than 1 JAM maintained at
least for 1 min. The Ca2+ dependency of 45Ca release induced
by MYTX, caffeine and AMP-PCP has a bell-shaped profile
(Figure 3). 45Ca2+ release was stimulated remarkably by
MYTX and AMP-PCP in the wider range of pCa between 8
and 3, whereas that induced by caffeine was accelerated in
the range of pCa, i.e., between 7 and 5.5. Figure 4 shows the
concentration-response curve for MYTX in 45Ca2+ release
during 5s and 1 min. MYTX caused a concentration-
dependent increase in 45Ca2+ release at concentrations higher
than 30 nM. The first saturation was observed at concentra-
tions around 0.1 M. When the concentration of MYTX was
further increased, the 45Ca2+ release activity increased again
and reached the maximum response to MYTX at 10 JM. The
effects of various inhibitors on 45Ca2+ release induced by

-

2

-log[Ruthenium red] (M)

Figure 5 Effects of representative inhibitors for Ca2l-induced Ca2l
release on 45Ca2+ release induced by MYTX from skeletal muscle
HSR. Concentration-dependent effects of free Mg2+ (a), procaine (b),
ruthenium red (c) and spermine (d) on MYTX-induced Ca2+ release
was investigated. Data are expressed as difference between 45Ca2+
release in the presence or absence of MYTX. Experimental protocols
were the same as those described in Figure 2. Values are mean with
s.e.mean. (n = 3-4). 100 nM MYTX (0); 10 jiM MYTX (@).
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MYTX at concentrations of 100 nM and 1O JM were inves-
tigated. Figure 5a shows the effects of Mg2" on 45Ca2+
release triggered by MYTX. 45Ca2+ release caused by MYTX

at two concentrations was nearly completely inhibited by
Mg2+ in a concentration-dependent manner. Each IC50 value
for Mg2" was approximately 100 JIM. 45Ca2+ release induced
by caffeine or AMP-PCP from HSR was completely inhibited
by procaine at a high concentration of 1OmM. As shown in
Figure 5b, 45Ca2" release stimulated by 100 nM MYTX was

completely inhibited by procaine (10 mM), whereas that
stimulated by 10 JM MYTX was only partly inhibited.
Ruthenium red caused a concentration-dependent inhibition
of 45Ca2+ release induced by MYTX at 100 nM and 1O JM
with each IC50 value of about 0.1 I M (Figure 5c). 45Ca2+
release caused by MYTX at 100 nM was completely inhibited
by spermine at concentrations higher than 10 JIM (Figure Sd).
However, the effect of spermine on the release caused by
10 JIM MYTX was complex. The release was potentiated by
spermine at concentrations between 3 and 30 JM, whereas
release was inhibited by spermine at concentrations higher
than 100 JIM in a concentration-dependent manner. Figure 6
shows the interrelations among the 45Ca2+ releasing activities
of MYTX, MBED and AMP-PCP at pCa 8. MYTX and
MBED caused the maximum increase in 45Ca2+ release at
1O JM. The additional application of AMP-PCP (0.1 mM)
further increased the maximum response of 45Ca2+ release to
MYTX and MBED (Figure 6b and c). Furthermore, 45Ca2+-
releasing effects of MYTX and MBED are additive, suggest-
ing that each drug potentiates 45Ca2+ release from HSR
through binding to the different binding sites.

[3H]-ryanodine binding to HSR

[3H]-ryanodine binding to the HSR membrane was examined
in the presence of unlabelled ryanodine or MYTX. MYTX
(up to 10 IM) did not affect [3H]-ryanodine binding to HSR,
although the binding of [3H]-ryanodine was inhibited by
unlabelled ryanodine in a concentration-dependent manner
with the IC50 value of approximately 15 nM.

(Ca2+-Mg2j)A TPase activity ofHSR

Volpe et al. (1986) reported that MYTX inhibited Ca2+
loading and stimulated Ca2+-dependent ATPase of LSR
without affecting unidirectional Ca2+ release. But in HSR,
MYTX at concentrations up to 400 JIM did not exhibit
significant effect on the (Ca2+-Mg2+)ATPase activity (Figure
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Figure 6 Interrelations among the Ca2'-releasing activities of
MYTX, MBED and AMP-PCP. Experimental protocols were the
same as those described in Figure 2. Values are mean (n = 4).
Control (0); IOJIM MYTX (A); IOJIM MBED (-); 0.1 mm AMP-
PCP(*). (a), lOIM MYTX plus lOIM MBED (0). (b), 10tiM
MYTX plus 0.1 mM AMP-PCP (0). (c), 10 JIM MBED plus 0.1 mM
AMP-PCP (0).

Figure 7 Effects of MYTX on Ca2+-ATPase activity of skeletal
muscle HSR. HSR vesicles (0.1 mg ml') were incubated at 27C for
5 min with varying concentrations of MYTX and A23187 (4 JM). At
the end of incubation, ATPase activity was measured as described
under Methods. Results are the mean ± s.e. of three experiments and
are expressed as a percentage against control activity determined in
the absence of MYTX (control, 1040 ± 122 nmol Pi mg-' protein
min '; 40 JM MYTX, 178 ± 20 nmol Pi mg ' protein min '; 100 JM

MYTX, 1100 ± 118 nmol Pimg' protein min'; 400JIM MYTX,
848.5 ± 120 nmol Pi mg-' protein min-').

a
35 r

I..

D



238 K.-I. FURUKAWA et al.

7). The EC_0 value of MYTX for 45Ca2+ release was about
1 gM. In addition, MYTX did not cause 45Ca2+ release from
LSR (data not shown). In the 45Ca2'-release measurement,
therefore, the effect of MYTX on the (Ca2+-Mg2+)ATPase is
excluded.

Discussion

The Ca2'-induced Ca2+ release channels may be the machin-
ery of the physiological process in the excitation-contraction
coupling in skeletal muscle (Endo et al., 1979; Ford & Podol-
sky, 1970; Endo, 1977). The channels have been purified
using [3H]-ryanodine as a specific ligand (Inui et al., 1987;
Hymel et al., 1988; Wagenknecht et al., 1989). The functions
of Ca2+ release channels are inhibited by several inhibitors
such as procaine, Mg2+, ruthenium red and spermine (Pal-
ade, 1987; McPherson & Campbell, 1993). In the present
study, we found that MYTX accelerated 45Ca2+ release from
HSR in a concentration-dependent manner at concentrations
higher than 30 nM, making it the most potent inducer known
of Ca2+ release in SR. MYTX even at high concentrations
had no ionophoretic activity on the membrane of HSR
because the rate of Ca2+ reuptake after a rapid Ca2+ release
was almost the same as that before the addition of MYTX or
caffeine. MYTX had no effect on (Ca2+-Mg2+)ATPase even
at high concentrations up to 400 jM. The Ca2+ mobilizing
effect of MYTX were blocked by inhibitors of Ca2'-release
(Mg2', ruthenium red and spermine). These results suggest
that MYTX induces Ca2+ release by affecting Ca2+ release
channels in SR.

Procaine is a selective inhibitor (Endo, 1977) of Ca2+-
induced Ca2" release channels with an IC50 value of 1 mM
(Seino et al., 1991). Ca2+ release induced by potentiators of
Ca2'-induced Ca2' release such as caffeine and AMP-PCP
was abolished in the presence of procaine (10 mM), indicating
total block of Ca2'-induced Ca2+ release channels. 45Ca2+
release induced by 100 nM MYTX was completely inhibited
by 10 mM procaine (IC50, 0.91 mM), whereas that by 1O 1M
MYTX was only partially inhibited by it (IC50, 1.1 mM)
(Figure 5b). Therefore, 45Ca2+ release evoked by MYTX at
concentrations higher than 300 nm probably has two com-
ponents (Figure 2). These observations suggest that the early
component inhibited by procaine is due to Ca2" release
through the Ca2"-induced Ca2" release channels, while the
late one resistant to procaine possibly mediated through
Ca2` release channels with novel pharmacological properties.
However, we cannot exclude the possibility that procaine
cannot completely inhibit Ca2+-induced Ca2+ release induced
by a potent Ca2+ releaser. This needs further consideration.
The Ca2+ dependency of MYTX-induced 45Ca2+ release

has a bell-shaped profile, but its pattern is quite different
from that of caffeine (Bezprozvanny et al., 1991; Seino et al.,

1991). The affinity of Ca2" for the channels increased in the
presence of caffeine (the EC50 values of Ca2` for 45Ca2+
release in the absence and presence of I mM caffeine were
approximately 300 and 30 nM), whereas this was not changed
by MYTX. Although the Ca2` dependency of MYTX-induced
Ca2" release was rather similar to that of AMP-PCP, the
pharmacological properties of MYTX, including the procaine
sensitivity, were quite different from those of AMP-PCP.

It has been reported that the ryanodine receptor protein
consists of several ligand-binding domains, i.e. domains for
caffeine, adenine nucleotides, ryanodine and divalent cations
(Pessah et al., 1987). The maximum responses of 45Ca2+
release to AMP-PCP and MBED increased further in the
presence of MYTX. These data suggest that MYTX binds to
different sites from those of AMP-PCP and MBED/caffeine.
It has been reported that [3H]-ryanodine binds to Ca2+-
induced Ca2` release channels in an open state, this binding
being increased by binding of several potentiators of Ca2+-
induced Ca2+-release to the channels (Fleisher et al., 1985;
McPherson & Campbell, 1993). MYTX had no effect on
[3H]-ryanodine binding to HSR. Imperatoxins from the scor-
pion Pandinus imperator affected [3H]-ryanodine binding
(Valdivia et al., 1992) suggesting that their binding sites are
different from those of MYTX. Furthermore, the binding of
[1251]-MYTX to HSR was not affected by MBED/caffeine or
AMP-PCP (Ohkura et al., unpublished data). On the basis of
these observations, it is suggested that there are three pos-
sibilities, i.e., MYTX binds to (1) a novel binding site on
Ca2+-induced Ca2` release channels, (2) a regulatory protein
of Ca2+-induced Ca2` release channels, or (3) a novel type of
Ca2` release channels.
One of the great advantages of MYTX as a pharmaco-

logical probe is that this compound is a polypeptide and
'25I-labelled MYTX can be synthesized. We have recently
succeeded in the synthesis of '25I-labelled MYTX with a high
specific radioactivity (40-70 Ci mmol ') and in the demon-
stration of the presence of its specific binding site on HSR
(Ohkura et al., unpublished data). We also found that
MYTX caused Ca2+ release from SR of chemically skinned
fibres (Furukawa et al., unpublished data). MYTX is the first
polypeptide Ca2+ inducer in SR and has become a useful
pharmacological tool, not only clarifying the regulatory
mechanism of Ca2+ release channels but also purifying a
novel type of Ca2+ release channel or its regulatory protein.
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Sensitization by dexamethasone of lymphocyte cyclic AMP
formation: evidence for increased function of the adenylyl
cyclase catalyst
'Martin C. Michel, Jorg Knapp & Hanna Ratjen

Departments of Medicine and Pediatrics, University of Essen, Essen, Germany

1 Glucocorticoids and elevations of intracellular adenosine 3':5'-cyclic monophosphate (cyclic AMP)
may affect lymphocyte activation, proliferation and effector functions in similar ways. Therefore, we

have investigated the effects of the glucorticoid, dexamethasone, on human lymphocyte cyclic AMP
formation.
2 Treatment of resting human lymphocytes with the glucocorticoid, dexamethasone, sensitized prostag-
landin E2-stimulated cyclic AMP accumulation in a time- and concentration-dependent manner.

3 In membranes of lymphocytes treated for 24h with 100nM dexamethasone, maximal adenylyl
cyclase activity stimulated by prostaglandin E2, isoprenaline, guanosine 5'-triphosphate (GTP), forskolin
and MnCl2 was significantly enhanced; the ECQ0 for these agents was not significantly altered.
4 132-Adrenoceptor density, immunodetectable a-subunits of the G-proteins G, and Gi, and pertussis
toxin-substrates were not significantly altered by dexamethasone treatment.
5 In dexamethasone-treated lymphocytes, prostaglandin E2-mediated inhibition of concanavalin A-
induced Ca2' elevations was doubled compared to control cells.
6 Based on these data and the observation that enhancement of forskolin- and MnCl2-stimulated
adenylyl cyclase activity could quantitatively account for the enhancement of prostaglandin E2-,
isoprenaline- or GTP-stimulated adenylyl cyclase activity, we conclude that dexamethasone treatment
sensitizes cyclic AMP formation in resting human lymphocytes by altering the adenylyl cyclase catalyst
rather than G-proteins or hormone receptors. This results in an enhanced capability of cyclic AMP
generating agonists to inhibit early steps of lymphocyte activation.

Keywords: Glucocorticoid; lymphocyte; adenylyl cyclase; G-protein; immunomodulation

Introduction

Glucocorticoids are potent immunosuppressive drugs the
mechanism of action of which appears to involve inhibition
of early steps in the activation of resting lymphocytes
(Flower, 1988). An increase in intracellular adenosine 3':5'-
cyclic monophosphate (cyclic AMP) can also suppress lym-
phocyte proliferation and effector functions by inhibiting
early steps of their activation (Bourne et al., 1974; Kammer,
1988). For example both cyclic AMP elevation and glucocor-
ticoids inhibit expression of interleukin-2 (Northrop et al.,
1992; Anastassiou et al., 1992) and interleukin-2 receptors
(Tracey et al., 1988; Anastassiou et al., 1992) at a transcrip-
tional level. In non-lymphoid tissues, glucocorticoids can
enhance cyclic AMP formation (Malbon et al., 1988). For-
mation of cyclic AMP results from the complex interaction
of receptors, G-proteins and the adenylyl cyclase catalyst
(Levitzki, 1988), and expression and/or functional activity of
each component of this complex might be affected by
glucocorticoids. For example, the gene for the human P2-
adrenoceptor which is expressed in all types of lymphocytes
to stimulate cyclic AMP formation (Brodde et al., 1987;
Maisel et al., 1989) contains a glucocorticoid response ele-
ment (Hadcock et al., 1989). Expression of the a-subunit of
the adenylyl cyclase-stimulating G-protein Gs can also be
enhanced by glucocorticoids in various non-lymphoid cell
lines (Rodan & Rodan, 1986; Rizzoli & Bonjour, 1987;
Chang & Bourne, 1987). Whether glucocorticoids can also
affect expression of the adenylyl cyclase catalyst is not known.
Based on these observations we and others have hypothe-

sized that cyclic AMP may at least partly be involved in the
immunosuppressant effects of glucocorticoids (Michel &

I Author for correspondence at: Nephrol. Lab IG 1, Klinikum,
Hufelandstr. 55, D-45122 Essen, Germany.

Brodde, 1989; Gruol et al., 1989). The present study has
investigated (a) whether the synthetic glucocorticoid dex-
amethasone can enhance cyclic AMP formation in human
cultured resting lymphocytes, (b) which part(s) of the recep-
tor/G-protein/adenylyl cyclase complex might be regulated by
dexamethasone, and (c) whether enhanced cyclic AMP for-
mation following glucocorticoid treatment is relevant for the
modulation of lymphocyte function.

Methods

Lymphocyte isolation and cell culture

Mononuclear leukocytes were isolated from EDTA-anticoag-
ulated venous blood of drug-free healthy young volunteers of
either sex according to the method of Boyum (1968). Unless
otherwise indicated cells were incubated for 24 h in an atmos-
phere of 95% air/5% CO2 in RPMI 1640 medium supple-
mented with 2 mM glutamine, 25 fig ml-' gentamycin and
20% newborn bovine serum in the absence and presence of
the indicated dexamethasone concentrations. Following this
incubation, non-adherent mononuclear leukocytes (lympho-
cytes) were washed twice at 400 g for Omin in phosphate-
buffered saline.

Cyclic AMP accumulation in intact tymphocytes
Cyclic AMP accumulation in intact lymphocytes was deter-
mined during a 15 min incubation at 37'C in the presence of
100 ;M of the phosphodiesterase inhibitor, theophyllin as
previously described (Brodde et al., 1985). The accumulated
cyclic AMP was quantified with a commercially available
protein binding assay (Amersham, Braunschweig, Germany).

'PI Macmillan Press Ltd, 1994
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Adenylyl cyclase activity in lymphocyte membranes

Lymphocyte membranes were prepared by three cycles of
freeze/thawing using liquid nitrogen and a water bath at 370C
with subsequent centrifugation for 10 min at 29,000 g at 4°C
as previously described (Maisel et al., 1990b). The pellet was
resuspended by repeated aspiration through a cannula (inner
diameter 0.8 mm) yielding membranes of ; 250,000 cells per
20 yII sample. The protein content of the membrane prepara-
tion was assessed according to Bradford (1976) using bovine
IgG as the standard.

Adenylyl cyclase activity was determined as previously des-
cribed (Michel et al., 1993b). Briefly, aliquots of the mem-
brane suspension ( 10-14 fig protein) were incubated for
10 min at 37°C in a total volume of 100 jd containing 25 mM
Tris, 5 mM MgCl2, 0.5 mM adenosine 5'-triphosphate (ATP),
10 pM guanosine 5'-triphosphate (GTP), 20 ;g creatine phos-
phate and 25 u ml-' creatine phosphokinase at pH 7.4 and
the indicated concentrations of agonists. The incubation was
stopped by boiling, with subsequent cooling of the samples
and centrifugation for 10 min at 13,000g. Following storage
at - 20C the amount of cyclic AMP in the supernatant was
determined by a commercially available radioimmunoassay
(New England Nuclear, Dreieich, Germany).

Lymphocyte P-adrenoceptor density

P2-Adrenoceptor density in intact lymphocytes was deter-
mined as previously described using six concentrations of
[121I]-iodocyanopindolol as the ligand (Brodde et al., .1985).
Non-specific binding was defined as binding in the presence
of 1 pLM of the hydrophilic antagonist ( ± )-CGP 12,177 and
typically was 20% of total binidng of 20 pM of the ligand.

Lymphocyte G-proteins

Lymphocyte G-protein a-subunits were quantified by West-
ern blotting and pertussis toxin-catalyzed ADP-ribosylation.
Western blotting was performed according to the method of
Burnette (1981) with minor modifications as previously des-
cribed (Michel et al., 1993a,b). Briefly, membranes were
prepared from lymphocytes that had been incubated in the
absence and presence of dexamethasone as described above
and resuspended at a protein concentration of 2mgml'.
Aliquots of the membrane suspension (50 tl) were boiled for
5 min together with 12.5 gLl aliquots of sample buffer (4%
SDS, 20% glycerol, 10% 2-mercaptoethanol, 125 mM Tris
HCl, 0.002% bromphenol blue at pH 8). The mixture was
separated by electrophoresis on polyacrylamide/SDS gels ac-
cording to the method of Laemmli (1970) using 10%
acrylamide in the running gel. On gels for the determination
of G. we loaded one lane with membranes from cyc- cells
which lack G. (Sternweis & Gilman, 1979) in order to
control for non-specific bands. Following electroblotting to
nitrocellulose membranes (Hybond-ECL 0.45 lm, Amer-
sham), the blots were pre-blocked for 90 min at room
temperature with TBS buffer (100 mM NaCl, 20 mM Tris HCl
at pH 7.5) supplemented with 2% low-fat dried milk powder.
Following two 5 min washes in TTBS (TBS supplemented
with 500 jil1' Tween-20) at room temperature, blots were
incubated for 20 h at 4°C in 15 ml TTBS supplemented with
1% dried milk powder and a 1:500 dilution of G-protein
antisera (AS/7 for Gi< and RM/1 for G,). Following removal
of the antisera suspension the blots were washed twice for
10 min each at room temperature in TTBS. Thereafter, each
blot was incubated with 100 ml TTBS supplemented with 1%
dried milk powder and 801L 1 25I-labelled protein A solution
(8.5I Ci Rig-, 1291 Ciml*-) for I h at room temperature.
Following four 10 min washes with TTBS, blots were dried,
wrapped in plastic foil and used for autoradiography.
Specific bands were identified on the autoradiograms, and
corresponding bands were cut from the blots and the incor-
porated radioactivity was determined in a scintillation

counter. Radioactivity incorporated into bands from lanes
where no membranes had been loaded was defined as non-
specific binding and was subtracted from the total binding.

Pertussis toxin-catalyzed ADP-ribosylation was carried out
as previously described in detail (Maisel et al., 1990b).
Briefly, aliquots of the lymphocyte membrane suspension
(10 pl at 1 mg protein ml-) were incubated with aliquots of
pre-activated pertussis toxin (13fil at 18glg toxin ml-') and
reaction mixture (13pl containing as final concentrations:
139 mM TrisHCl at pH 8, 13.9 mM thymidine, 1.4mM ATP,
0.14 mM GTP, 3.4 mM MgCl2, 1.4 mM EDTA, 13.9 mM
dithiothreitol, 692gM NADP and 1.4gM [32P]-NAD) for 1 h
at 30C. The reaction was stopped by addition of 36 gl
sample buffer with subsequent boiling. Electrophoretic separ-
ation of proteins was performed on gels containing 17%
acrylamide. Incorporation of radioactivity into bands from
lanes where membranes and reaction mixture had been
loaded without pertussis toxin was taken as non-specific
incorporation and was subtracted from that in all other
lanes.

Ca2+ measurements

Intracellular Ca2+ concentrations were determined using the
fluorescent indicator dye Fura-2 with excitation alternating
between 340 and 380 nm and emission recorded at 510 nm in
a Hitachi F-2000 spectrofluorometer; experiments were per-
formed in Krebs-Henseleit buffer containing 108 mM NaCl,
4.7 mM KCI, 1.3 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4,
24.9 mM NaHCO3, and 11 mM glucose. Data were analysed
by the ratio method with software provided by the
fluorometer manufacturer; details have been described prev-
iously (Michel et al., 1992).

Chemicals

[32P]-NAD, [1251]-protein A and the antisera RM/1 and AS/7
were from New England Nuclear, Fura-2 from Molecular
Probes (Eugene, OR, U.S.A.), RPMI 1640 and L-glutamine
were from ICN (Eschwege, Germany), foetal and newborn
bovine serum were from Boehringer Mannheim (Mannheim,
Germany), ( ± )-CGP 12,177 (1-[2-(3-carbamoyl-4-hydroxy)
phenoxyethylamino]-3- [4-(1-methyl-4-trifluoromethyl-2-imid-
azolyl) phenoxy]-2-propanol methanesulphonate) was a gift
of Ciba Geigy (Basel, Switzerland), and all other chemicals
were from Sigma (Munich, Germany).

After 24 h incubation
C
0

50s- T

C.,0
"O - 30

E 20

10---

Control 10% 20% 10% 20% 1%
FBS NBS HU

Figure I Effects of media supplements on prostaglandin E2-stim-
ulated cyclic AMP accumulation: Cyclic AMP accumulation stimu-
lated by 10gM prostaglandin E2 was determined in intact freshly
prepared lymphocytes (control) and in lymphocytes cultured for 24 h
in RPMI medium supplemented with the indicated concentrations of
foetal or newborn bovine serum (FBS and NBS, respectively) or the
chemically defined medium supplement nutridoma HU. Data are
mean ± s.e.mean of three experiments.
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Data evaluation

Data are presented as mean ± s.e.mean. Statistical signifi-
cance of differences was assessed by Student's paired t test if
two groups were compared and by one-way analysis of
variance followed by t tests with Bonferroni correction for
multiple comparisons if more than two groups were com-
pared; all statistical analysis was performed using the InStat
programme (GraphPAD Software, San Diego, CA, U.S.A.)
and a P< 0.05 was considered significant. Concentration-
response curves were analysed by non-linear regression
analysis with interative fitting of the experimental data to
sigmoidal curves using the InPlot programme (GraphPAD
Software); in order to optimize estimates for EC50 and max-
imal effects a constant Hill-slope of one was assumed in these
calculations. Pooled data of all experiments were fitted simul-
taneously, and the statistical significance of differences in
EC50 and maximal effects were assessed by comparing the
95% confidence intervals (CI) for these parameters obtained
during the fitting procedure. Additionally, the concentration-
response curves of control and treated cells were compared
by two-way analysis of variance to test whether treatment
had significantly affected cyclic AMP formation at the
P< 0.05 level.

c 100-0
._

cn
E = 75-
= cJ
00

2 E 50-

0-.
>. 25-
C-

** *

n = 3-8

Control 10-8
[Dexamethasonel M

1o-7 1o-6

Figure 2 Effect of dexamethasone on prostaglandin E2-stimulated
cyclic AMP accumulation: Lymphocytes were cultured for 24 h in
the absence (Control) or presence of the indicated concentrations of
dexamethasone. Following washing of the cells, cyclic AMP accum-
ulation stimulated by 10JM prostaglandin E2 was determined in
intact lymphocytes. Data are mean ± s.e.mean of 3-8 experiments.
*P<0.05, **P<0.01 vs. control in a paired two-tailed t test.

Results

In the first part of our study, we determined optimal condi-
tions to assess glucocorticoid modulation of lymphocyte cyc-
lic AMP formation by measuring 1Op1M prostaglandin E2-
stimulated cyclic AMP accumulation in intact lymphocytes.
Previous studies have demonstrated that resting human lym-
phocytes in culture rapidly lose their ability to generate cyclic
AMP upon hormonal stimulation (Maisel et al., 1989).
Whereas 10% newborn and 10% and 20% foetal bovine
serum or the chemically-defined serum substitute nutridoma
HU, failed to prevent loss of prostaglandin-stimulated cyclic
AMP formation, addition of 20% newborn bovine serum
almost completely prevented it (Figure 1). Thus, all further
lymphocyte incubations were performed in the presence of
20% newborn bovine serum. Under these conditions prosta-
glandin-stimulated cyclic AMP accumulation typically ranged
between 40-50 pmol per 106 cells 15 min -'.
We then tested whether and under what conditions the

synthetic glucocorticoid, dexamethasone, enhanced prosta-
glandin-stimulated cyclic AMP accumulation in intact human
lymphocytes. Incubation with 100 nM dexamethasone for
24 h enhanced prostaglandin-stimulated cyclic AMP accumu-
lation by 24.0 ± 6.8 pmol per 106 cells 15 min-' (n = 12,
P = 0.0049). Shorter incubations resulted in smaller and
statistically not significant enhancements (data not shown).
Thus, a 24 h incubation was chosen for all further ex-
periments. In concentration-response experiments maximal
enhancement of prostaglandin-stimulated cyclic AMP accum-
ulation occurred between 30 and 100 nm of dexamethasone
(Figure 2). Thus, 100 nM of dexamethasone was used in all
further experiments. This enhancing effect was specific for
glucocorticoids since other steroid hormones including oest-
radiol, 5a-dihydro-testosterone and progesterone did not
enhance prostaglandin-stimulated cyclic AMP accumulation
(data not shown).
To define which part(s) of the receptor/G-protein/adenylyl

cyclase catalyst complex had been regulated by dexamethas-
one, adenylyl cyclase stimulation experiments were performed
in membranes obtained from dexamethaxone- and vehicle-
treated lymphocytes. Dexamethasone treatment enhanced
maximal prostaglandin E2-stimulated adenylyl cyclase activity
in lymphocyte membranes from 290 (95% CI: 221-359) to
561 (95% CI: 490-632) pmolmg-' protein 10min-' (P<
0.0001 in a two-way analysis of variance; Figure 3). The EC_0
of prostaglandin E2 was 24.3 pM (-log EC50 4.61, 95% CI:
4.97-4.26) in control and 9.1 jLM (-log EC50 5.04, 95% CI:
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Figure 3 Effects of dexamethasone treatment on hormone-stimula-
ted adenylyl cyclase activity: lymphocytes were cultured for 24 h in
the absence (0) and presence (D) of 100 nM dexamethasone.
Adenylyl cyclase activity was stimulated in membranes from these
cells by prostaglandin E2 (a) or isoprenaline (b). Basal adenylyl
cyclase activity in the presence of 1011M GTP has been subtracted
from each value. Data are mean ± s.e.mean of four experiments.
Concentration-response curves for prostaglandin E2- and isoprena-
line-stimulated cyclic AMP formation are significantly enhanced in
membranes from dexamethasone-treated cells with P<0.0001 and
P = 0.0180, respectively, as determined by two-way analysis of
variance.
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5.28-4.80) in treated membranes (Figure 3). Similarly iso-
prenaline-stimulated adenylyl cyclase activity was enhanced
from 68 (95% CI: 64-73) to 124 (95% CI: 109-138)
pmol mg ' protein 10 min-I (P = 0.0180 in a two-way analy-
sis of variance; Figure 3). The EC50 for isoprenaline was
143 nM (- log EC50 6.84, 95% CI: 7.06-6.63) in control and
40 nM (- log ECm 7.40, CI: 7.83-6.97) in treated membranes
(Figure 3).

Adenylyl cyclase stimulation by the receptor-independent
G-protein activator, GTP (10 jiM) was enhanced by glucocor-
ticoid treatment from 236 ± 19 to 309 ± 27 pmol mg-' pro-
tein 10min' (n0=29, P<0.05). Dexamethasone treatment
also significantly enhanced maximal adenylyl cyclase stimula-
tion by forskolin from 620 (95% CI: 606-635) to 949 (95%
CI: 879-1020) pmol mg' protein 10 min-' (P = 0.0063 in a
two-way analysis of variance; Figure 4). The potency (- log
EC50) of forskolin was not significantly altered (6.18 [95%
CI: 6.25-6.11] in membranes from control and 6.07 [95% CI:
6.27-5.87] in those from treated cells; Figure 4). Dexametha-
sone-treatment also significantly enhanced maximal adenylyl
cyclase stimulation by MnCI2 from 371 (95% CI: 347-394)
in control to 673 (95% CI: 645-701) pmol mg-' protein
10 min' in treated cells (P = 0.0074 in a two-way analysis of
variance; Figure 4). Dexamethasone treatment did not
significantly alter the EC50 of MnCl2 which was 5.2 mM
(- log ECm 2.28, 95% CI: 2.41-2.15) in control and 6.9 mM
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(- log EC~v 2.16, 95% CI: 2.23-2.08) in treated cells (Figure
4). Thus dexamethasone enhancement of adenylyl cyclase
stimulation at the level of the catalyst was quantitatively
similar to those at the G-protein or receptor level, indicating
that the glucocorticoid had mainly regulated the adenylyl
cyclase catalyst.

Therefore, we tested directly whether glucocorticoid regula-
tion of adenylyl cyclase-coupled receptors and/or G-proteins
were also detectable. Lymphocyte P2-adrenoceptor density
was determined under three conditions: in freshly prepared
cells and in those cultured 24 h in the presence of vehicle or
dexamethasone. Lymphocytes from each volunteer were
always tested in parallel under all three conditions. Neither
P2-adrenoceptor density (Figure 5) nor affinity for the radioli-
gand differed significantly among groups (15.9 ± 0.5PM in
fresh cells, 17.0 ± 1.8 pM in vehicle-treated cells, and 15.4 +
0.7pM in dexamethasone-treated cells, n = 4). Thus, gluco-
corticoid regulation of lymphocyte P2-adrenoceptors was not
detectable under our conditions.
Next we assessed the effect of dexamethasone treatment on

lymphocyte G-protein a-subunit expression. The G.,, anti-
serum RM/1 recognized a double band in lymphocyte mem-
branes (apparent molecular weights 42 and 44 kDa) with the
lower band dominating. Both bands were specific since they
were not seen in membranes from cyc- cells (data not
shown). The Gi antiserum AS/7 recognized a single band
with an apparent molecular weight of 39 kDa. Pertussis toxin
catalyzed the incorporation of 32p into a single band with an
apparent molecular weight of 39 kDa. The amounts of 125I.
labelled protein A and 32p incorporated into these specific
bands were similar in membranes from control and dexa-
methasone-treated cells in all three assays (Table 1). Thus,
glucocorticoid regulation of lymphocyte a-subunits of G, or
Gi was not detectable under our conditions.

Finally, we tested the relevance of sensitized cyclic AMP
formation for hormonal modulation of lymphocyte function.
An early event in prostaglandin E2 suppression of lym-
phocyte activation is inhibition of mitogen-stimulated Ca2+
increases which is mediated by cyclic AMP (van Tits et al.,
1991; Michel et al., 1992). The inhibition of concanavalin
A-stimulated Ca2+ increases by 1 tiM prostaglandin E2 was
doubled in dexamethasone-treated compared to vehicle-treat-
ed lymphocytes (Figure 6).
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Figure 4 Effects of dexamethasone treatment on receptor-indepen-
dent stimulation of adenylyl cyclase: lymphocytes were cultured for
24 h in the absence (0) and presence (U) of 100 nM dexamethasone.
Adenylyl cyclase activity was stimulated in membranes from these
cells by forskolin (a) or MnCl2 (b). Basal adenylyl cyclase activity in
the presence of 10 gM GTP has been subtracted from each value.
Data are mean ± s.e.mean of four experiments. Concentration-
response curves for forskolin- and MnCI2-stimulated cyclic AMP
formation are significantly enhanced in membranes from dexametha-
sone-treated cells with P = 0.0063 and P = 0.0074, respectively, as
determined by two-way analysis of variance.

Before Control Treated

Figure 5 Effect of dexamethasone treatment on lymphocyte P2-
adrenoceptor density: lymphocyte P2-adrenoceptor density was deter-
mined by saturation binding experiments with ['251I]-iodocyanopin-
dolol in freshly prepared lymphocytes (Before), and cells which had
been cultured for 24 h in the absence (Control) or presence (Treated)
of 30 nm dexamethasone. Data are mean ± s.e.mean of four paired
experiments and are expressed as [1251]-iodocyanopindolol binding
sites/cell.
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Table 1 Effect of dexamethasone treatment on lymphocyte
G-protein a-subunits

Control

Immunodetectable G.o,
Immunodetectable Gi.
Pertussis toxin substrates

27,277 ± 2490
97,937 ± 5741
4,608 ± 645

Dexamethasone-
treated

31,165 ± 2097
100,425 ± 8750

5,300 ± 885

Resting human lymphocytes were cultured for 24 h in the
absence (control) or presence of 100 nm dexamethasone.
Thereafter, G-protein a-subunits were determined in a

membrane preparation by quantitative Western blotting or

pertussis toxin-catalyzed ADP-ribosylation. Data are mean
± s.e.mean of six experiments. Immunodetectable a-subunits
are given as c.p.m. of ['l25]-protein A specifically bound per

mg lymphocyte membrane protein, pertussis toxin substrates
are given as fmol 32P specifically incorporated per mg

membrane protein. None of the differences was statistically
significant.
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Figure 6 Effects of dexamethasone treatment on inhibition of con-
canavalin A-stimulated Ca2l increases by prostaglandin E2: 30s
following addition of I gM prostaglandin E2 or vehicle, concanavalin
A (1I00 gg ml `)-stimulated Ca2+ increases were determined in Fura-2
loaded lymphocytes. We calculated % inhibition by the prostaglan-
din from Ca2l increases in its absence and presence. Parallel
experiments were performed in cells which had been cultured for
24 h in the absence (Control) or presence of 100 nM dexamethasone.
Data are mean ± s.e.mean from 12 paired experiments with a dupli-
cate determination each in the absence and presence of the prosta-
glandin. *P<0.05 in dexamethasone- vs. vehicle-treated lymphocytes.

Discussion

The cyclic AMP/cyclic AMP-dependent protein kinase sys-
tem is an important modulator of lymphocyte activation,
proliferation, differentiation and effector functions (Bourne et
al., 1974; Kammer, 1988). Formation of cyclic AMP is con-
trolled by a cascade consisting of receptors, the stimulatory
and inhibitory G-proteins Gs and Gi, and the adenylyl cyc-
lase catalyst. Expression of each component can be dynam-
ically regulated to alter the overall responsiveness of the
cascade. Glucocorticoids exert a permissive effect on cyclic
AMP-elevating agents in various cell types (Malbon et al.,
1988). Therefore, we hypothesized that glucocorticoids might
exert their immunomodulatory effects at least partly by
affecting cyclic AMP formation.
Previous work had demonstrated that resting human lym-

phocytes in culture rapidly lose their ability to generate cyclic
AMP in response to hormonal stimulation (Maisel et al.,
1989). Our data demonstrate that in contrast to a number of

other medium supplements, addition of 20% newborn bovine
serum can at least partly prevent that loss of responsiveness.
Although this addition was sufficient to detect and quantify
prostaglandin E2-stimulated cyclic AMP generation, these
conditions may still be suboptimal compared to freshly
isolated cells. This may limit the extrapolation of our data to
in vivo conditions.

Using these culture conditions we demonstrate that the
synthetic glucocorticoid, dexamethasone enhances prosta-
glandin E2-stimulated cyclic AMP formation in human cul-
tured lymphocytes. Similar enhancement has previously been
detected in non-lymphoid cell types (Rodan & Rodan, 1986;
Rizzoli & Bonjour, 1987; Chang & Bourne, 1987). The time-
and concentration-dependency for the enhancing effect of
dexamethasone in human lymphocytes were similar to those
reported for dexamethasone effects in other model systems,
notably for the enhancement of hormone-stimulated cyclic
AMP formation in ROS 17/2.8 cells (Rodan & Rodan, 1986).
Optimal stimulatory conditions were then used to determine
which parts of the receptor/G-protein/adenylyl cyclase cas-
cade are affected by dexamethasone exposure. This was done
in two ways: on the one hand, we performed functional tests
on adenylyl cyclase responsiveness using agonists which act
on different levels of the receptor/G-protein/adenylyl cyclase
cascade; on the other hand, we quantified directly individual
components such as receptors and G-protein subunits.
We have used the receptor agonists, prostaglandin E2 and

isoprenaline, to test the whole cascade, GTP as a direct
G-protein activator, forskolin as a direct adenylyl cyclase
catalyst activator which also has some G-protein effects, and
Mn2+ as a direct adenylyl cyclase catalyst activator. Treat-
ment with dexamethasone did not significantly alter the
potency of any agonist. On the other hand dexamethasone
enhanced the maximal adenylyl cyclase responses to all tested
agonists. These enhancements were quantitatively similar for
all agonists. Since forskolin and MnCl2 stimulate adenylyl
cyclase distal to receptors and G-proteins, our data indicate
that dexamethasone treatment might primarily affect the
adenylyl cyclase catalyst. Whether this is due to increased
expression of the catalyst, to an altered enzymatic activity of
the enzyme, or both cannot be decided from the present data.
To support this indirect conclusion, we have also directly

tested whether dexamethasone treatment affects the expres-
sion of lymphocyte P2-adrenoceptors and/or G-protein a-sub-
units. Our data demonstrate that dexamethasone-treatment
did not significantly alter the number of P2-adrenoceptors
(which mediate the stimulatory effects of isoprenaline) in our
model. Glucocorticoids also failed to alter human lympho-
cyte P2-adrenoceptor expression in vivo (Brodde et al., 1985).
The observation that human lymphocyte P2-adrenoceptors
are not regulated by glucocorticoids despite the presence of a
glucocorticoid-response element in the regulatory domain of
the human P2-adrenoceptor gene (Hadcock et al., 1989) may
be related to the known tissue-dependency of glucocorticoid
effects (Malbon et al., 1988).

Cyclic AMP formation could be sensitized at the G-protein
level by increased G( or decreased GQ. Confirming the above
functional data, direct quantification of G, and Gi a-subunits
by immunoblotting and ADP-ribosylation did not detect
significant increases in G, or decreases in Gi expression. In
RBL-2H3 cells, a rat cell line which is used as a model for
mast cells, dexamethasone-treatment also failed to alter ex-
pression of G, or Gi at the protein or the mRNA level (Hide
et al., 1991). In contrast glucocorticoids enhance G, expres-
sion in three cell lines which are not related to the white
blood cell lineage, ROS 17/2.8 osteosarcoma cells (Rodan &
Rodan, 1986), OK-cells derived from opossum kidney (Riz-
zoli & Bonjour, 1987) and GH3-cells derived from rat
pituitary (Chang & Bourne, 1987). We cannot explain the
different behaviour of these cell types at present but speculate
that it may be related to the fact that lymphocytes and
RBL-2H3 cells belong to stem cell lineage whereas the other
cell types do not. The question remains why glucocorticoids
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enhance adenylyl cyclase activity in human lymphocytes at
the level of the catalyst but apparently do not alter catalyst
activity in other model systems. Although we cannot con-
clusively answer this question at present, we speculate that it
may be related to the tissue-specificity of expression of
adenylyl cyclase isoforms (Tang & Gilman, 1992). Whether
and how such isoforms are differentially regulated by gluco-
corticoids remains to be studied.

In the final part of our study we asked whether enhanced
hormonal stimulation of cyclic AMP formation in lym-
phocytes following dexamethasone treatment is functionally
relevant. We have previously shown that prostaglandins and
other cyclic AMP elevating agents inhibit mitogen-induced
Ca2+ elevations in human lymphocytes (van Tits et al., 1991;
Michel et al., 1992). This effect is indeed mediated by cyclic
AMP since it is enhanced in the presence of phospho-
diesterase inhibitors (van Tits et al., 1991). Our present data
demonstrate that the ability of a submaximally effective
prostaglandin E2 concentration to inhibit concanavalin A-
stimulated Ca2+ increases is almost doubled in dexameth-
asone-treated lymphocytes. Similarly, cyclic AMP elevation
by prostaglandin E2 or forskolin and the glucocorticoid,
methylprednisolone, enhance each others effects on DNA
fragmentation and viability in mouse thymocytes (McConkey
et al., 1993). Finally, the glucocorticoid cytotoxicity against
T-lymphocytes depends on the amount of cyclic AMP-

dependent protein kinase present in such cells (Gruol et al.,
1989).
Taken together our data demonstrate that glucocorticoids

enhance lymphocyte cyclic AMP formation by affecting the
catalyst of adenylyl cyclase and that this enhancement is
functionally relevant in vitro. Elevations of lymphocyte cyclic
AMP inhibit lymphocyte activation, proliferation and effec-
tor functions in vitro (Bourne et al., 1974; Kammer, 1988). In
vivo cyclic AMP elevating agents such as the P-adrenoceptor
agonists cause lymphopaenia in man (Maisel et al., 1990a)
and reduce splenic weight in rats (Murray et al., 1993),
whereas P-adrenoceptor agonists can increase the number of
circulating T-cells in man (Maisel et al., 1991). Whether
enhanced lymphocyte cyclic AMP formation is at least partly
relevant for the immunosuppressive effects of glucocorticoids
in vivo cannot be answered from the present in vitro data.
However, prostaglandin El-, GTP-, and forskolin-stimulated
adenylyl cyclase activity are also enhanced in lymphocytes
obtained from patients treated with glucocorticoids in vivo
(Michel & Brodde, 1989). Thus, the mechanisms discussed
above may also operate in vivo in a clinical setting. Their
functional role for immunosuppression remain to be assessed.

The skilful technical assistance of Mrs M. Michel-Reher and Mrs A.
Thesing is gratefully acknowledged.
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Anti-ischaemic efficacy of a nitric oxide synthase inhibitor and
a N-methyl-D-aspartate receptor antagonist in models of
transient and permanent focal cerebral ischaemia

'D.A. Dawson, D.I. Graham, J. McCulloch & I.M. Macrae

Wellcome Surgical Institute and Hugh Fraser Neuroscience Laboratories, University of Glasgow, Glasgow

1 We have recently developed a new model of transient focal ischaemia in the rat utilising topical
application of endothelin-1 to the left middle cerebral artery (MCA). In order to validate this approach
the present study assessed the neuroprotective efficacy of the NMDA receptor antagonist dizocilpine
(MK-801) in the endothelin-1 model. The anti-ischaemic efficacy of the nitric oxide (NO) synthase
inhibitor N -nitro-L-arginine methyl ester (L-NAME) was subsequently evaluated, and contrasted with
its efficacy against permanent focal ischaemia, to determine the utility of the endothelin-l model for
identification of novel pharmacoprotective agents.
2 MK-801 (0.12 mg kg-' bolus, 108 Ag kg-'h-' infusion i.v., either 1 or 2.5 h pre-transient MCA
occlusion (MCAO)) induced hypotension that persisted for approximately 1.5 h so that mean arterial
blood pressure (MABP) at the time of MCAO was significantly lower in the 1 h group compared with
control (MABP: 86 ± 11, 68 ± 6 and 84± 4 mmHg (mean ± s.d.) for saline, 1 h MK-801 and 2.5 h
MK-801 groups respectively). The 2.5 h pretreatment schedule resulted in significant reduction (71%) in
the volume of hemispheric damage (assessed 4 h post onset of ischaemia) while the 1 h pretreatment
schedule did not (volumes of hemispheric damage: 59 ± 38, 51 ± 51 and 17 ± 28 mm3 for saline, 1 h and
2.5 h MK-801 groups).
3 Thus the considerable neuroprotective effect of MK-801 in the endothelin-1 model of transient focal
cerebral ischaemia was highly sensitive to drug-induced hypotension. This result is in contrast to
previous studies of permanent MCAO where MK-801-induced hypotension did not compromise its
neuroprotective action.
4 L-NAME (3 mg kg-', i.v. 30 min pre-MCAO) moderately, but significantly, reduced (16%) the
volume of ischaemic damage 4 h post-permanent MCA occlusion, whereas the 29% reduction in volume
of damage achieved in the model of transient focal ischaemia did not attain significance due to the
greater variability associated with this model. L-NAME did not significantly alter MABP in either
model.
5 The modest neuroprotection achieved with NO synthase inhibition suggests NO is of relatively minor
importance as a mediator of neurotoxicity following permanent focal cerebral ischaemia. In addition the
comparable efficacy of L-NAME against transient focal ischaemia suggests the presence of reperfusion
does not enhance the contribution of NO to neuronal injury in the acute (4 h) phase following a focal
ischaemic insult.

Keywords: Transient focal ischaemia; glutamate; MK-801; nitric oxide; L-NAME; endothelin-1

Introduction

Animal models of permanent middle cerebral artery (MCA)
occlusion have been used extensively to study focal cerebral
ischaemia. In particular the repeated demonstration of the
anti-ischaemic efficacy of glutamate receptor antagonists in
these models has led to the elucidation of the important role
of excitotoxic mechanisms in mediating focal cerebral
ischaemic damage. However, in man spontaneous resolution
of embolic stroke and increased use of thrombolytic therapy
means reperfusion following stroke is more common than
persistence of the occlusion (Ringelstein et al., 1992). Thus
models of transient focal ischaemia have now been developed
(see Macrae, 1992, for review) to assess the physiological
significance of reperfusion to cerebral injury. We have
previously characterized a novel model of transient MCA
occlusion in the rat that utilises the potent vasoconstrictor
peptide, endothelin-l, to induce temporary occlusion of the
MCA (Macrae et al., 1993b). Our model involves direct
topical application of endothelin-l to the exposed proximal
portion of the MCA, a procedure that results in profound

ischaemia followed by slow, progressive reperfusion that has
been characterized over the first 4 h following endothelin-1
application (Macrae et al., 1993b; Gartshore et al., 1994).
This model should not be confused with an alternative ap-
proach that uses intraparenchymal injection of endothelin-1
to induce cerebral ischaemia (Sharkey et al., 1993). This
alternative model (Sharkey et al., 1993) is associated with a
different temporal profile of blood flow changes (i.e. pro-
found ischaemia sustained for over 3 h) and as such is more
comparable to permanent than transient focal ischaemia.
The development of the endothelin-1 model of transient

focal ischaemia and also other models of transient ischaemia
means pharmacotherapies with proven efficacy against per-
manent focal ischaemic damage can now begin to be evaluat-
ed in the more clinically relevant context of ischaemia-
reperfusion. However, models of transient focal ischaemia
are by their very nature associated with greater variability
than permanent ischaemia since the incorporation of a period
of reperfusion into the design introduces an additional level
of complexity above that associated with the ischaemic
phase. Thus alterations in key physiological parameters such
as blood pressure and cerebral blood flow (CBF) during both
the ischaemic and reperfusion phases may impact on final
outcome, and it may prove more difficult to demonstrate
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neuroprotective efficacy in the context of transient compared
with permanent MCA occlusion. We therefore wished to
compare the efficacy of different treatment strategies in per-
manent and transient MCA occlusion. The endothelin- 1
model of transient focal ischaemia was first validated by
assessing the efficacy of the N-methyl-D-aspartate (NMDA)
receptor antagonist dizocilpine (MK-801), a drug with pro-
ven efficacy against permanent focal ischaemic damage (see
McCulloch et al., 1991 for review). The efficacy of a low dose
of the nitric oxide (NO) synthase inhibitor NG-nitro-L-
arginine methyl ester hydrochloride (L-NAME) was then
compared in our models of permanent and transient MCA
occlusion.

It has recently been proposed that glutamatergic excito-
toxicity is mediated by NO. Inhibitors of NO synthase anta-
gonize glutamate-induced neuronal injury both in vitro (Daw-
son et al., 1991) and in vivo (Fujisawa et al., 1993), but
reports of their efficacy in models of permanent focal
ischaemia are contradictory (Buisson et al., 1992; Dawson et
al., 1992; Yamamoto et al., 1992). The failure to observe
neuroprotection consistently with NO synthase inhibitors in
vivo may partly derive from the dose-dependent cerebral
hypoperfusion induced by these drugs (Tanaka et al., 1991;
Macrae et al., 1993a). We have previously demonstrated that
a relatively high dose of L-NAME (2 x 30 mg kg-') has no
significant effect on volume of ischaemic damage following
permanent MCA occlusion (Dawson et al., 1992). Therefore
in the present study the efficacy of a lower dose of L-NAME
(3 mg kg-') was assessed.

Methods

Surgical preparation and induction of ischaemia

Adult male Sprague-Dawley rats were anaesthetized with
halothane (5%) in nitrous oxide:oxygen (70:30). Anaesthesia
was subsequently maintained with 1% halothane. A tracheo-
stomy was performed and the rats were artificially ventilated
via a small respirator pump. The femoral arteries and veins
were cannulated for blood sampling, continuous monitoring
of blood pressure, and drug administration. Rectal temper-
ature was maintained around 37°C by means of a heating
blanket.
For both permanent and transient MCA occlusion, the left

MCA was exposed using the sub-temporal approach pre-
viously described (Tamura et al., 1981) with the exception
that the zygomatic arch was left intact. A fine temperature
probe was inserted into the ipsilateral temporalis muscle to
estimate brain temperature during exposure and occlusion of
the MCA. For permanent MCA occlusion the artery was

occluded by bipolar diathermy from where it crossed the
inferior cerebral vein to proximal to the origin of the
lenticulo-striate branch(es). The artery was then transected to
confirm complete occlusion and prevent recanalisation. The
method for induction of transient MCA occlusion has been
described previously in detail (Macrae et al., 1993b). Briefly
the arachnoid membrane overlying the MCA was opened,
then endothelin-l (2.5 nmol in 25 ,I water) was applied
topically to the proximal portion of the artery. Constriction
of the main artery and the lenticulo-striate branch(es) was
verified via the operating microscope. Following induction of
permanent or transient MCA occlusion, the temporalis mus-

cle temperature probe was removed and the wound closed
with sutures.

Quantification of ischaemic damage

Four hours following the onset of permanent or transient
MCA occlusion the animals were perfusion-fixed with 40%
formaldehyde:acetic acid:methanol (1:1:8) and the brains
processed for histological quantification of ischaemic damage
(Osborne et al., 1987). Haematoxylin and eosin stained sec-

tions at 8 pre-selected stereotactic levels were examined under
a light microscope. Regions showing ischaemic cell change
and evidence of early infarction (Brown, 1977) were trans-
cribed onto scale drawings normalised to the mean hemi-
sphere volume (570 mm3) for Sprague-Dawley rats of the
weight used. Areas of damage on the line drawings were
measured using an image analyser (Quantimet 970, Cam-
bridge Instruments) and converted by integration to the total
volume of ischaemic damage.

Experimental groups

In experiment 1, rats underwent transient MCA occlusion
with MK-801 pretreatment. MK-801 was administered as a
bolus dose (0.12 mg kg- ', i.v.) followed by continuous intra-
venous infusion (108 ;tg kg-' h- at 0.6 ml h-') throughout
the remainder of the experimental period. MK-801 treatment
was initiated either 1 h (1 h group, n = 9) or 2.5 h (2.5 h
group, n = 9) prior to endothelin-1 application to the MCA.
The control group (n = 10) received bolus injection of saline
(1 mg kg-', i.v.) followed by continuous saline infusion
(0.6 ml h-') initiated I h pre-MCA occlusion. In experiment
2, L-NAME (3 mg kg-' i.v., n = 6) or an equivalent volume
of saline (n = 5) was administered 30 min prior to permanent
MCA occlusion. In experiment 3, L-NAME (3 mg kg-', i.v.,
n = 14) or saline (n = 14) were given 30 min prior to transient
MCA occlusion.

Chemicals

NG-nitro-L-arginine methyl ester hydrochloride (L-NAME)
was purchased from Sigma Chemical Co., MK-801 (dizocil-
pine) was a generous gift from Merck, Sharp and Dohme
Research Laboratories. All drugs were dissolved in saline and
administered in a volume of 1 ml kg-'.

Statistical analysis

Statistical comparison of blood pressure data was performed
using repeated measure 2 way analysis of variance (ANOVA),
with subsequent pairwise comparisons by Student's t tests
with a Bonferroni correction factor for multiple comparisons.
For experiment 1 (MK-801), volumes of ischaemic damage
were compared by one way ANOVA with subsequent indivi-
dual comparisons by Dunnett's t tests. For experiments 2
and 3 (L-NAME), volumes of ischaemic damage were com-
pared with Student's t tests.

Results

Physiological variables

Physiological variables from the 3 separate experiments are
shown in Table 1. Values for respiratory parameters were in
the normal physiological ranges for all groups. Rectal and
temporalis muscle temperatures at the time of MCA occ-
lusion did not differ between the drug and relevant control
groups.

Effect of MK-801 on blood pressure and volume of
ischaemic damage
MK-801 induced significant hypotension (P<0.001) that
persisted for approximately 1.5 h, resulting in significantly
lower mean arterial blood pressure (MABP) at the time of
MCA occlusion for the group in which MK-801 treatment

was initiated I h pre-MCA occlusion (Figure 1, Table 1). A
similar level of hypotension was induced by MK-801 in the
2.5 h group, but the longer pretreatment interval meant that
MABP had returned to control level in this group by the
time of MCA occlusion (Figure 1, Table 1).
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Table 1 Physiological variables for MK-801 or NG-nitro-L-arginine methyl ester (L-NAME) pretreatment in reversible or permanent focal cerebral
ischaemia

Group I
MCAO +I h +4h

Group 2
MCAO +I h

Group 3
+4h MCAO

MABP (mmHg)
Control
MK-801 (lh)
MK-801 (2.5h)

Paco2 (mmHg)
Control
MK-801 (lh)
MK-801 (2.5h)

Pao2 (mmHg)
Control
MK-801 (lh)
MK-801 (2.5h)

86±3
68±2
84±1

86±2
80±2
85±1

88± 2
88 ±2
86±1

39±1 37±1 38±1
37±1 37±1 37±1
38±1 36±1 37±1

177± 8
176± 7
179± 10

174± 5
180±9
177±9

184± 8
185± 5
174 ± 3

MABP (mmHg)
Control
L-NAME

Paco2 (mmHg)
Control
L-NAME

Pao2 (mmHg)
Control
L-NAME

90±3 88±2 89±3 85±2 86±3 88± 1
93±5 87±4 90± 1 85±2 82±2 89± 1

37±1 40±2 37±1 39±1 37±1 37±1
36±2 35±2 35± 1 35± 1 38± 1 37± 1

212 ± 14 209 ± 9 220 ± 14 171 ± 8
204 ± 10 199 ± 13 208 ± 10 167 ± 5

177±7 184±6
174±7 178±7

Rectal Temp. (°C)
Control 37.0 ± 0.1 37.0 ± 0.1 37.0 ± 0.1
MK-801 (1 h) 37.1 ± 0.1 36.9 ± 0.2 37.1 ± 0.1
MK-801 (2.5h) 37.1 ± 0.0 37.0 ± 0.1 37.0 ± 0.0

Temporalis temp (°C)
Control 36.7 ± 0.1
MK-801 (lh) 36.7 ± 0.1
MK-801 (2.5h) 36.4 ± 0.1

Rectal temp (°C)
Control 37.0 ± 0.1 37.1 ± 0.1 37.0 ± 0.0 37.2 ± 0.1 37.1 ± 0.1 37.0 ± 0.0
L-NAME 37.3 ± 0.1 37.0 ± 0.1 37.0 ± 0.0 37.1 ± 0.1 37.0 ± 0.1 37.0 ± 0.0

Temporalis temp (°C)
Control 36.5 ± 0.3
L-NAME 36.8 ± 0.2

36.6 ± 0.1
36.5 ± 0.1

Physiological variables for (1) MK-801 pretreatment prior to transient middle cerebral artery (MCA) occlusion (2) L-NAME pretreatment
prior to permanent MCA occlusion and (3) L-NAME pretreatment prior to transient MCA occlusion. Physiological variables (except
temporalis muscle temperature) were measured at the time of MCA occlusion (MCAO), and 1 h and 4 h post-MCA occlusion. Data are

presented as mean ± s.e. mean.
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MK-801 -treatment initiated 2.5 h pre-transient MCA occ-
lusion markedly, and significantly, reduced the volumes of
ischaemic damage in the whole hemisphere and caudate
nucleus by 71% and 85% respectively (Figure 2). The volume
of ischaemic damage in the cerebral cortex was reduced by
61% but this just failed to reach statistical significance at the
5% level. In contrast MK-801-treatment initiated 1 h pre-
MCA occlusion did not significantly alter the volume of
ischaemic damage in either whole hemisphere, cortex or
caudate nucleus (Figure 2).

Effect ofL-NAME on blood pressure and volume of
ischaemic damage

Blood pressure was not significantly altered by administra-
tion of L-NAME so that MABP for L-NAME and saline
groups were comparable at all time points including MCA
occlusion (Figure 3, Table 1).
L-NAME (3 mg kg-', 30 min pre-MCA occlusion) signific-

antly (P <0.05) reduced the volume of ischaemic damage
measured 4 h post-permanent MCA occlusion in the whole
hemisphere and cerebral cortex compared to saline control
(Figure 4). The volume of ischaemic damage in the caudate
nucleus was not significantly altered by L-NAME. Although
significant, the neuroprotective effect obtained with L-NAME
was relatively small with only a 16% reduction in the total

2 3
4 volume of ischaemic damage.

In contrast L-NAME (3 mg kg, 30 min pre-MCA occ-

rial blood pressure lusion) did not significantly reduce the volume of ischaemic
nt middle cerebral damage assessed 4 h post-onset of transient MCA occlusion
stered as a bolus (Figure 4). There was however an obvious neuroprotective
in (108 gkg-'h-' trend, with the volumes of damage reduced by 29%, 26%
(hatched symbols) and 33% respectively in the whole hemisphere, cortex and
clusion induced by caudate nucleus.
Data are presented
parison with saline
5 h and 1 h groups Discussion

Efficacy of MK-801 against transient focal cerebral
ischaemia

The present study demonstrates that MK-801 pretreatment is
neuroprotective in the endothelin-l model of transient MCA
occlusion. However, in contrast to permanent MCA occ-

lusion, it appears that drug-induced hypotension present at
the onset of ischaemia results in complete loss of the neuro-
protective effect since the infusion of MK-801 initiated 2.5 h
prior to MCA occlusion significantly reduced the volume of
ischaemic damage while the infusion initiated 1 h pre-MCA
occlusion did not. The dosing schedule employed in the
current study attains a steady state plasma level of MK-801

+ I h +4h
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within 60 min (Gill et al., 1991; Willis et al., 1991), therefore
plasma concentrations of MK-801 at the time of MCA occ-
lusion should have been equivalent in both drug groups, the
only obvious difference being the relative blood pressures.
Thus the lower blood pressure at onset of MCA occlusion in
the 1 h MK-801 group appears to have increased the severity
of the ischaemic insult and directly counteracted the neuro-
protective action of the drug.

In addition to its peripheral action on blood pressure,
MK-801 has marked effects on CBF which differ in conscious
and anaesthetized animals (Park et al., 1989; Nehls et al.,
1990; Roussel et al., 1992) and which could potentially
influence outcome following cerebral ischaemia. In conscious
rats, MK-801 increases local CBF in specific regions includ-
ing neocortex and caudate nucleus (Nehls et al., 1990;
Roussel et al., 1992), while in artificially-ventilated, anaes-
thetized rats MK-801 induces widespread homogeneous re-
ductions in CBF (Park et al., 1989). However MK-801 does
not induce further reductions in CBF in the ischaemic core
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region following permanent MCA occlusion in halothane-
anaesthetized animals (Park et al., 1989; Greenberg et al.,
1991). The cerebrovascular effects of MK-801 are therefore
likely to have less impact on outcome following experimental
ischaemia in which halothane anaesthesia is maintained (as in
the present study) compared with studies in which animals
are allowed to regain consciousness. Previous studies have
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Figure 2 Effect of MK-801 on the volume of ischaemic damage
induced by transient middle cerebral artery (MCA) occlusion. MK-
801 pretreatment (0.12mgkg-' bolus, then 108ygkg-' h-' at
0.6 ml h' i.v.) started 2.5 h prior to MCA occlusion (hatched col-
umn) significantly reduced the volume of ischaemic damage in the
cerebral hemisphere and caudate nucleus. In contrast MK-801 treat-
ment initiated only 1 h prior to MCA occlusion (solid column) did
not significantly alter the ischaemic damage. Data are presented as
means ± s.e. mean. *P<0.05, ***P<0.001 compared with saline
control group (open column) respectively.
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Figure 3 Mean arterial blood pressure following NG-nitro-L-arginine
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transient middle cerebral artery (MCA) occlusion. L-NAME
(3 mg kg-', i.v., *) pretreatment did not significantly alter blood
pressure compared to the saline control group (0) for either (a)
permanent MCA occlusion (MCAO) or (b) transient MCA occlusion
induced by application of endothelin-I to the MCA. Data are pres-
ented as means ± s.e. mean.
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presented as means ± s.e. mean. *P<0.05 compared with relevant saline control group (open columns).

80-

c 60E
a) 60-
0)

E
0

2E 40-
a)

s

0)
%._
0
n 20 -

E
.5

-

-r



MK-801 AND L-NAME IN TRANSIENT FOCAL ISCHAEMIA 251

reported a beneficial action of MK-801 treatment initiated
prior to or during the ischaemic phase of transient MCA
occlusion in the normotensive rat (Yang et al., 1991; Buchan
et al., 1992). However in these models the rats were cons-
cious for most of the ischaemic period and the reduction in
damage observed with MK-801 has been attributed to an
increase in CBF in the ischaemic core region rather than a
direct anti-excitotoxic action (Buchan et al., 1992). Therefore
to the best of our knowledge the present study represents the
first demonstration of a significant neuroprotective action of
MK-801 in a model of transient MCA occlusion in the
normotensive rat, that is independent of the cerebrovascular
effects of the drug and probably mediated by a direct anti-
excitotoxic action.

Comparative efficacy of MK-801 in models ofpermanent
and transient focal cerebral ischaemia

MK-801 administered pre- or up to 30 min post-permanent
MCA occlusion significantly reduces the volume of ischaemic
damage assessed at 4 h (Park et al., 1988; Gill et al., 1991)
and significant neuroprotection can be achieved despite the
presence of drug-induced hypotension at the time of MCA
occlusion (Park et al., 1988; Gill et al., 1991). These results
are in contrast to the present study where a similar degree of
hypotension resulted in complete abolition of the neuro-
protective effect of MK-801. Thus although we have demon-
strated, in agreement with others (Dezsi et al., 1992; Buchan
et al., 1992), that MK-801 can give significant neuroprotec-
tion against focal ischaemia-reperfusion injury, the most
important aspect of our findings is that the observed neuro-
protective effect is more highly sensitive to drug-induced
hypotension than in permanent focal ischaemia. The outcome
following transient MCA occlusion also appears more sen-
sitive to alterations in other key physiological parameters
such as temperature (Morikawa et al., 1992a) than similar
models of permanent MCA occlusion.

In models of permanent MCA occlusion the neuroprotec-
tive effect of MK-801 is predominantly restricted to the
cerebral cortex with no (Gill et al., 1991) or very minor (Park
et al., 1988) reduction in damage in the caudate nucleus due
to the absence of collateral supply to this region (Gill et al.,
1991). In contrast in the present study MK-801 significantly,
and markedly, reduced the volume of ischaemic damage in
the caudate nucleus following transient MCA occlusion.
Thus the restoration of CBF to the caudate nucleus following
transient ischaemia renders this region potentially amenable
to pharmacological intervention with efficacious drugs such
as MK-801.

The role of nitric oxide in focal cerebral ischaemic
damage

Permanent focal cerebral ischaemia As investigation into the
biological roles of NO proceeds, it is becoming increasingly
evident that NO influences a variety of physiological para-
meters that have the potential to either ameliorate or exacer-
bate cerebral ischaemic damage. To further complicate the
situation, NO is now known to exist in 2 inter-changeable
redox forms with distinct pro-excitotoxic (free radical form
of NO) and anti-excitotoxic (nitrosonium ion form) actions
(Lipton et al., 1993). Endothelial-derived NO, produced
immediately after the onset of ischaemia (Tominaga et al.,
1993) may be beneficial to outcome by inducing cerebral
vasodilatation and improving CBF in the ischaemic region.
This effect can be augmented by exogenously-derived NO
that improves CBF following permanent MCA occlusion and
significantly reduces infarct size (Morikawa et a!., 1992b,c;
Zhang & ladecola, 1993). In contrast non-selective inhibition
of NO synthase in the immediate post-ischaemic period may
induce cerebral hypoperfusion and increase the severity of an
ischaemic insult. This may explain why we and others have
previously reported no beneficial effect of relatively high

doses of NO synthase inhibitors administered solely prior to or
immediately following permanent MCA occlusion (Dawson
et al., 1993; Yamamoto et al., 1993; Zhang & ladecola,
1993).
(3 mg kg-'), that does not significantly alter local CBF in the
cortex or caudate nucleus (Macrae et al., 1993a), induced
only a relatively small, although significant, reduction in the
volume of ischaemic damage assessed 4 h post-permanent
MCA occlusion. This result suggests that NO is not a major
mediator of neuronal injury in the acute (4 h) phase of
permanent focal ischaemia and is supported by the observa-
tion that NO levels are only transiently elevated following
permanent MCA occlusion, reaching a peak within 5-10 min
of the onset of ischaemia and declining to basal levels within
1 h (Kader et al., 1993; Malinski et al., 1993).
The modest neuroprotective effect of L-NAME in the pre-

sent study (16% reduction in the volume of ischaemic
damage) is in direct contrast to the dramatic reductions in
lesion size (50%) reported for repeated dosing of NOS
inhibitors following permanent MCA occlusion in rats and
mice (Nowicki et al., 1991; Buisson et al., 1992). However the
apparent neuroprotective efficacy of NO synthase inhibitors
in these studies may in fact reflect reduced NO-dependent
oedema formation rather than neuronal survival per se since
the method of quantification of ischaemic damage used in
these studies was not corrected for brain swelling and NO
synthase inhibitors have been shown to reduce oedema 48 h
post-permanent MCA occlusion (Nagafuji et al., 1992). Fur-
thermore NOS inhibitors induce significant hypothermia in
conscious rats (Macrae et al., 1993a) which may also con-
tribute to the apparent neuroprotective efficacy of NOS
inhibition in conscious animals.

Transient focal cerebral ischaemia In contrast to permanent
focal ischaemia, the restoration of CBF following transient
focal ischaemia allows a more sustained increase in NO
production during the reperfusion phase (Malinski et al.,
1993). Thus the potential contribution of NO to neuronal
injury may be greater in the context of transient focal
ischaemia. However, we were unable to demonstrate greater
neuroprotection with L-NAME in transient compared with
permanent focal ischaemia. Indeed, under broadly similar
experimental conditions, the neuroprotective effect of L-
NAME was comparable in both models (total volumes of
tissue salvaged were 16 mm3 and 12 mm3 for transient and
permanent MCA occlusion respectively), the only difference
being that the reduction in tissue damage in the transient
ischaemia model did not attain statistical significance due to
the greater variability inherent in models of transient versus
permanent MCA occlusion. Furthermore the efficacy of L-
NAME was poor compared with MK-801 pretreatment in
the same model (29% and 71% reductions in volume of
damage for L-NAME and MK-801 respectively). These
results suggest the contribution of NO to neuronal injury in
the acute phase following a transient ischaemic insult is
moderate and similar to that observed for permanent focal
ischaemia. However, our results do not exclude the possi-
bility that NO contributes to the maturation of the lesion in
the late reperfusion phase since we have previously demon-
strated that lesion volume continues to increase in our
endothelin-1 model beyond the 4h time point used in the
present study (Dawson et al., 1993). Indeed preliminary
results from other laboratories would suggest that this is
indeed the case (Cole et al., 1993).

Several of the consequences of NO synthase inhibition may
specifically detract from the inherent neuroprotective efficacy
of L-NAME against transient focal ischaemic injury. For
example L-NAME-induced vasoconstriction and enhance-
ment of leucocyte adherence to vascular endothelium (Ma et
al., 1993) may impair restoration of CBF to previously
ischaemic regions, while L-NAME may also increase extracel-
lular glutamate levels during the reperfusion phase (Zhang et
al., 1993). Indeed in some methods of transient MCA occ-
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lusion (e.g. the intraluminal thread model) L-NAME pre-
treatment can exacerbate infarct volume (Kuluz et al., 1993).
However, L-NAME-induced exacerbation of endothelial
damage induced by insertion and retraction of the intra-
luminal thread may be a major contributory factor to the
poor outcome in this particular case. One of the main advan-
tages of our endothelin-I model of transient MCA occlusion
is that mechanical damage to the MCA is avoided, allowing
the demonstration of a small (although non-significant)
neuroprotective effect of L-NAME pretreatment in the pre-
sent study.
From this discussion it is evident that NO synthase

inhibitors induce a range of physiological responses that can
influence outcome following either transient or permanent
focal ischaemia. The disparate findings reported in the
literature concerning the neuroprotective efficacy of both NO
synthase inhibitors and NO donors probably reflects differ-
ential interaction between these various factors, the balance
of which is dependent on the particular experimental design
utilised. However, the anti-ischaemic efficacy of NO synthase
inhibitors may be improved in the near future with the
development of selective NO synthase inhibitors (Moore et
al., 1993) that would allow inhibition of neuronal and induci-
ble NO synthase (putative mediators of excitotoxicity and
oedema formation) while conserving endothelial NO synthase
activity (to maintain CBF).

Variability in lesion size induced by transient MCA
occlusion

In the present study the percentage reduction in ischaemic
damage achieved with L-NAME in the transient MCA occ-
lusion model was comparable to that observed in the perma-
nent MCA occlusion model. However this result failed to
attain statistical significance. This discrepancy is not surpris-
ing since all models of transient focal ischaemia are
associated with greater variability than comparable methods
of permanent focal ischaemia due to the incorporation of a
period of reperfusion into the design (Macrae, 1992). Power
analysis calculations (a = 0.05, P = 0.2) have revealed that

group sizes of approximately 100 animals would be necessary
to detect the observed 29% reduction in total lesion volume
demonstrated with L-NAME pretreatment against transient
MCA occlusion. The time and expenditure necessary to con-
duct such a large study make it impractible to carry out.
Furthermore we do not think completion of a larger study
would improve the information gained from the present
study with smaller group sizes, since it is evident from the
results presented herein that, as for permanent MCA occ-
lusion, the efficacy of L-NAME as a neuroprotective agent
against acute ischaemic damage is considerably less than that
of MK-801.

Although all models of transient focal ischaemia are more
variable than their permanent counterparts, this comparative
lack of power must be balanced against the maximum degree
of pharmacoprotection that could potentially be demon-
strated in the two model types. For permanent MCA occ-
lusion only the penumbra region, where CBF is less severely
reduced, will be amenable to pharmacological intervention.
This means that even the most efficacious drugs such a
MK-801 can only protect approximately 50% of the total
tissue at risk (see Bullock & Fujisawa, 1992). In contrast, for
transient MCA occlusion the restoration of CBF (providing
it is initiated before ischaemic damage becomes irreversible)
renders 100% of the tissue potentially salvagable. Thus in the
present study, tissue damage in the caudate nucleus, an end
artery region, was successfully reduced by MK-801 pretreat-
ment whereas previous studies have shown that in the
presence of permanent MCA occlusion this region is more
resistant to neuroprotective agents. Thus highly efficacious
drugs such as MK-801 which have the potential to reduce
damage substantially (e.g. by over 70% as in the present
study) will be able to achieve significant neuroprotection in
models of transient focal ischaemia without resorting to large
experimental groups.
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Binding and growth-inhibitory effect of heparin and
oligo-heparin (2 kDa) in Balb/c 3T3 cells: lack of effect on
PDGF- or serum-induced inositol lipid turnover
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1 The ability of heparins (bovine heparin sm 1026, Av. mol. wt. 36.9 kDa and bovine heparin EP 756,
Av. mol. wt. 12.9 kDa) and heparin fractions of different molecular weights (low molecular weight
heparin, LMW 2123/OP, Av. mol. wt. 4.5 kDa and oligo-heparin, Av. mol. wt. 2 kDa) to inhibit the
proliferation and signalling of Balb/c 3T3 fibroblasts was investigated.
2 Heparin and heparin fractions of 4.5 and 2 kDa significantly inhibited DNA synthesis as monitored
by [3HJ-thymidine incorporation.
3 3H-labelled heparin fractions of 4.5 and 2 kDa were prepared by gel-chromatography fractionation
on Sephadex G-75 of an 3H-labelled commercial heparin after treatment with heparinase.
4 The binding of unfractionated and oligo-heparin of 2 kDa to Balb/c 3T3 fibroblasts was studied; we
determined the specificity of heparin and oligo-heparin binding to the cells by means of displacement of
bound 3H-labelled compound in response to increasing concentrations of unlabelled compounds. Scat-
chard analysis of binding data obtained using [3H]-heparin as ligand revealed the presence of a single
class of high affinity binding sites (Kd = 28 nM) for heparin. Scatchard analysis of binding data obtained
using [3H]-oligo-heparin as ligand revealed the presence of a single class of low affinity binding sites
(Kd = 3.2 pM) for oligo-heparin.
5 In addition heparin displaced [3H]-oligo-heparin at a concentration of approximately 100 fold of the
Kd determined in displacement studies. Furthermore, oligo-heparin significantly displaced [3H]-heparin at
a concentration of approximately 10 fold of the &d determined by displacement studies.
6 Both heparin and oligo-heparin exert their inhibitory effects on Balb/c 3T3 DNA synthesis
stimulated by PDGF or serum. However these molecules did not affect the inositol lipid turnover
triggered by PDGF at a concentration which did not produce maximal response. The increase of inositol
phosphate metabolism produced by 20% serum was also unaffected by heparin. This concentration of
serum elicited a response comparable to that induced by a submaximal concentration of PDGF.

Keywords: Balb/c 3T3 fibroblasts; heparin; oligo-heparin; inhibition of proliferation; inositol lipid turnover

Introduction

Heparin is a highly sulphated glycosaminoglycan, with a
molecular weight which varies from 5 to 40 kilodaltons
(kDa). Heparin acts as an anticoagulant by binding to anti-
thrombin III and thus markedly accelerating the ability of
antithrombin III to inactivate the coagulation enzymes
thrombin (IIa), factor Xa and factor IXa (Danielsson et al.,
1986). Heparin molecules with fewer than 18 saccharides
(kDa less than 5.4) are called 'low molecular weight
heparins'. These molecules, prepared from standard commer-
cial heparin, have become topics of great clinical interest for
two reasons: (1) they progressively lose their ability to pro-
long the activated partial thromboplastin time (APTT) while
retaining their ability to inhibit factor X (factor Xa) with
reduction in molecular size (Jordan et al., 1980); (2) with an
equivalent antithrombotic effect, they produce less bleeding
in experimental models than high molecular weight heparin
(Bergquist et al., 1985).

Heparin is known to have other biological effects besides
inhibition of blood coagulation. The growth of several nor-
mal and transformed cell types, including human and murine
fibroblasts, is inhibited by heparin in vitro and in vivo
(Wright et al., 1989b; Ferrao & Mason, 1993; for review see
Jackson et al., 1991). The mechanism of the antiproliferative
actions of heparin have not been defined. Both anticoagulant
and non-anticoagulant forms of heparins are effective in
inhibiting smooth muscle cell growth (Pukac et al., 1991).
Searching for a mechanism of action that could elucidate the

Author for correspondence.

role of heparin as growth inhibitor, we recently reported the
effects of heparin on cell proliferation and inositol lipid
turnover in a variety of cell lines. We observed that heparin
inhibits serum-induced inositol lipid turnover as well as
serum-stimulated cell growth in BC3H-1 muscle cells (Van-
nucchi et al., 1990a,b), whereas in A 431 cells the growth
inhibitory effect of heparin is independent of cell signalling
induced by epidermal growth factor (EGF) or bradykinin
(Vannucchi et al., 1991). Heparin also inhibits platelet-
derived growth factor (PDGF)-induced cell proliferation and
inositol lipid turnover in v-sis transformants, but it does not
affect PDGF mitogenic signalling in normal NIH-3T3 fibrob-
lasts (Cavari et al., 1993). It has been demonstrated that
heparin suppresses the induction of c-fos and c-myc mRNA
in murine Balb/c 3T3 fibroblasts by selective inhibition of a
protein-kinase C dependent pathway (Wright et al., 1989b).
This mitogenic pathway is activated by PDGF but not by
EGF, which in these cells utilizes a protein-kinase C indepen-
dent pathway for gene expression (Besterman et al., 1986).
Accordingly, heparin fails to suppress c-fos and c-myc expres-
sion stimulated by EGF in these cells (Wright et al., 1989b).

Since stimulation of inositol lipid degradation appears to
be an important step in the mechanism by which PDGF (but
not EGF) stimulates mitogenesis in Balb/c 3T3 fibroblasts,
we decided to study, first of all, whether Balb/c 3T3 cells
bear binding sites for heparin and heparin fractions of low
molecular weight, and then the effect of these molecules on
cell proliferation and PDGF- or serum-induced inositol lipid
turnover. Indeed, it is known that PDGF accounts for only
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about 50% of the platelet derived mitogenic activity of serum
(Ross et al., 1986).
A brief account of some of this work has already been

published (Cavari & Vannucchi, 1993).

Methods

Mitogenesis assay

Balb/c 3T3 fibroblasts were grown in DMEM supplemented
with 10% foetal bovine serum. All experiments were per-
formed at pH 7.4 in a humidified atmosphere of 95% air, 5%
CO2 at 37TC. The glycosaminoglycans were added to cell
cultures in the presence of 10% foetal bovine serum 24 h
before the determination of [3H]-thymidine incorporation.
The effects of PDGF, heparin, and oligo-heparin on DNA
synthesis were studied in serum-starved cultures. Cells were
grown to confluence in 24-well plates and made quiescent by
incubation for 24 h in serum-free medium. Immediately
thereafter, 1 ml of DMEM containing either PDGF (50 ng
ml-') or 10% serum in the presence or in the absence of
heparin and oligo-heparin was added. After 23 h, 0.5 ACi
ml-' of [3H]-thymidine was added. After incubation for 1 h,
the incorporation of labelled thymidine into DNA was
assayed as described previously (Vannucchi et al., 1990a).

Preparation of 3H-labelled heparin fractions

[3H]-heparin (50 jg) was incubated for 1 h at 350C with 100
units of heparinase I in 0.1 M sodium acetate pH 7.0 (one
unit forms 0.1 jImol of unsaturated uronic acid per h at
pH 7.5 at 25°C). The sample was boiled for 10 min and
gel-filtered on a G-75 Sephadex column (1 x 90 cm) eluted
with 1 M NaCl (flux 4 ml h-'); 2 ml fractions were collected.
Fractions 15 to 25 and 26 to 32 were pooled, dialyzed against
distilled water using a Spectra/por membrane (mwco 1.000,
Spectrum Med., Los Angeles, CA, U.S.A.) and lyophilized.
The mean molecular weights of the radioactive fractions were
calculated by comparison with standard unlabelled heparin
fractions of known molecular weight (12.9; 4.9 and 2.0 kDa)
on gradient PAGE electrophoresis according to Lyon & Gal-
lagher (1990). The dried gel was submitted to autoradio-
graphy. The specific activity of the radioactive fractions,
evaluated by measuring the uronic acid content (Bitter &
Muir, 1962) of the products was similar to that of the
starting material.

Measurement of heparin binding

Binding experiments were performed on confluent cultures of
Balb/c 3T3 cells (3 x 105 cells per 17-mm dish) as previously
described (Vannucchi et al., 1988). The cell number at
confluence was determined as follows: triplicate plates were
trypsinized and cells counted in a Coulter counter. In all
reported experiments, the standard deviation was less than
10% of the mean. Confluent cultures of Balb/c 3T3 cells
(3 x I05 cells per 17-mm dish) were washed with cold phos-
phate buffered saline (PBS) and precooled at 4°C for 30 min.
The unfractionated [3H]-heparin or the 3H-labelled oligo-
heparin fraction were used as ligands in binding experiments.
To confluent cell monolayers 1 ml of PBS was added con-
taining 0.1% human serum albumin, increasing concentra-
tions of [3H]-heparin (7.5-30 nM) without unlabelled heparin,
and fixed concentration of [3H]-heparin (30 nM) with increas-
ing concentrations of unlabelled ligand (20 nM-40 gM). The
same procedure was used to quantify the binding of [3H]-
oligo-heparin by incubating increasing concentrations of [3H]-
oligo-heparin (50-200nM) without unlabelled oligo-heparin,
and a fixed concentration of [3H]-oligo-heparin (200 nM) with
increasing concentrations of unlabelled oligo-heparin (100
nM-200 iM). Non-specific binding was determined in the
presence of 1000 fold excess of unlabelled ligand and was

negligible (5% of the total binding for heparin and 7.5% of
the total binding for oligo-heparin). After 2 h incubation at
4'C the cell monolayers were washed five times with cold
PBS (5 ml), then solubilized in 0.2 N NaOH overnight at
37°C. The radioactivity present in cell lysate was determined
in a liquid scintillation counter. Binding data were analysed
according to the method of Scatchard, using the Ligand
computer programme (Munson & Rodbard, 1980). The
relative specificity of the binding sites for heparin and oligo-
heparin compared to other glycosaminoglycans was studied
incubating confluent Balb/c 3T3 cells with 30 nM [3H]-heparin
or 200 nM [3H]-oligo-heparin respectively, for 2 h at 4'C, in
the absence or in the presence of 100 fold excess of
unlabelled glycosaminoglycans.

Analysis of inositol lipid turnover

The experiments involving the measurement of inositol-
containing lipids and the water soluble inositol-phosphates,
were carried out as previously described (Vannucchi et al.,
1990a). Briefly, cells in 35-mm dishes and in log phase
growth were first labelled by preincubation with 51 Ci per
dish of myo-[2-3H]-inositol. After 2 days of incubation cells
were confluent and the labelling was continued for an addi-
tional 24 h with 5 AlCi per dish of [3H]-inositol in serum-free
medium. The prelabelling was stopped by washing the
monolayers with DMEM. Cells were then incubated with
1 ml of DMEM with 10 mM Li'. After 10 min, cells were
stimulated by appropriate agents. At times thereafter,
stimulation was rapidly terminated by addition of 1.2 ml per
dish of cold methanol. Extraction of phospholipids and phos-
phoinositide was carried out as previously described (Van-
nucchi et al., 1990a).

Materials

[3H]-heparin (400 pCi mg ', average molecular weight 12
kDa), [3H]-thymidine (82.2 Ci mmol-') and [3H]-myo-inositol
were purchased from New England Nuclear. Heparin
sm 1026 (kDa 36.9) and heparin EP 756 (kDa 12.9) extracted
from bovine intestinal mucosa, low molecular weight heparin
(LMW 2123/850, kDa 4.5) and oligo-heparin (kDa 2.0),
which were obtained from unfractionated compounds by a
patented peroxidalic fragmentation (Volpi et al., 1992), were
all provided by Opocrin Research Laboratories (Modena,
Italy). Chondroitin sulphate A (CSA), chondroitin sulphate
C (CSC) and dermatan sulphate (DS) were obtained from
Seikagaku Kogyo Co., Tokyo; heparan sulphate (HS) was
from Upjohn International Inc., Kalamazoo, Mich., U.S.A.;
hyaluronic acid (HA) and heparinase I (from F. heparinum,
E.C.4.2.2.7) were from Sigma Chem. Co., St. Louis, Mo,
U.S.A. Sephadex G-75 was from Pharmacia (Uppsala,
Sweden). Platelet derived growth factor (PDGF) was from
Calbiochem. Gradient PAGE electrophoresis was performed
on a standard vertical slab supplied by Pharmacia LKB.
Tissue culture media and foetal bovine serum were from
GIBCO.

Statistical analysis

Data were expressed as means ± s.d. Statistical differences
were analysed by Student's t test and were considered
significant at P<0.01.

Results

Previous studies have shown that heparin is an inhibitor of
Balb/c 3T3 fibroblast proliferation (Wright et al., 1989b). In
the present study we tested the antiproliferative activity of
heparin fractions of low molecular weight, produced by a
radical reaction, compared to the antiproliferative activity
exhibited by whole heparin itself. Balb/c 3T3 cell prolifera-
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tion assay demonstrated that both the native heparin and the
depolymerized heparins have significant (P<0.005) antipro-
liferative activity (Figure 1). However, there were differences
in the antiproliferative activities between the compounds
tested. Oligo-heparin shows an interesting biological pro-
perty: it has the higher AXa/APTT ratio among the heparins
herein tested; in fact, it is devoid of APTT activity (Table 1).
For this reason, we decided to study in greater detail the
antiproliferative activity of this compound. As shown in
Figure 2 we determined a dose-dependent antiproliferative
activity of whole heparin and oligo-heparin. From the results
obtained in three different experiments the apparent IC50 for
heparin was reached by the lower concentration tested
(0.5 pg ml' = 38.7 nM) with 32.2% median inhibition of
[3H]-thymidine incorporation and 95% confidence intervals
of 27.8 and 36.6%. The ICm for oligo-heparin was calculated
to be 3 fig ml-' (= 1.5 pM) with median inhibition of 22.5%
and 95% confidence intervals of 20.0 and 25.2%. The res-
ponses to 100jLg ml1 of each compound are maximal: at
this dose heparin and oligo-heparin produce 65% and 46%
inhibition of [3H]-thymidine incorporation, respectively. Both
low molecular weight heparin and oligo-heparin obtained by
radical depolymerization did not exhibit changes in their
primary structure in comparison with heparin fractions
obtained by enrichment of native heparin (Volpi et al., 1992).
Thus, we investigated whether the oligo-heparin exerted their
action through the binding to specific binding proteins pre-
sent on the cellular membrane or in the extracellular matrix.
3H-labelled heparin fraction of mean molecular weight of
2 kDa was obtained by gel-fractionation on Sephadex G-75
of an 3H-labelled commercial heparin, treated with hep-
arinase I. Pooled fractions were dialyzed and Iyophilized.
Aliquots were submitted to PAGE electrophoresis (Figure 3)
and the fraction of 2 kDa was used for binding studies.
Specific [3H]-heparin binding and [3H]-oligo-heparin binding
to Balb/c 3T3 cells was time- and temperature-dependent.
For both ligands, maximum specific binding was obtained at
4°C after 2 h incubation, and was stable for an additional 1 h
(not shown). All subsequent binding studies were conducted
at 4°C for 2 h. Binding specificity of unfractionated [3H]-
heparin (30 nM) and [3H]-oligo-heparin (200 nM) binding was

determined by incubating the cultures in the absence or in
the presence of 100 fold excess of the following unlabelled
compounds: heparin EP 756; oligo-heparin; hyaluronic acid;
heparan sulphate; dermatan sulphate; chondroitin sulphate A
and C (Figure 4). The binding of labelled heparin was
inhibited by 100 fold excess of unlabelled heparin EP 756,
but not by 100 fold excess of heparin-unrelated glycosamino-
glycans. Heparin-related glycosaminoglycans (heparan sul-
phate and oligo-heparin) were the only compounds able to
compete for [3H]-heparin binding. The binding of [3H]-oligo-
heparin was inhibited by 100 fold excess of heparin. Heparan
sulphate and oligo-heparin were also competitors. The
heparin-unrelated glycosaminoglycans were able to compete
only for oligo-heparin binding.

Scatchard analysis of binding data obtained from four
different experiments using [3H]-heparin or [3H]-oligo-heparin
as ligands revealed the presence of a single class of binding
sites with Kd values of 20, 28, 30 and 35 nM and binding
capacity of 1.39, 1.5, 1.73 and 1.84 pmol/106 cells for heparin
(Figure 5a), and a single class of binding sites with Kd values

Table 1 Properties of heparins used in the experiments

Mol. wt. S03/COO- APTT AXa
(kDa) (MR) (iu mg ') (iu mg ')

EP 756
sm 1026
LMW 2123/850
Oligo-heparin 2000

12.9
36.9
4.5
2.1

2.15

2.19
2.03

164 114
295 119
37 86

1 50

Glycosaminoglycan molecular weight (mol. wt.) is expressed
in kDa. Degree of sulphation (S03/COO-) is expressed as
molar ratio (MR) of sulphate and carboxyl groups
determined by potentiometric analysis (Mascelloni et al.,
1986). Activated partial thromboplastin time (APTT) is
expressed as iu mg-' (Basu et al., 1972). Anti-activated
coagulation factor X (AXa) activity was tested in a
chromogenic assay and is expressed as iu mg ' (Teien et al.,
1976). Abbreviations used: EP 756, heparin; sm, slow
moving heparin; LMW, low molecular weight heparin.
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Figure 1 Antiproliferative effects of glycosaminoglycans. Cell
growth was assessed as [3H]-thymidine incorporation in the presence
of 10ljgml- of the indicated compounds which were added 24h
before pulse labelling (I h) with [3H]-thymidine: (a) EP 756; (b)
heparin sm 1026; (c) LMW 2123/OP; (d) oligo-heparin (2 kDa); (e)
chondroitin sulphate A; (f) dermatan sulphate; (g) chondroitin sul-
phate C; (h) hyaluronic acid; (i) heparan sulphate. Data are exp-
ressed as % of inhibition of [3H]-thymidine incorporation compared
with controls (no addition, i.e. no inhibition = 0%; full inhibition
was 100%). Values are means ± s.d. obtained in three experiments,
each performed in quadruplicate. *Statistically different from the
control (P< 0.005; Student's t test).
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Figure 2 Dose-dependent effect of glycosaminoglycans (GAGs),
heparin and oligo-heparin, on Balb/c 3T3 proliferation. Cell growth
was assessed as [3H]-thymidine incorporation in the presence of
different concentrations of indicated compounds which were added
for 24 h before pulse labelling (1 h) with [3H]-thymidine. Data
(mean ± s.d.) are derived from three experiments each performed
in quadruplicate and are expressed as % inhibition of [3H]-thym-
idine incorporation. EP 756 (open columns); oligo-heparin (2 kDa)
(hatched columns). *Statistically different from control (P <0.005;
Student's t test). **Statistically different from the control (P<0.01;
Student's t test). ***Statistically different from the control
(P<0.025; Student's t test).
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Figure 3 Gradient PAGE electrophoresis of standard heparins and
[3H]-heparin fractions from Sephadex G-75: (a) heparin 756
(12.9 kDa); (b) low molecular weight OP 2123/850 (4.5 kDa); (c)
oligo-heparin (2.0 kDa); (d) fractions 15-25 from Sephadex G-75;
(e) fractions 26-32 from Sephadex G-75; (f) autoradiography of (e).

of 0.3, 0.6, 3.3 and 8.9 gM and binding capacity of 105, 120,
123 and 135 pmol/106 cells for oligo-heparin (Figure 5b).

In the antiproliferative experiments the IC^o for heparin
was 0.5 pg ml-' concentration that corresponds to 38.7 nM,
and the IC50 for oligo-heparin was 3 tLg ml-', corresponding
to 1.5 gM. Taken together, these results suggest that both
compounds interact with both binding sites, albeit possibly
with different affinities; this difference could explain the
different antiproliferative potencies of these compounds.
Binding experiments were carried out using confluent cells;
therefore, the involvement in our system of binding sites on
the extracellular matrix cannot be excluded.

Previous studies showed that in Balb/c 3T3 fibroblasts,
heparin inhibits the protein-kinase C-dependent mitogenic
pathway, which is activated by PDGF, thrombin and
phorbol esters, but has little effect on the EGF-dependent
pathway (Wright et al., 1989b). PDGF accounts for approx-
imately 50% of the platelet derived mitogenic activity of
serum; the remaining activity appears to be due to an EGF-
like molecule and, probably, to other growth factors (Ross et
al., 1986). Therefore, we investigated the effects of heparin
and oligo-heparin on mitogenic responses of these cells to
PDGF or serum. As shown in Figure 6 both heparin and
oligo-heparin inhibit DNA synthesis stimulated by PDGF or
serum. It has been suggested that heparin acts early in the
cell cycle to suppress protein-kinase C-dependent induction
of gene expression in vascular smooth muscle cells (Pukac et
al., 1990; 1992). Stimulation by PDGF of quiescent Balb/c
3T3 cells leads to tyrosine phosphorylation of PLC-y and a
consequent increase in phosphoinositide turnover (Wahl et
al., 1989). Therefore, we next examined directly whether
heparin or oligo-heparin could repress PDGF- or serum-
induced phosphoinositide degradation in Balb/c 3T3 cells.
The results shown in Table 2 demonstrate that treatment
with PDGF or serum for 60 min in the absence or in the
presence of heparin (100ILgml-') or oligo-heparin (100 ig
ml-') significantly increases inositol lipid turnover compared
with the control (P<0.005). The effect of the glycosamino-
glycan was evaluated with a PDGF concentration (50 ng
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Figure 4 Specificity of unfractionated [3H]-heparin and [3H]-oligo-
heparin binding to Balb/c 3T3 fibroblasts. (a) Cells were incubated
for 2 h at 4°C with [3H]-heparin (4 x I0O d.p.m. ml' per plate) in the
absence (a) or in the presence of 50 ptg ml ' per plate of: (b) heparan
sulphate; (c) chondroitin sulphate A; (d) dermatan sulphate; (e)
chondroitin sulphate C; (f) hyaluronic acid; (g) oligo-heparin
(2 kDa); (h) heparin. (b) Cells were incubated for 2 h at 4°C with
[3H]-oligo-heparin (4 x I05 d.p.m. ml ' per plate) in the absence (a)
or in the presence of the compounds listed in (a). Results are
expressed as % of 3H-labelled compounds bound to cells and are
means ± s.d. of triplicate samples. This experiment is representative
of three experiments with similar results. *Significantly different from
the control (P< 0.005; Student's t test).

ml ') that did not produce the maximal response (Table 2);
thus we can exclude the possibility that the lack of effect on
the inositol phosphate production induced by PDGF could
be because the stimulation was saturated. To evaluate the
effect of glycosaminoglycan on serum-induced response, we
used a serum concentration (20%) that stimulates the inositol
phosphate production at levels in the range of those induced
by submaximal concentrations of PDGF. The addition of
heparin or oligo-heparin to control or PDGF- or serum-
treated cells did not significantly influence the inositol lipid
turnover values obtained in the absence of the glycosamino-
glycan.

Discussion

The results presented in this paper indicate that heparin and
oligo-heparin of 2 kDa specifically bind to Balb/c 3T3 fibro-
blasts and inhibit proliferation. Several diseases that involve
non malignant proliferation of cells include fibroproliferative
processes (i.e. pulmonary interstitial fibrosis, and some forms
of glomerulonephritis, cirrhosis and myelofibrosis). In these
processes normal tissue is replaced by fibroblasts and their
extracellular products. Therefore, pharmacological interven-
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Table 2 Effects of heparin and oligo-heparin on the levels of inositol phosphates in untreated or serum- and platelet-derived growth
factor (PDGF)-stimulated Balb/c 3T3 cells

Condition none

Basal
PDGF (20 ng ml-')
PDGF (50 ng ml-')
PDGF (100 ng ml-')
20% serum

1112 ± 80
1413 ± 172
7822 ± 388*
10764 ± 628*
9512 ± 554*

Level of [3H]-inositol phosphates (d.p.m.)
+ heparin + oligo-heparin (2 kDa)

1251 ± 96
ND

8766 ± 775*
ND

9250 ± 673*

1267 ± 77
ND

8240 ± 804*
ND

9614 ± 720*

Data represent the mean ± s.d. of duplicate determination. Comparable results were obtained in three additional experiments. The
mean percentage change induced by heparin and oligo-heparin in inositol phosphate production for all four experiments combined was
respectively - 5.92% and +10.8% on PDGF-induced response and + 7.2% and + 9.5% on serum-induced response.
*Significantly different from the basal condition (P <0.005 Student's t test).
ND, not determined.
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Figure 5 Scatchard analysis of [3H]-heparin (a) and [3H]-oligo-
heparin (b) to one Balb/c 3T3 cell monolayer. Each point represents
the mean of quadruplicate determinations. In (a) Kd = 28 nM; in (b)
Kd = 3.3 J4M. Comparable results were obtained in three additional
experiments.

tions aimed to limit uncontrolled fibroblasts proliferation
might favourably condition the clinical course of these
diseases. Recently it has been shown that the growth of
human dermal fibroblasts from patients with progressive
systemic sclerosis is inhibited by heparin (Ferrao & Mason,
1993). The antiproliferative features of heparin in structural-
functional terms are under investigation; the size require-
ments are similar for calf and rat vascular smooth muscle
cells and rat cervical epithelial cells since hexasaccharide and
larger fragments retain activity whereas di- and tetrasac-
charides are inactive (Wright et al., 1 989a). We have
previously reported that both the molecular weight and
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Figure 6 Effects of heparin and oligo-heparin on mitogenic res-
ponses. Monolayers of serum-starved Balb/c 3T3 cells were
incubated at 37°C for 23 h in the presence of 10% serum (a) or
PDGF (50 ng ml-') (b) without (open columns) or with 100 tg mlL'
of heparin (hatched columns) or with 100ligmlm' of oligo-heparin
(2 kDa) (solid columns). Thereafter incorporation of [3H]-thymidine
was performed as described under 'Methods'. Data are expressed as
means ± s.d. of quadruplicate samples. Comparable results were
obtained in three additional experiments. *Significantly different
from control (P <0.005; Student's t test).

degree of sulphation of heparin are important in determining
growth inhibitory effects in BC3H- 1 and A431 cells (Vannuc-
chi et al., 1990a; 1991). However, a pharmacological treat-
ment with the high molecular weight heparin, because of its
anticoagulant activity, can lead to haemorrhagic complica-
tions as well as thrombocytopaenia. The low molecular
weight heparins have reduced ability to catalyze the inactiva-
tion of thrombin relative to their ability to inhibit factor Xa
because the inactivation of thrombin by heparin is critically
dependent on molecular size (Lane et al., 1984). Thus, the
growth-inhibitory effect of specific low molecular weight
heparin-fractions might be useful in devising new therapeutic
strategies exploiting the antiproliferative actions of glyco-
saminoglycans.
The molecular mechanisms underlying the antiproliferative

effect of heparin are still undefined. A major question re-
mains whether heparin acts extra- or intracellularly. It is
known that heparin has a direct effect on extracellular mat-
rix, i.e. it regulates the assembly of collagen IV and laminin
in vitro (Koliakos-Kouzi et al., 1989). Exogenous heparin
could act extracellularly on growth by interacting with
various components of the extracellular matrix or interfere
with cell-substrate attachment processes (San Antonio et al.,
1992). However, low molecular weight heparins differ from
high molecular weight heparin in their binding to proteins
(Lane, 1989): they have lower affinity for proteins such as
fibronectin (Dawes & Pavuk, 1991) or Platelet factor 4 and
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histidine-rich glycoprotein (Lane et al., 1986). Moreover, they
have much lower affinity for the heparin-binding sites on
endothelial cells (Vannucchi et al., 1988) and BC3H-l muscle
cells (Vannucchi et al., 1990b). In this paper we show that
confluent cultures of Balb/c 3T3 cells bear high affinity bind-
ing sites for heparin with Kd values of the same magnitude as
the IC50 shown in the antiproliferative experiments. The bind-
ing sites described using oligo-heparin have an affinity 100
fold lower than that described using heparin, according to
the ICm of the oligo-heparin, shown in the antiproliferative
experiments. However, concerning the antiproliferative effect
of oligo-heparin, either extracellular matrix binding sites for
all glycosaminoglycans, or heparin specific binding sites, or
both, could be involved.
One of the supposed mechanisms for heparin effect on cell

proliferation is interaction with growth factors; in fact, it has
been shown that the activities of endothelial mitogens are
potentiated by heparin (Damon et al., 1989). We have
previously demonstrated that heparin inhibited serum-
induced phosphoinositide turnover in BC3H-1 muscle cells
and the interference with serum growth factors was proposed
as a possible mechanism (Vannucchi et al., 1990b). PDGF
accounts for approximately 50% of the platelet derived
mitogenic activity of serum; the remaining activity appears to
be due to other growth factors (Ross et al., 1986). We show

here that heparin inhibits both PDGF- and serum-induced
cell proliferation; however it fails to inhibit inositol lipid
turnover elicited by both submaximal PDGF concentration
and 20% serum. These results suggest that heparin and
oligo-heparin, either in the medium or bound to cell surface
and/or to extracellular matrix components, are unable to
inactivate PDGF or to disturb PDGF-PDGF receptor
interaction on the cell surface of Balb/c 3T3 fibroblasts. It
has been demonstrated that phosphatidylinositol turnover
increases as a direct consequence of phospholipase C-? (PLC-
y) tyrosine phosphorylation in Balb/c 3T3 cells and that
PDGF leads to tyrosine phosphorylation of PLC-j (Wahl et
al., 1989). Thus, our results seem to exclude several
molecular targets for the inhibitory effect of heparin on
Balb/c 3T3 cell proliferation stimulated by PDGF: (1) PDGF
itself; (2) binding of PDGF to PDGF receptor; (3) tyrosine
phosphorylation of PLC-y; (4) PLC-y itself.- However, further
work is in progress to identify the inhibitory mechanism of
heparin on Balb/c 3T3 fibroblast proliferation.

This study was supported by Associazione Italiana Ricerca sul can-
cro (AIRC) and Ministero della ricerca scientifica e tecnologica
(MURST 60%).
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Antagonism by riluzole of entry of calcium evoked by NMDA
and veratridine in rat cultured granule cells: evidence for a dual
mechanism of action

'J.P. Hubert, *J.C. Delumeau, *J. Glowinski, *J. Premont & A. Doble

Rhone-Poulenc-Rorer, CRVA 13 quai J Guesde, 94403 Vitry-sur-Seine and *Chaire de Neuropharmacologie Ul 14, College de
France, 11, place M. Berthelot, 75005 Paris, France

1 Intracellular calcium levels were measured in cultured cerebellar granule cells of the rat by use of the
fluorescent dye, indo-l/AM.
2 Intracellular calcium levels were increased by depolarizing stimuli such as N-methyl-D-aspartate
(NMDA) (100 SAM), glutamic acid (20 LM), and veratridine (10 tiM). This increase was essentially due to
entry of external calcium.
3 Riluzole (10 pM) blocked responses to all the depolarizing agents.
4 Riluzole could still block the increase in intracellular calcium evoked by NMDA or glutamic acid
when sodium channels were blocked by tetrodotoxin, suggesting that this effect is not mediated by a

direct action of riluzole on the voltage-dependent sodium channel.
5 Pretreatment of the cells with pertussis toxin (0.1 jg ml- 1) did not modify the increases in intracel-
lular calcium evoked by NMDA, glutamic acid or veratridine.
6 In pertussis toxin-treated cells, riluzole could no longer block responses to excitatory amino acids,
but still blocked responses to veratridine.
7 It is concluded that riluzole has a dual action on cerebellar granule cells, both blocking voltage-
dependent sodium channels and interfering with NMDA receptor-mediated responses via a pertussis
toxin-sensitive mechanism. Furthermore, these two processes have been shown to be independent.

Keywords: Cerebellar granule cell culture; glutamic acid; indo-l/AM; intracellular calcium; NMDA; riluzole; veratridine

Introduction

Riluzole (2-amino-6-trifluoromethoxybenzothiazole, PK 261-
24) is an anticonvulsant drug with an unusual anticonvulsant
profile which suggests that it might interfere preferentially
with excitatory amino acid-mediated transmission (Mizoule
et al., 1985). A number of subsequent studies have shown
that riluzole can indeed block excitatory amino acid-evoked
events in the central nervous system. These observations were
first reported for glutamic acid-evoked guanosine 3':5'-cyclic
monophosphate (cyclic GMP) production in cerebellar slices
(Benavides et al., 1985), and have since been extended to
excitatory amino acid-evoked neuronal firing in the rat facial
nucleus (Girdlestone et al., 1989), glutamic acid-evoked cal-
cium entry in cultured neurones (Frandsen et al., 1989), and
excitatory amino acid-evoked neurotransmitter release both
in vivo (Cheramy et al., 1986; 1992; Becquet et al., 1989;
1990) and in vitro from brain slices (Benavides et al., 1985;
Martin et al., 1993) and cultured neurones (Drejer et al.,
1986; 1988; Hubert & Doble, 1989).
However, radioligand binding studies have failed to pro-

vide the slightest evidence that riluzole interacts with any of
the known binding sites on any excitatory amino acid recep-
tor. Furthermore, riluzole does not antagonize effects of
glutamic acid at the metabotropic glutamate receptor coupled
to phospholipase C in the striatum or cerebellum (Doble &
Perrier, 1989a,b). An interaction of riluozle with an allosteric
site on the N-methyl-D-aspartate (NMDA) receptors has
however been suggested by recent studies on excitatory
amino acid receptors expressed in Xenopus oocytes, (Debono
et al., 1993). However, it is also possible that indirect effects
of riluzole contribute to the blockade of excitatory amino
acid-mediated events.

' Author for correspondence.

Tsai et al. (1987) were the first to suggest that blockade of
voltage-dependent sodium channels and subsequent supres-
sion of action potential generation may underlie certain
effects of riluzole. This hypothesis was recently confirmed
directly by Benoit & Escande (1991), who showed that, in
frog sciatic nerve, riluzole stabilizes the inactivated state of
the voltage-dependent sodium channel. It would, however,
seem unlikely that an effect on the sodium channel underlies
all of the effects of riluzole on glutamic acid-evoked events,
since certain of these are observed in the presence of tetro-
dotoxin, (Cheramy et al., 1986; Hubert & Doble, 1989; Mar-
tin et al., 1993). In parallel with these studies on sodium
channels, we have also shown that the inhibition of glutamic
acid-evoked transmitter release from cultured cerebellar
granule cells is abolished upon pretreatment of the cells with
pertussis toxin (Doble et al., 1992). It was concluded that, in
this case, the effect of riluzole involves activation of a G-
protein-dependent process.

In the present study, we have examined the actions of
riluzole on a system where possible interactions with both
voltage-dependent sodium channels and excitatory amino
acid receptors can be compared. The experimental paradigm
chosen was the elevation of intracellular calcium concentra-
tions ([Ca2+],) in cultured neurones upon depolarization.
Cytosolic calcium levels were monitored with the fluorescent
dye indo-l (Grynkiewicz et al., 1985; Delumeau et al., 1991).
The results shows that riluzole does indeed interact with both
sodium channels and G-protein-dependent processes, that
these two actions are independent and that it is mainly the
latter that contributes to the inhibition of glutamic acid-
evoked calcium entry in these neurones. These results confirm
and extend data that we have obtained previously on mouse
cultured mesencephalic neurones (Hubert et al., 1992).

'." Macmillan Press Ltd, 1994
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Methods

Cell culture

Granule cell cultures were prepared as described by Gallo et
al. (1982). Cerebella were removed from 7-day old rat pups
(Iffa-Credo, Lyon, France), and dissociated enzymatically.
The cell suspensions were plated (1.3 x 105 cells cm-2) onto
glass slides 45 x 70 mm coated successively with poly-L-
ornithine (1.5 jsgml-') and laminin (2(Lgml') in 1Ocm Petri
dishes in Dulbecco's modified Eagle medium containing
4.5 g 1` glucose supplemented with heat-inactivated foetal
calf serum (3%), glutamine (1 mM) and Mixed Hormone
mixture (7%). The cells were used between 4 and 6 days in a
non depolarizing (5.4 mM KCI) culture condition.

Loading with indo-JIAM

Before each experiment, the nutrient medium was replaced
with a modified Hank's solution containing (mM): NaCl 130,
KCI 5.4, HEPES 20, glucose 5.5, CaC12 1.25, MgCl2 1 and
buffered to pH 7.4. The cells were pre-loaded with indo
1/AM by incubation in 4 ml Hank's solution containing
30 fig indo-l/AM, 50 til 2.5% BSA and 2 flI dimethylsulphox-
ide (DMSO) for 1 h at 370C, then washed and maintained at
room temperature in the same modified Hank's solution
prior to the fluorescence measurements.

Compound application

The cells on their glass slices were placed in a cylindrical
Perspex perfusion chamber (diameter 10.6 cm, depth, 3.4 cm)
on the stage of a microscope (Nikon Diaphot). The chamber
was perfused horizontally at a rate of 2 ml minI with
modified Hank's solution. Individual cells were identified
optically and the microperfusor placed directly above them.
Compounds were applied directly to the cell from a gravity

fed remote controlled mutli-barralled microsuperfusion sys-
tem. The diameter of the tip of the perfusion barrels was
0.2 mm, and the tip was positioned perpendicular to the flow
of medium across the chamber. The material ejected from the
pipettes was removed by aspiration from the other side of the
cell. Normally, depolarizing agents were applied to the cell
for 10 s.

Fluorescence measurements

Cytosolic calcium measurements were carried out by dual-
emission microfluorometry with the indo-l/AM probe. The
cells, loaded with the fluorescent probe, were excited through
a 40 x oil immersion objective using a 100 W xenon light,
neutrally attenuated to avoid bleaching, and filtered at
360 nm. Excitation and emission beams were separated by a
380 nm dichroic filter. Emission spectra were then divided
into two halves by a 455 nm dichroic filter. From the two
halves of the indo- I emission spectra; two signals were
selected by interference filters at 405 nm and 480 nm. These
signals were recorded by photometers and passed to an
amplifier. The fluorescence ratio F4O5/F480, which is indepen-
dent of the probe concentration, was directly calculated from
both signals. All optics and photometers for indo-I were
obtained from Nikon-France.

Calibration

Cytosolic calcium concentrations were calculated from the
ratio according to the following equation described by Gryn-
kiewicz et al. (1985) in which KD is the dissociation constant
of indo-l for ionized calcium ions (2.5 X 10- M), F480f) is the
fluorescence of free indo-l (1.833 ± 0.182, n = 15), F480,b) the
fluorescence of indo-l bound to calcium (0.436 ± 0.106,
n = 15) and Rmin (0.244 ± 0.057, n = 15) and Rmax (2.132 +
0.277, n = 15) were determined in the presence of ionomycin
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(10-5 M) and either EGTA (5 x 10-3 M) or CaCl2 (5 x 10-3
M) respectively.

[Ca2+], = KD X S x R-Rmi,
F480(b) Rmax- R

Reagents

Riluzole was synthesized by Dr P. Jimonet at Rhone-
Poulenc-Rorer, Vitry, France. Pertussis toxin was purchased
from List Biologicals Inc, San Diego, U.S.A. Tetrodotoxin,
D-serine, lanthanum chloride, glutamic acid, NMDA (N-
methyl-D-aspartic acid), excitatory amino acids and verat-
ridine were from Sigma Chemical Co, St. Louis, U.S.A.;
quisqualic acid, (IS,3R) ACPD (1 aminocylopentane-IS, 3R-
dicarboxylic acid), CNQX (6-cyano-7-nitroquinoxaline-2,3-
dione), and MK 801 ((+ )-5-methyl-10, 1 1-dihydro-5H-di-
benzol [a, d] cycloheptine-5-10-imine) from Research Bio-
chemicals Inc, Natick, U.S.A. Cell culture media were pur-
chased from GIBCO, Glasgow, UK, except the NU-Serum
which was from Collaborative Research. Indo-1/AM was
obtained from Molecular Probes Inc, Eugene, U.S.A.

Results

(3001LM) was inactive (n = 15). Veratridine (10 ftM) increased
intracellular calcium levels to 1079 ± 66 nM (n = 30, Figure
1). Depolarization with KCI (20 mM) also raised intracellular
calcium levels (694 ± 86; n = 12). The EC50 values for the
different depolarizing agents are summarized in Table 1, and
typical dose-response curves in Figure 1. Stimulations by the
different depolarizing agents could be reiterated up to six
times without observing tachyphylaxis or drift of the basal
intracellular calcium concentrations.

Tetrodotoxin (TTX, I gtM) completely abolished the res-
ponse to veratridine (10 ;M) in these cells (Figure 2). In
contrast, the response to glutamic acid (20 g.M) was unaffec-
ted by tetrodotoxin. The response to glutamic acid could,
however, be markedly reduced by the NMDA receptor
antagonist MK 801 (I jtM, Figure 3). The NMDA-evoked
response was also antagonized by MK 801. The relevant IC%
values are given in Table 2. The stimulatory effects of
glutamic acid were not modified by inclusion of LaCl3 in the
incubation medium, whereas those of veratridine were
abolished (data not shown). When external calcium was

Table 1 Increases in intracellular calcium evoked by
excitatory amino acids and veratridine

Rat cerebellar granule cells grown in primary culture had
basal intracellular calcium levels of 142 ± 5 nM (n = 104).
Superfusion of these cells with L-glutamic acid (20 gM) led to
a rapid rise in intracellular calcium levels to 906 ± 34 nM
(n = 60), which quickly returned to basal upon removal of
glutamic acid (Figure 1). In the presence of D-serine (10 EM)
and LaCI3 (1 EM) in nominally magnesium-free medium,
basal calcium levels were 169 ± 6 nM (n = 106), which in-
creased to 827 ± 50 nM (n = 63) in the presence of NMDA
(100 EM, Figure 2). Quisqualic acid (3001tM) had a small
stimulatory effect on intracellular calcium 347 ± 42 nM on
some, but not all of the cells tested (13/20). (1S,3R) t ACPD

Agonists

trans-IS,3R ACPD
Glutamic acid
Quisqualic acid
NMDA
Veratridine

EC50((tM)

NA
8 ± 0,6
NA

18 ± 1
8.3 ± 0.8

Four-point cumulative concentration-response curves were
obtained for each cell and the EC50 values determined by
computer-assisted iterative non-linear regression analysis.
Data are expressed as the mean ± s.e.mean of EC50 values
obtained from 12 individual cells.
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removed and buffered with EGTA (3 mM), the rise in intra-
cellular calcium evoked by glutamic acid (20 fiM) was com-
pletely abolished (Figure 1).

Riluzole inhibited the elevation of intracellular calcium
evoked by glutamic acid and by veratridine with IC" values
of 0.30 ± 0.07, 0.31 ± 0.02 respectively (Figure 3, Table 2). A
similar inhibition of the NMDA response was observed at
somewhat higher concentrations (Figure 3, Table 2), but
K+-evoked [Ca2+], was unaffected (data not shown). The
inhibitory effect of riluzole on the glutamic acid response was
not modified in the presence of TTX (Figure 2). It was, of
course, not possible to study veratridine-evoked responses in
the presence of TTX. MK 801 blocked the responses to
glutamic acid (ICso = 0.11 ± 0.01 jIM) and NMDA (ICy, =
0.074 ± 0.020 jiM), but not to veratridine (Figure 3, Table 2).
When the cells were pretreated for 24 h with pertussis toxin
(0.1 ,ig ml-'), no changes were observed in either basal cal-
cim levels in standard conditions 144 ± 9 nM (n = 24) or in
nominally magnesium-free medium 158 ± 13 nM (n = 24) res-

Table 2 Inhibition of depolarization-evoked calcium
responses by riluzole and MK 801

Glutamic acid NMDA
(12) (12)

Riluzole 0.30 ± 0.07 12.8 ± 2.4
MK 801 0.11 ± 0.01 0.074 ± 0.020

Veratridine
(12)

0.31 ± 0.02
NA

The values are expressed as the mean ± s.e.mean (pM) of at
least 12 observations from cells taken from three separate
preparations. Individual cells were stimulated three times
with a fixed concentration of glutamic acid (20 jIM), NMDA
(100 pM), or veratridine (10 iM). Antagonists were added
during the second stimulation. Three concentrations of
antagonist were tested on separate populations of 12 cells.
The percentage inhibition of the agonist response was
calculated and the IC50 values determined by regression
analysis as a function of the logarithm of the antagonist
concentration performed on the total population of
observations.

-6 -7 -6.5 -6

log lAntagonist] (M)
-6 -5 -4 -7 -6 -5

Figure 3 Inhibition of calcium responses to depolarizing agents by riluzole and MK 801. Data are expressed as the
mean ± s.e.mean of the percentage inhibition of responses to glutamic acid (20 liM; ), NMDA (100 fiM; R ) or veratridine
(1O IM; 3 ), and were obtained from 12 cells from at least three different preparations at each concentration. (a) Inhibition by
MK 801; (b) inhibition by riluzole.
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Figure 4 Effect of pertussis toxin on inhibition by riluzole of calcium responses to depolarizing agent. Data are expressed as
[Ca2+]j; the dotted horizontal line represents the basal intracellular calcium levels in these cells. Each column represents the
mean ± s.e.mean of data from 12 cells from three different preparations. The cells were stimulated three times with glutamic acid
(20 AM; (1); NMDA (100 iM) (3)) or veratridine (10 iM; (5)) following the protocol illustrated in Figure 5, and riluzole added
during the second application: (2) glutamic acid + I jiM riluzole; (4) NMDA + 100 jiM riluzole; (6) veratridine + 10 jiM riluzole. A
significant (P < 0.005; Wilcoxon's test) inhibition by riluzole is indicated by the asterisk.
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Figure 5 Effect of pretreatment with pertussis toxin on glutamic acid-evoked responses. Pretreatment of granule cells with
pertussis toxin (PTX) (0.1 ig ml-') for 20 h before the fluorescence measurement did not modify the increase in cytosolic calcium
evoked by L-glutamic acid (20 pM), ((a) control and (c) PTX). Such a treatment did however, completely abolish the inhibition by
riluzole ((I tiM), (b) control, and (d) PTX). Data represent a typical recording from a single cell exhibiting a response pattern
similar to and representative of those obtained from three different cell preparations and represent 12 cells.

pectively, or in glutamic acid 822 ± 58 nM (n = 12), or in
veratridine 995 ± 81 nM (n = 12), and in NMDA 783 ± 62
nM (n = 24) evoked [Ca2+]j. Such a treatment completely
abolished the inhibitory effect of riluzole on the responses

evoked by glutamic acid (Figures 4 and 5) and NMDA
(Figure 4). The inhibitory effect of MK 801 persisted in the
cells pretreated with pertussis toxin (87 ± 3% inhibition at
10-6 M; data not shown). On the other hand, responses to
veratridine in pretreated cells could still be blocked by
riluzole.

Discussion

The feasibility of using a dual-emission microfluorimetric
system for the measurement of intracellular calcium in single
cerebellar granule cells has been demonstrated by Irving et al.
(1992). This study extends the use of the technique from
previous applications in, for example pituitary cells (Mollard
et al., 1989), cultured rat spinal neurones (Schieren &
MacDermot, 1988) and astrocytes (Delumeau et al., 1991).
We have applied this technique to study the effect of riluzole
on depolarization-evoked [Ca2J]i in single identified neur-
ones. In these cells, [Ca2+]J can be observed after depolarizing
the cells with either excitatory amino acids, potassium ions or
the sodium-channel activator, veratridine.
The responses to excitatory amino acids seem to be

mediated essentially by receptors of the NMDA subtype,
since the metabotropic receptor agonist 1S,3R t ACPD and
the mixed metabotropic and AMPA receptor agonist, quis-
qualic acid, did not lead to pronounced increases in intracel-

lular calcium. Furthermore, the highly selective NMDA
antagonist, MK 801, completely abolished responses to both
glutamic acid and NMDA with indistinguishable IC50 values.
These findings are partially in agreement with those of Pear-
son et al. (1992) using the fura-2 technique, who found that
the dominant [Ca2+]i response to excitatory amino acids in
those cells cultured under these conditions was mediated by
NMDA receptors. However, in contrast to Zhao & Peng
(1993), we did not observe responses to metabotropic recep-
tor agonists, even though the cells were grown in non-

depolarizing conditions. On the other hand, Nicoletti et al.
(1993) did not observe expression of metabotropic receptors
coupled to phospholipase C in cerebellar granule cells cul-
tured in low potassium medium. It is also likely that the rises
in intracellular calcium are due to calcium entry via the
NMDA receptor channel, since they are not modified by
blocking voltage-sensitive calcium channels with lanthanum
chloride and are no longer seen in the absence of extracel-
lular calcium. This is supported by recent studies by Simpson
et al. (1993), who have demonstrated that the rise in intracel-
lular free calcium levels evoked by NMDA receptor activa-
tion is essentially due to calcium entry. Moreover, Frandsen
et al. (1989) demonstrated that glutamic acid directly
stimulated 45Ca2" entry into cultured cortical neurones.

Riluzole was able to antagonize the increase in cytosolic
calcium evoked by glutamic acid and NMDA at concentra-
tions previously shown to block the effects of excitatory
amino acids in other systems (Benavides et al., 1985; Drejer
et al., 1986; Hubert & Doble, 1989) and at which blockade of
NMDA responses has been observed in Xenopus oocytes
(Debono et al., 1993). The IC50 value of riluzole against
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responses to NMDA was higher than that against responses
to glutamic acid or veratridine. If the antagonism of NMDA
responses by riluzole reported in the studies od Benavides et
al. (1985) and Debono et al. (1993) were to be competitive,
this might be explained in part by the concentration of
agonist used in the NMDA experiments (100 tiM), which was
5.5 times the ECm value, compared to that used in the
glutamic acid experiments (20tiM), which was 2.5 times the
ECm value. However, a competitive action of riluzole at the
NMDA receptor would be difficult to reconcile with the lack
of activity of riluzole in binding studies. Further electro-
physiological experiments would be necessary to identify the
kinetic mechanisms of the interaction of riluzole with the
NMDA receptor. We are currently unable to give a satisfac-
tory explanation for difference in ICM values seen with
NMDA and glutamic acid. In order to determine whether the
effect of riluzole on NMDA receptor-mediated calcium entry
was direct, or, as suggested by Tsai et al. (1987), indirect,
the effect of riluzole was examined in the presence of either
the sodium-channel blocker tetrodotoxin or pertussis toxin,
an inactivator of certain G-proteins. Riluzole still blocked
responses to glutamic acid and NMDA in the presence of
concentrations of tetrodotoxin that totally abolished veratri-
dine-induced depolarization. This suggests that this effect of
riluzole is not mediated by a sodium channel blocking effect
of this drug. On the other hand, in the presence of pertussis
toxin, the activity of riluzole on NMDA and glutamic acid-
evoked responses was lost. This is in agreement with our
previous work on the release of D-[3H]-aspartate from
cerebellar granule cells, where, again, the inhibitory effect of
riluzole was abolished by pertussis toxin (Doble et al., 1992).
These data suggest that the interaction between riluzole and
excitatory amino acid-mediated events may involve activation
of a pertussis toxin-sensitive G-protein, perhaps by directly
activating a coupled receptor (such an interaction has been
observed between adenosine and o-adrenoceptors on astro-
cytes by Delumeau et al. (1991)).

It is somewhat surprising that pertussis toxin should
abolish the effect of riluzole on a receptor ion channel such
as the NMDA receptor, since these are not generally thought
to be regulated by or coupled to G-proteins. However, it has
been shown recently by Ben-Ari et al. (1992), that NMDA
receptor function can be modified by the phosphorylation
state of the receptor protein. Furthermore, Murphy et al.
(1994) propose that phosphorylation by PKC exerts not only
a potentiating but also a permissive effect on the NMDA-
evoked elevation in cytosolic calcium in striatal neurones.
Such a mechanism might underly the non-competitive block
of the NMDA receptor by riluzole, if this compound were to
activate a G-protein dependent intracellular event which
would lead to the dephosphorylation of the NMDA receptor.
On the other hand, the ability of riluzole to block the in-
crease in intracellular calcium evoked by veratradine is
unaffected by pretreatment of the cells with pertussis toxin.
This suggests that this activity does not involve G-proteins,
and may reflect a direct action of riluzole on the voltage-
dependent sodium channel, as has been demonstrated by
Benoit & Escande (1991) in the frog sciatic nerve. It should be
pointed out that it is unlikely that riluzole interferes with the
mechanism of [Ca2+]i itself, since this compound does not
affect the elevation of intracellular calcium seen upon
depolarization of the cells with potassium ions.

In conclusion, these studies demonstrate that riluzole has
two distinct mechanisms of action in mammalian neurones.
Firstly, this molecule interacts with the voltage-dependent
sodium channel, probably by stabilizing the inactivated con-
formation, as first shown by Benoit & Escande (1991).
Secondly, by activation of a G-protein-dependent process,
riluzole counteracts the activation by excitatory amino acids
of the NMDA receptor. Which of these two mechanisms
underlies the anticonvulsant and neuroprotective activities of
riluzole seen in animal studies (Mizoule et al., 1985; Mal-
gouris et al., 1989) or in the clinic (Bensimon et al., 1994)
remains to be demonstrated.
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Benzodiazepine-induced intestinal motor disturbances in rats:

mediation by w2 (BZ2) sites on capsaicin-sensitive afferent
neurones

Cecile Bonnafous, *Bernard Scatton & 'Lionel Bueno

Department of Pharmacology I.N.R.A., 180 Chemin de Tournefeuille, 31300 Toulouse, France and *Synthelabo Recherche,
Preclinical Research Department, 31 Avenue Paul Vaillant-Couturier, 92220 Bagneux, France

1 The central and peripheral effects of the o (benzodiazepine) site ligands, clonazepam, alpidem,
zolpidem, triazolam, flumazenil, ethyl P carboline-3-carboxylate (P-CCE) and N-methyl P carboline-3-
carboxylate (P-CCM) on intestinal myoelectrical activity were evaluated in conscious rats, chronically
fitted with Nichrome electrodes implanted on the duodenum and jejunum. The localization of the X
(benzodiazepine) receptors involved in these effects was evaluated by use of systemic and perivagal
capsaicin treatments.
2 When administered intraperitoneally (i.p.) the site inverse agonists P-CCE and P-CCM, and the o

site antagonist flumazenil, did not affect the duodeno-jejunal motility. Alpidem and zolpidem, two
selective w, site agonists induced an inhibition of migrating myoelectric complexes (MMCs) only at a

high dose (5 mg kg-'). In contrast, clonazepam (a mixed co,/co2 agonist) and triazolam (a preferential co2

site agonist) disrupted the MMC-pattern at doses as low as 0.05 mg kg-', the effect of triazolam being
of much longer duration than that of clonazepam. None of these drugs altered MMC-pattern when
administered centrally (i.c.v.).
3 Administered i.p. or i.c.v. prior to triazolam, alpidem blocked the effect of triazolam on duodeno-
jejunal spike activity. Administered i.p. prior to triazolam, flumazenil suppressed the triazolam-induced
MMC-disruption. Previous systemic but not perivagal capsaicin treatment suppressed the effects of
clonazepam on MMCs.
4 It is concluded that c-site agonists but not antagonist or inverse agonists, administered systemically
induce intestinal motor disturbances which may be linked to activation of (2 (BZ2) sites located on

nonvagal capsaicin-sensitive afferent neurones.

Keywords: Benzodiazepine-sites; intestinal motility; capsaicin-sensitive neurones

Introduction

The benzodiazepines (BZs) have been the most widely pres-
cribed drugs for the treatment of anxiety and related neurotic
disorders during the past three decades. The neuropharma-
cological effects of BZ derivatives are mediated by their
interaction with a specific recognition site within the GABAA
receptor macromolecular complex, the so-called w (BZ)
modulatory site. Activation of the w site increases the
chloride conductance of the GABAA receptor complex lead-
ing to hyperpolarization of the target cells.

Several lines of evidence have suggested a heterogeneity of
the u modulatory sites. Binding sites with high affinity for
the triazolopyridazine, CL 218,872 (Klepner et al., 1979), the
imidazopyridines, zolpidem and alpidem (Arbilla et al., 1985;
Langer et al., 1990), and several P carbolines (Braestrup &
Nielsen, 1981; Braestrup et al., 1982) are termed u, (BZ,)
and sites with low affinity for these ligands are termed W2
(BZ2) sites (Langer & Arbilla, 1988). Recent advances in
molecular biology have demonstrated that GABAA receptors
are made up of different subunits (a,P,T) probably associated
in pentameric complexes and that o sites are associated with
the a subunits (see Olsen & Tobin, 1990 for review). At least
six variants of this subunit have been reported and this
heterogeneity appears to be responsible for the existence of
different w site subtypes. Ligands that possess affinity for the
w sites can induce different functional effects at GABAA
receptors: while agonists or partial agonists have positive
intrinsic activity and enhance the functional response to
GABA. The antagonists have no intrinsic activity and the

Author for correspondence.

inverse agonists have negative intrinsic activity i.e. inhibit the
functional response to GABA.
The w sites are essentially located in the central nervous

system but 'central type' o sites can also be found in the
myenteric plexus (Cherubini & North, 1985; Taniyama et al.,
1988). They differ from peripheral type BZ receptors (p sites)
located in various organs and in non-neuronal brain tissues
which are not associated with the GABAA receptor macro-
molecular complex (Benavides et al., 1989; 1990).
The benzodiazepines, in the range of their therapeutic

doses have been shown to alter the motility of the small
intestine in rats, producing an increased motor activity
associated with a disruption of the migrating myoelectric
complexes (MMCs) characterizing the fasted state (Martinez
et al., 1992; Bonnafous et al., 1993). Similarly, in fasted dogs,
diazepam administered intravenously (i.v.) disrupts the
MMC-pattern in a time-related manner (Fargeas et al.,
1984). Furthermore, in man, vomiting, nausea, diarrhoea and
epigastric distress often occur following administration of
high doses of benzodiazepines (Harvez et al., 1985).
The purpose of the present study was to determine which

subtype of o site mediates these intestinal motor distur-
bances. To this end, we studied the effects of a number of w
site ligands with differing selectivity for the o, and w2 sub-
types on intestinal myoelectrical activity in conscious rats
Secondly, we investigated the central vs peripheral localiza
tion of those w sites involved in this effect. The followini
ligands were used: clonazepam (a non selective o sit(
agonist), alpidem ( a partial w, receptor agonist), zolpidem (a
full w, site agonist), triazolam (a preferential W2 site agonist),
flumazenil (a non selective o site antagonist), ethyl ,B
carboline-3-carboxylate (,B-CCE) and N-methyl P carboline-3-
carboxylate (P-CCM) (two o site inverse agonists).

'." Macmillan Press Ltd, 1994
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Drugs

Animal preparation

One hundred and twelve male Wistar rats, weighing 200-250
g, were prepared for long-term electromyographic recordings
(Ruckebusch & Fioramonti, 1975). Briefly, following induc-
tion of anaesthesia with 100 mg kg-' i.p. of ketamine (Imal-
gene-1000, Rh6ne-Merieux, Lyon, France), nichrome wire
electrodes (80 gm in diameter) were implanted in the wall of
the proximal and distal duodenum (3 and 6 cm from the
pylorus) and in the wall of the jejunum (10 and 20 cm from
the Treitz' ligament). The insulated electrode wires (80 cm in
length) were exteriorized on the back of the neck and pro-
tected by a glass tube attached to the skin. Rats were also
fitted with permanent polyethylene catheters (PE 10) inserted
into the lateral ventricles of the brain (2 mm from the sag-
gital suture and 1 mm from the coronal suture).

Myoelectric recordings and analysis

Electromyographic recordings were initiated five days after
surgery. The spiking activity was amplified with an electro-
encephalograph machine (minihuit ALVAR., France), sum-

mated every 20 s by an integrator circuit and automatically
plotted 24 h day on a potentiometric recorder with a paper

speed of 5 cmh-' (Latour, 1973). This 'integrated record'
allowed a clear determination of the different patterns of
intestinal activity and, particularly, the identification of the
migrating myoelectric complexes (MMCs), characterizing the
fasted pattern. Intestinal myoelectric activity was analysed
over a daily 10 h period, from 09 h 00 min to 19 h 00 min.
Modifications appearing after drug injections were appraised
by measuring the duration of motor changes i.e. disruption
of MMCs. It has been demonstrated that the duration of
motor changes is directly correlated to the intensity of electri-
cal activity and mechanical activity (Bueno et al., 1981).

Capsaicin treatments

Systemic capsaicin treatment Capsaicin (Sigma, La Ver-
pilliere, France) was systemically administered to a group of
eight rats for 4 days. Capsaicin, dissolved in 80% saline,
10% ethanol and 10% Tween 80, was administered sub-
cutaneously. Injections were performed at increasing doses to
reach a total dose of 125 mg kg-'. The efficacy of capsaicin
treatment was assessed by the eye-wiping test (Holzer et al.,
1990): impaired chemosensitivity of corneal afferents which
are no longer sensitive to a solution of 1% NH40H. Another
group of rats (n = 8) was treated with the capsaicin vehicle
only.

Perivagal capsaicin treatment Eight rats were anaesthetized
with ketamine (100 mg kg', i.p.) and received atropine sul-
phate (1 mg kg-', i.p.) to decrease the acute effects of cap-
saicin on the respiratory and cardiovascular systems. Cervical
vagi were carefully dissected from the carotid artery and
isolated. A 1% solution of capsaicin (10 mg ml-') was ap-
plied to each vagus nerve in turn for 30 min. At 10 min
intervals, the nerves were swabbed and capsaicin reapplied.
The maximum amount of capsaicin applied was 0.5-0.6 mg
per rat. After application, the area was thoroughly rinsed
with sterile saline (Raybould et al., 1990). A group of sham
animals (n = 8) was treated in the same manner but with the
capsaicin vehicle alone.
The efficacy of perivagal capsaicin treatment was assessed

15 days later by the CCK satiety test (South & Ritter, 1988).
CCK8S (20 gg kg-1) was administered i.p.; on sham animals
CCK8S induced satiety as it did on control rats, whereas on

perivagal capsaicin-treated rats CCK8S had no effect: ani-
mals ate as naive rats. Systemic and perivagal capsaicin
treatments were performed 15-20 days before electromyo-
graphic recordings.

The drugs used for this study were: clonazepam, (Roche,
Paris, France), alpidem, zolpidem and triazolam (gifts from
Synthelabo, Bagneux, France), flumazenil (Hoffman La
Roche, Paris, France); 1-CCE and P-CCM (RBI, Natick,
U.S.A.).

Experimental procedure

In a first series of experiments, 32 rats were randomly treated
by intraperitoneal (i.p.) administration of clonazepam and
triazolam at doses of 0.05, 0.1, 0.3 and 0.5 mg kg-', zolpidem
and alpidem at the doses of 0.05, 0.1, 0.3, 0.5 1 and
5 mg kg-' or their vehicle (dimethylsulphoxide: DMSO)
(0.3 ml). These drugs or their vehicle (3 gsl) were also
administered intracerebroventricularly (i.c.v.) to the same rats
at the dosage of 10 and 100ttgkg-'.

In a second set of experiments, 24 rats were randomly
treated i.p. with either P-CCE, P-CCM at doses of 0.1 and
lmgkg-', and either flumazenil at doses of 0.1, 1 and
5 mg kg-', or their vehicle. They also received DMSO i.c.v.
alone or containing one of the three previous drugs at a dose
of 10 and 100 jg kg-'.

In the third series of experiments, 16 rats were used and
divided into two groups. In the first group (n = 8), rats
received alpidem at a dose of 0.1 mg kg-', i.p. and 10min
later, triazolam at a dose of 0.1 mg kg-', i.p. in the second
group (n= 8), rats received alpidem i.c.v. at a dose of
1Ofig kg- and 10 min later triazolam at a dose of 0.1 mg
kg-', i.p.

In the fourth series of experiments, eight rats received
triazolam at a dose of 0.1 mg kg-', i.p. preceded or not by
the administration of flumazenil at a dose of 5 mg kg-', i.p.

In the last series of experiments, systemic capsaicin-treated
rats (n = 8), perivagal capsaicin-treated rats (n = 8) and cor-

responding sham-treated rats (2 x n = 8) were randomly
treated with clonazepam and triazolam at a dose of
0.1 mg kg- I or with their vehicle.

Statistical analyses

The duration of MMC-disruption, determined on integrated
records from the last MMC to the first MMC reappeared,
were expressed as means ± s.e.mean and compared using
ANOVA followed by Student's unpaired t test when appro-
priate. Differences were considered significant for P <0.05.

Results

Control studies

Rats fed only during the night presented a typical pattern of
alternating intestinal motility. During day-time, fasted rats
exhibited an electrical activity of the duodenum and the
jejunum characterized by the cyclic occurrence of migrating
myoelectric complexes (MMCs). Each MMC consisted of an

irregular spiking activity (phase II) lasting 6-8 min, followed
by a short period (4-5 min) of intense and regular spiking
activity (phase III), separated by a 3 to 5 min quiescent
period (phase I). These MMCs occurred firstly on the prox-
imal duodenum and were propagated aborally at a mean rate
of 3.5 ±0.6cmmin-'.

Comparative effects ofw site subtype agonists on

duodenal andjejunal MMC-pattern

When injected i.p., clonazepam and triazolam induced dose-
related disturbances of the small intestine fed pattern. These
disturbances corresponded to a strong stimulation of duo-
denal and jejunal spiking activity associated with a transient
suppression of the MMC-pattern (Figure 1). At all doses

Methods
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Figure 1 Effect of vehicle (a), clonazepam (b), triazolam (c) and alpidem (d) administered i.p. at a dose of 0.1 mg kg-', on
duodenal myoelectric activity (integrated records) in a fasted rat. Triazolam induced a more prolonged stimulation of duodenal
spiking activity than clonazepam; alpidem had no effect.

tested, jejunal electrical pattern was more affected than that
of the duodenum: for example, at a dose of 0.1 mg kg-',
clonazepam disrupted MMC for 86.7 ± 15 min and 51.3 ±
23.3 min at the jejunum and duodenum levels, respectively
(Figure 2). Triazolam, at similar doses, was always more
potent than clonazepam on both duodenum and jejunum
(Figure 2). Alpidem and zolpidem had no effect on the fasted
pattern (Figure 2) except at the highest dose tested (5 mg
kg-') (alpidem: duodenum; 52 ± 11; jejunum: 56 + 8; zol-
pidem: duodenum: 189.1 ± 9.2; jejunum: 151.6 ± 6.6); even at
this high dose the effect of these drugs was much smaller in
magnitude than that elicited by clonazepam or triazolam.
None of the drugs had any effect on the fasted pattern when
injected centrally at a dose of 10 and 100jLOg kg-'. Values
obtained were not significantly different from the time
between two consecutive MMCs corresponding to a control
fasted pattern. For example, zolpidem at a dose of 10 jig
kg-': duodenum: 14.2 ± 3.1 vs 11.1± 2.2 min for control;
jejunum: 12.5 ± 0.5 vs 12.3 ± 2.1 min for control.

Effects of i.p. administration ofw site inverse agonists
and antagonists on duodenal andjejunal MMC-pattern
Neither P-CCM, P-CCE or flumazenil altered duodenal and
jejunal fasted patterns at doses of 0.1, and 1 mg kg-'. For
example: respectively P-CCE, P-CCM and flumazenil at a
dose of 1 mg kg-', duodenum: 11.4 ± 4.1, 12.8 ± 2.7, 12.7 +
4.5 min; jejunum: 10.5 ± 5.5, 13.3 ± 1.1, 15.1 ± 3.2 min vs
12.5 ± 2.4 and 13.1 ± 2.2 min for controls. The same range
of values was obtained after 0.1 mg kg-'. In the same way
flumazenil at 5 mg kg' did not modify the MMC-pattern:
duodenum: 13.2 ± 1.9, jejunum: 12.7 ± 3.4 vs 12.5 ± 2.4 and
13.1 ± 2.2 for controls. Similarly, none of these compounds
had any influence on MMCs when injected i.c.v. at 10 and
100 pg kg-
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Figure 2 Comparative effects of i.p. administration of clonazepam
(-), triazolam (*), alpidem (-) and zolpidem (A) on duodenal (a)
and jejunal (b) fasted pattern. Clonazepam and triazolam induced a
dose-related disruption of the MMC pattern whereas alpidem and
zolpidem had no effect. Significantly different (*P<0.05) from con-
trol values i.e. vehicle-injected i.p. (n = 8).
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Antagonism by alpidem of triazolam induced
MMC-disruption

When administered either i.p. at a dose of 0.1 mg kg-' or
i.c.v. at a dose of 10 ytg kg-', 10 min prior to triazolam
(0.1 mg kg-', i.p.), alpidem suppressed triazolam-induced dis-
ruption of the duodeno-jejunal MMC-pattern (Figure 3).

Antagonism byflumazenil of triazolam induced
MMC-disruption

When administered at a dose of 5 mg kg-' i.p., Omin prior
to triazolam (0.1 mg kg-'), flumazenil antagonized the triaz-
olam induced MMC-disruption on either duodenum or jej-
unum (Figure 4). Flumazenil had no effect at this dose when
administered alone (data not shown).

Effect ofsystemic and peri-vagal capsaicin treatment on
clonazepam-induced MMC-disruption
In sham (vehicle) systemic capsaicin-treated rats, clonazepam
(0.1 mg kg-', i.p.) induced MMC disruption of the duode-
num and the jejunum lasting 53.1 ± 23.7 min and 89.4 ± 15.4
min, respectively. However, in systemic capsaicin-treated rats,
clonazepam at the same dosage did not alter the small intes-
tine MMC-pattern. In the same way, triazolam (0.1 mg kg-',
i.p.) induced MMC disruption of the duodenum and the
jejunum lasting 160 ± 12 and 152.3 ± 19.1 min, respectively
(Figure 5).

In contrast, clonazepam and triazolam (0.1 mg kg-', i.p.)
administered to sham perivagal capsaicin-treated rats, dis-
rupted duodenal and jejunal MMCs as it did in control and
sham-operated animals (Figure 6).
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Figure 3 Antagonistic effect of alpidem on triazolam (0.1 mg kg-', i.p.) induced MMC-disruption at duodenal (solid columns) and
jejunal (open columns) levels. Alpidem, administered i.p. or i.c.v. 10 min prior to triazolam, blocked the triazolam-induced
MMC-disruption on the small intestine. Significantly different (*P<0.05) from vehicle values (n = 8).
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(b) levels. Flumazenil, administered i.p. 10 min prior to triazolam, blocked the triazolam-induced MMC-disruption on the small
intestine. Significantly different (*P< 0.05) from triazolam alone. (n = 8).
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Figure 5 Effect of systemic capsaicin treatment on clonazepam and triazolam-induced small intestine MMC disruption: (a)
duodenum; (b) jejunum. Solid columns, sham capsaicin; open columns, systemic capsaicin-treated rats. In vehicle capsaicin-treated
rats clonazepam and triazolam induced a significant stimulation of the spiking activity, but had no effect in systemic capsaicin-
treated rats. Significantly different (*P< 0.05) from sham capsaicin-treated rats + vehicle i.p.; significantly different (tP<0.05)
from sham capsaicin-treated rats + clonazepam (0.1 mg kg-', i.p.) (n = 8).
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Figure 6 Effect of perivagal capsaicin treatment on clonazepam and triazolam-induced MMC-disruption of the small intestine in
fasted rats: (a) duodenum; (b) jejunum. In sham capsaicin-treated rats (solid columns) clonazepam and triazolam induced a
significant stimulation of the spiking activity and had the same effect in perivagal capsaicin-treated rats (open columns).
Significantly different (*P <0.05) from sham capsaicin-treated rats + vehicle i.p. (n = 8).

Discussion

In agreement with previous studies (Martinez et al., 1992;
Bonnafous et al., 1993), systemic administration of the ben-
zodiazepines, clonazepam and triazolam, induced distur-
bances of the intestinal MMCs in rats. In contrast, the w site
inverse agonists (P-CCM and P-CCE) and antagonist (fluma-
zenil) had no effect on MMCs. Thus, positive allosteric
modulation of GABAA receptor-mediated transmission is

associated with intestinal disturbances of MMCs, whereas
negative allosteric modulation of the GABAA receptor com-
plex does not appear to induce opposite alterations. In agree-
ment with these findings, flumazenil by itself possesses little
intrinsic pharmacological activity in animals and man (Hunk-
eler et al., 1981; Darragh et al., 1983). However, the lack of
effect of the inverse agonists P-CCM and 13-CCE when
administered peripherally or centrally may appear paradox-
ical since the inverse agonists P carbolines investigated are
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known to elicit behavioural and electrophysiological effects
that are opposite to those of w site agonists (Oakley et al.,
1980; Braestrup et al., 1982; Thiebot et al., 1988). This
discordance may be related to our experimental conditions
which do not allow a demonstration of negative functional
effects on intestinal motility.
One of the goals of the present study was to identify which

subtype of w sites is involved in the intestinal motor distur-
bances caused by w site agonists. To this end, various com-
pounds with differing affinities for w, and W2 sites were
studied. The present results show that clonazepam, which
does not discriminate between w, and W2 sites or triazolam
which recognizes preferentially w2 sites in vivo (Benavides et
al., 1992) disrupt the jejunal and duodenal MMC-pattern. In
contrast, zolpidem and alpidem which are respectively full
and partial agonists at w, sites (Langer et al., 1990) do not
affect this parameter except at high doses. These data suggest
that W2 but not w, sites may be involved in the effect of
benzodiazepines on small intestine motility. This view is sup-
ported by previous in vivo binding studies which showed that
doses of triazolam that cause marked disturbances of MMC-
pattern (e.g. 0.1 mg kg-') selectively displace by about 50%
the in vivo binding of [3H]-flumazenil in W2-enriched brain
areas in the rat (Benavides et al., 1992). Moreover, the three
fold lower potency of clonazepam as compared to triazolam
in disturbing MMCs, accords with the relative potency of
these drugs at displacing [3H]-flumazenil from central w2 sites
(respectively ED50's = 0.34 and 0.1 mg kg-', i.p.) (Benavides
et al., 1992). Finally, within the range of doses where zol-
pidem do not produce MMC-disturbances (0.1-1 mg kg-',
i.p.), this compound was inactive at displacing [3H]-fluma-
zenil from w2 sites, yet partially occupied w, sites (Benavides
et al., 1992). However, caution should be exercised when
making such comparisons as all of these data refer to
occupation of w sites in the CNS and may be different for
the myenteric plexus. Binding studies are clearly needed to
confirm the pharmacological characteristics of those w sites
located in the myenteric plexus.
When administered by the central or peripheral route prior

to triazolam, alpidem antagonizes the triazolam-induced
MMC-disruption. The explanation for this finding is not
obvious. It may be that o, sites have an opposing effect
against W2-site-mediated MMC-disruption. Alternatively, alp-
idem may behave as an antagonist or inverse agonist at W2
sites thereby antagonizing the effect of 02 site stimulation. In
support of this possibility, recent studies have shown that the
direction of the modulatory effect of w site agonists changes
in relation to the molecular form of the y subunit of the
GABAA receptor and that alpidem behaves as an inverse
partial agonist in embryonic kidney 293 cells expressing the

subunit-combination x3p1'1, which may correspond to a sub-
type of (02 site (Puia et al., 1991). Complementary experi-
ments are clearly needed to clarify this issue.

In the present study, we have also attempted to investigate
the localization of those w sites involved in MMC-disruption.
When administered centrally, none of the w site agonists
investigated altered intestinal motility. Since all these sub-
stances easily cross the blood-brain barrier, these observa-
tions suggest that they act peripherally to induce intestinal
motor changes. This view is supported by recent studies
which demonstrated the presence of GABA in guinea-pig
myenteric plexus and that myenteric neurones themselves are
endowed with w sites which are akin to 'central type' sites
(Cherubini et al., 1985; Taniyama et al., 1988). The fact that
flumazenil antagonizes triazolam-induced MMC-disruption
confirms that BZ receptors involved in this mechanism are of
the 'central type'. We have recently demonstrated that
peripheral clonazepam-induced MMC-disruption is linked to
central release of cholecystokinin triggered by stimulation of
peripherally located w sites (Bonnafous et al., 1993). Alto-
gether, these data suggest that w-site agonists when admini-
stered i.p. act on 'central type' w2 sites located on afferent
endings of the enteric nerves, thus activating afferent
neurones involved in a long reflex responsible for digestive
motor changes.

Capsaicin causes a long-term sensory receptor-blocking
action which can be used in functional investigations on the
sensory pathways (Jancso et al., 1967; Maggi & Meli, 1988).
In the digestive tract, capsaicin-sensitive afferent innervation
participates in nociception and intestino-intestinal activation
of inhibitory reflexes (Holzer et at., 1987; Maggi, 1991).
Moreover, the vagus nerve and the vagus afferents play a
major role in the regulation of the gastrointestinal functions.
Several studies have demonstrated the existence of a central
relay in peripheral stimulation of the gastrointestinal tract;
for example ileus or peritonitis share a common feature
which is the activation of an inhibitory nervous reflex leading
to the inhibition of small intestinal motility and gastrointes-
tinal transit (Holzer et al., 1986; Riviere et al., 1993). The
fact that peripheral but not perivagal capsaicin treatment
prevents clonazepam and triazolam-induced MMC-disrup-
tion, suggests that capsaicin-sensitive non vagal afferent
neurones are involved in the effects of clonazepam and
triazolam on intestinal motility and that MMC-pattern may
be triggered by an inhibitory reflex.

The authors thank C. Betoulieres for her technical assistance, SYN-
THELABO for supply of compounds and INRA for its financial
support.
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Pharmacological characteristics of liriodenine, isolated from
Fissistigma glaucescens, a novel muscarinic receptor antagonist
in guinea-pigs
Chien-Huang Lin, Gwo-Jyh Chang, Ming-Jai Su, *Yang-Chang Wu, Che-Ming Teng &
'Feng-Nien Ko

Pharmacological Institute, College of Medicine, National Taiwan University, Taipei and *School of Pharmacy, Kaohsiung
Medical College, Kaohsiung, Taiwan

1 The pharmacological activities of liriodenine, isolated from Fissistigma glaucescens, were determined
in isolated trachea, ileum and cardiac tissues of guinea-pigs.
2 Liriodenine was found to be a muscarinic receptor antagonist in guinea-pig trachea as revealed by its
competitive antagonism of carbachol (pA2= 6.22 ± 0.08)-induced smooth muscle contraction. It was
slightly more potent than methoctramine (pA2= 5.92 ± 0.05), but was less potent than atropine
(pA2 = 8.93 ± 0.07), pirenzepine (pA2 = 7.02 ± 0.09) and 4-diphenylacetoxy-N-methylpiperidine (4-
DAMP, pA2 = 8.72 ± 0.07).
3 Liriodenine was also a muscarinic antagonist in guinea-pig ileum (pA2= 6.36 ± 0.10) with a pA2
value that closely resembled that obtained in the trachea.
4 Liriodenine was 10 fold less potent in atrial preparations (left atria, pA2 = 5.24 ± 0.04; right atria,
pA2 = 5.35 ± 0.09 and 5.28 ± 0.07 for inotropic and chronotropic effects, respectively) than in smooth
muscle preparations.
5 High concentration of liriodenine (300 gLM) partially depressed the contractions induced by U46619,
histamine, prostaglandin F2., neurokinin A, leukotriene C4 and high K+ in the guinea-pig trachea. The
inhibitions were characterized by a rightward shift in the concentration-response curves with suppression
of their maximal contraction.
6 High concentration of liriodenine (300 gM) did not affect U-46619- or neurokinin A-induced tracheal
contraction in the presence of nifedipine (1 gLM) or in Ca2"-free (containing 0.2 mM EGTA) medium.
7 Neither cyclic AMP nor cyclic GMP content of guinea-pig trachealis was changed by liriodenine
(30-300 jLM).
8 It is concluded that liriodenine is a selective muscarinic receptor antagonist in isolated trachea, ileum
and cardiac tissues of guinea-pigs. It is more potent in smooth muscle than in cardiac preparations. It
also acts as a blocker of voltage-dependent Ca2+ channels at a high concentration (300 riM).

Keywords: Muscarinic receptor antagonist; Ca2+ channel blocker; guinea-pig trachea; liriodenine; Fissistigma glaucescens

Introduction

In most species, the parasympathetic division of the
autonomic nervous system is the major determinant of air-
way tone (Barnes, 1992). Postganglionic parasympathetic
nerves release acetylcholine which acts on muscarinic recep-
tors to induce smooth muscle contraction via G-protein-
coupled, phosphoinositide-linked mechanisms (Barnes, 1987).
Abnormal cholinergic mechanisms, mediated via the vagus
nerves. have been suggested as an important factor in the
bronchial hyperreactivity associated with asthma (Boushey et
al., 1980). Therefore, muscarinic receptor antagonists have an
important therapeutic role as bronchodilators in airways obs-
tructive diseases (Gross & Skorodin, 1984).

Medicinal plants have been used as traditional remedies in
Asia for hundreds of years. In a large scale screening test, we
have isolated many biologically active compounds from plant
sources. For example, magnolol (isolated from Magnolia
officinalis) causes relaxation of rat aorta by releasing
endothelium-derived relaxing factor (EDRF) (Teng et al.,
1990), dicentrine (isolated from Lindera megaphylla) and
(-)-discretamine (isolated from Fissistigma glaucescens) are
selective vascular al-adrenoceptor antagonists (Teng et al.,
1991; Ko et al., 1993). Atherosperminine (isolated from Fis-

sistigma glaucescens) causes relaxation of guinea-pig trachea
by acting as a phosphodiesterase inhibitor (Lin et al., 1993).

Recently, we found that liriodenine (Figure 1), an apor-
phine derivative isolated from Fissistigma glaucescens (Lu et
al., 1985), inhibited carbachol-induced contraction of guinea-
pig trachea in a large scale screening test. In the present
study, we investigated the selectivity of this agent for several
receptor types and for muscarinic receptors in various tissues.

Methods

Guinea-pig tracheal contraction

Guinea-pigs of either sex weighing 350-600 g were killed by
a blow to the head. The trachea was excised, cleaned of
adhering fat and connective tissue, cut into 4-5 rings and
then opened by cutting longitudinally through the cartilage
rings diametrically opposite the tracheal smooth muscle. The
segment was mounted in an organ bath containing 5 ml
Krebs solution of the following composition (mM): NaCI
118.2, KCI 4.7, MgSO4 1.2, KH2PO4 1.2, glucose 11.7, CaCl2
1.9 and NaHCO3 25.0. The tissue bath solution was main-
tained at 37°C and gassed with 95% 02 plus 5% CO2.
Tracheal preparations were equilibrated in the medium for
60 min with three changes of Krebs solution and maintained
under an optimal tension of 1 g before specific experiment
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used. The left atria were stimulated at a frequency of 2 Hz
through bipolar platinum electrodes with rectangular pulses
(1 ms duration, twice threshold stength) delivered from a
Grass S8800 stimulator. The preparations were equilibrated
for 60 min and control cumulative concentration-response
curves to carbachol were carried out in each preparation.
Following incubation with liriodenine for 30 min, a new
concentration-response curve was obtained for carbachol.
Results were expressed as percentages of the maximal res-
ponse for carbachol before the addition of liriodenine.

Figure 1 Chemical structure of liriodenine.

protocols were initiated. Contractions were recorded isomet-
rically via a force-displacement transducer connected to a

Grass polygraph. All experiments were carried out in the
presence of indomethacin (1 jaM). Tracheal preparations were

precontracted with a single concentration of carbachol
(1 fLM). Thereafter, the control cumulative concentration-
response curves to carbachol were carried out in each
preparation. Increasing doses of carbachol were added at
5 min intervals over 30-40 min. After a 60 min washing
period, the subsequent cumulative concentration-response
curves to carbachol were constructed in the presence of
liriodenine or other muscarinic antagonists (with a 30 min
preincubation period). Results are expressed as percentages
of the maximal response for carbachol before the addition of
liriodenine or other muscarinic antagonists.
The contractile effects of calcium were studied in tracheal

preparations stabilized in K+ (120 mM) solution without
Ca2 . Calcium was then added from stock dilutions to obtain
the desired concentrations, and the effect of each Ca2+ con-

centration was recorded. The maximal tension attained at
3 mM Ca2+ was considered as 100%. The high-K+ solution
was prepared by substituting NaCl with KC1 in an equimolar
amount. In some experiments, the contractile effects of
neurokinin A or U-46619 were carried out in the presence of
nifedipine (1 pM) or in Ca2'-free (containing 0.2 mM EGTA)
solution.

Guinea-pig ileal contraction

Segments of the terminal ileum, from 2 cm of the ileo-caecal
valve, were removed quickly and placed in Krebs solution.
Ileal segments (2 cm long) were mounted in an organ bath
containing Krebs solution at 37°C and gassed with 95% 02

plus 5% CO2. The muscle strips were initially under a resting
tension of 1 g. Changes in tension were recorded isomet-
rically via a force-displacement transducer connected to a

Grass polygraph. The tissues were equilibrated for 60 min
and the control concentration-response curves to carbachol
at 30 min intervals were carried out in each preparation.
Following incubation with liriodenine for 30 min, a new

concentration-response curve was obtained for carbachol.
Results are expressed as percentages of the maximum control
response for carbachol before the addition of liriodenine.

Guinea-pig right and left atria

Male guinea-pigs weighing 250-350 g were killed by cervical
dislocation. The hearts were rapidly excised and right and left
atria were dissected and mounted in a 10 ml organ bath
containing Tyrode solution of the following composition
(mM): NaCl 137.0, KC1 5.4, MgCl2 1.1, NaHCO3 11.9,
NaH2PO4 0.33, CaCl2 2.0 and dextrose 11.0. The solutions
were gassed with 95% 02 plus 5% CO2 and kept at
36 ± 0.2°C. Contractions of spontaneously beating right atria
and electrically driven left atria were measured by connecting
one end of the preparations with a fine silk thread to a

force-displacement transducer (Type BG 25, Gould) and
recorded on a Gould RS 3400 recorder. To obtain the max-

imal developed tension, an optimal preload (0.5 to 1 g) was

Cyclic nucleotides measurements

The contents of adenosine 3': 5'-cyclic monophosphate (cyclic
AMP) and guanosine 3': 5'-cyclic monophosphate (cyclic
GMP) in trachealis were assayed as described previously
(Katsuki & Murad, 1977; Bryson & Rodger, 1987). A seg-

ment of trachea was mounted in an organ bath containing
5 ml Krebs solution and aerated with 95% 02 plus 5% CO2
at 37°C. The tissue was equilibrated for 60 min under an

optimal tension of 1 g. After 5 min of incubation with the
agents, the segments were rapidly frozen in liquid nitrogen
and stored at - 70°C until homogenized in 0.5 ml of 10%
trichloroacetic acid, using a potter glass/glass homogenizer.
The homogenate was centrifuged at 10,000 g for 2 min and
the supernatant was removed and extracted with 4 x 3
volumes of diethyl ether, the cyclic AMP or cyclic GMP
content was then assayed by using enzyme immunoassay kits.
Precipitable protein was determined by the method of the
Bio-Rad assay, using bovine serum albumin as standard.
Cyclic AMP and cyclic GMP values are presented as
pmol mg-' protein.

Data analysis

In each experiment, agonist concentration-response curves in
the presence of the indicated concentration of each
antagonist were related to the control concentration-response
curve, of which the maximal response was taken as 100%. In
most experiments, three or four concentrations of liriodenine
were tested and the slopes of the resulting Schild plots were

used to assess competitive antagonism. The concentration of
agonist necessary to give a half-maximal response in the
presence of each concentration of antagonist was divided by
the concentration giving a half-maximal response in the
absence of antagonist to determine the dose-ratio (DR). Data
were plotted by the method of Arunlakshana & Schild (1959)
as the - log (antagonist concentration) (M) vs the log
(DR - 1) and when DR was 2, the - log (antagonist concen-
tration) was taken as pA2 value from the Schild plot
(MacKay, 1978).
The experimental results are expressed as the mean ± s.e.

mean and accompanied by the number of observations.
Statistical significance was assessed by Student's t test and P
values less than 0.05 were considered significant.

Drugs

Liriodenine (Figure 1) was isolated from the plant Fissistigma
glaucescens as previously described (Lu et al., 1985). The
following drugs were used: carbachol, histamine dihydro-
chloride, prostaglangin F2a (PGF2,), U-46619 (9,1 1-
dideoxymethanoepoxy-9a, 1lla-prostaglandin F2.), indometh-
acin, nifedipine, forskolin, sodium nitroprusside, ethylene-
glycol-bis-(,-aminoethyl ether)-NN,N',N"-tetraacetic acid
(EGTA), trichloroacetic acid, atropine sulphate were pur-
chased from Sigma Chem. Co.; pirenzepine, methoctramine
hydrochloride, 4-diphenylacetoxy-N-methylpiperidine meth-
iodide (4-DAMP) and neurokinin A were purchased from
RBI; leukotriene C4 (LTC4) was purchased from Biomol
Research Lab.; cyclic AMP and cyclic GMP enzyme
immunoassay kits were purchased from Cayman Chem. Co.
Liriodenine and nifedipine were dissolved in dimethylsul-
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Figure 2 Antagonism of carbachol-induced muscle contraction in guinea-pig trachea. Concentration-response curves for carbachol
by 30 min pretreatment of trachea with (a) liriodenine (@, 1 9AM; A, 3 AM; A, 10 9M; 0, 309M), (b) atropine (@, 3 nM; A, 10 nM;
A, 30nM; 0, 100 nM), (c) pirenzepine (0, 0.3 9AM; A, I 9M; A, 3 gM; 0, 109gM), (d) methoctramine (0, 3 AM; A, 109AM; A,

30 9M; 0, 100 9M), (e) 4-DAMP (0, 3 nM; A, 10 nM; A, 30 nM; 0, 100 nM) or DMSO (0. 1%, control, 0). Each point represents
the mean with s.e.mean (n = 5-7).

phoxide (DMSO); the final concentration of DMSO in the
bathing solution did not exceed 0.1% and had no effect on
the muscle contraction.

Table 1 pA2 values and slopes of the Schild plots of
liriodenine, atropine, pirenzepine, methoctramine and
4-DAMP against muscarinic agonist (carbachol) in
guinea-pig trachea, ileum, left atria and right atria

Results

Muscarinic receptor antagonism in trachea, ileum and
cardiac tissue ofguinea-pig

Liriodenine was evaluated against a concentration-response
curve to carbachol in guinea-pig trachea. Liriodenine
(I-30 jaM) produced a parallel, rightward shift of the curve
consistent with competitive blockade (Figure 2a). The pA2
value of liriodenine against carbachol was calculated to be
6.22 ± 0.08 (slope range 0.89-1.24) (Table 1). Concentration-
response curves for carbachol-induced contraction of guinea-
pig trachea were analysed for the muscarinic receptor
antagonism by liriodenine in comparison with atropine (non-
selective muscarinic antagonist), pirenzepine (selective Ml
antagonist), methoctramine (cardioselective M2 antagonist)
and 4-DAMP (selective smooth muscle M3 antagonist)
(Figure 2b-2e). Liriodenine was slightly more potent than
methoctramine (pA2 = 5.92 ± 0.05), but was less potent than
atropine (pA2 = 8.93 ± 0.07), pirenzepine (pA2 = 7.02 ± 0.09)

Preparation Antagonist

Trachea

Ileum
Left atria
Right atria
(force)
(rate)

Liriodenine
Atropine
Pirenzepine
Methoctramine
4-DAMP
Liriodenine
Liriodenine
Liriodenine

pA2 Slope

6.22 ± 0.08
8.93 ± 0.07
7.02 ± 0.09
5.92 ± 0.05
8.72 ± 0.07
6.36 ± 0.10
5.24±0.04

1.18 (0.89-1.24)
0.94 (0.94-1.14)
1.02 (0.96-1.09)
0.96 (0.89-1.04)
1.12 (0.96-1.22)
1.07 (0.85-1.22)
1.12 (0.84-1.29)

5.35 ± 0.09 0.95 (0.91-1.20)
5.28 ± 0.07 1.06 (0.95-1.14)

Results are calculated from Figures 2-4.

and 4-DAMP (pA2 = 8.72 ± 0.07) (Table 1). In all cases the
Schild slopes were not significantly different from 1.0.

Liriodenine (i-30 9IM) also caused a concentration-
dependent inhibition of carbachol-induced contractions of
guinea-pig ileum. The concentration-response curves for car-
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bachol were shifted by liriodenine in a parallel fashion with
no changes in the maximal response (Figure 3). The pA2
value of liriodenine against carbachol-induced ileal contrac-
tion was calculated to be 6.36 ± 0.10 (slope range 0.85-1.22)
(Table 1), and that closely resembled the pA2 value
(6.22 ± 0.08) obtained in the trachea.

Carbachol (0.003-10 jaM) caused a concentration-
dependent negative inotropic effect in electrically stimulated
left atria (Figure 4a). The carbachol-induced responses were
antagonized by liriodenine (10-100 gAM) with a pA2 value of
5.24 ± 0.04 (slope range 0.84-1.29) (Figure 4a, Table 1). In
spontaneously beating right atria, carbachol (0.003-10tiM)
caused negative chronotropic and inotropic effects in a
concentration-dependent manner. Liriodenine (10-100 tiM)
produced a parallel, rightward shift of the curve of
carbachol-induced negative chronotropic effect (data not
shown) and inotropic effect (Figure 4b). A pA2 value of
5.28 ± 0.07 (slope range 0.95-1.14) for liriodenine was found
at muscarinic receptors in pacemaker cells as determined
from carbachol-induced negative chronotropic effect, which
was not significantly different (P>0.05) from the value
obtained at myocardical receptors in left (5.24 ± 0.04) and
right atria (5.35 ± 0.09, slope range 0.91 ± 1.20) (Table 1).

Effects of liriodenine on the contractions ofguinea-pig
trachea caused by U-46619, histamine, PGF,.,,
neurokinin A, leukotriene C4 and high K+
In guinea-pig trachea, U-46619 (10-8-3 x I0-6 M), histamine
(10-7- 10-4 M), PGF2. (3 x 10-8-3 x 10-5 M), neurokinin A
(10-9-10-6M), leukotriene C4 (3 x 10-'0-3 x 10-6M) and
Ca'2 (0.03-3 mM; 120 mM K+) each caused a concentration-
dependent contraction (Figure 5). Liriodenine (100JM) did
not significantly depress all these concentration-response
curves, but a higher concentration of liriodenine (300 AM)
slightly depressed all the curves (Figure 5). These inhibitions
of liriodenine were characterized by a rightward shift in the
concentration-response curves with a slight depression of
their maxima (Figure 5). Atropine (10-7 M), a muscarinic
receptor antagonist, did not significantly inhibit these
concentration-response curves (data not shown). Further-
more, in the presence of atropine (10-' M), liriodenine
(300 JM) still partially depressed these concentration-response
curves (data not shown) in a manner that resembled the
inhibitory effect of liriodenine (300 JM) alone.
High concentrations of liriodenine (300 gM) slightly

inhibited the U-46619 (10-6 M)- or neurokinin A
(3 x 10-7 M)-induced smooth muscle contraction in guinea-
pig trachea. Nifedipine (1 jiM), a blocker of voltage-
dependent Ca'2 channels, also partially inhibited these con-
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Figure 3 Antagonism of carbachol-induced muscle contraction in
guinea-pig ileum. Concentration-response curve for carbachol by
30 min pretreatment of ileum with liriodenine (@, I tiM; A, 3 guM;
A, 1O0 M; 0, 30guM) or DMSO (0.1%, control, 0). Each point
represents the mean with s.e.mean (n = 6).

tractions. A combination of liriodenine (300 JiM) and
nifedipine (1 juM) did not enhance the inhibition compared
with that of nifedipine alone (Figure 6). Additionally, in
Ca2"-free and EGTA (0.2 mM)-containing medium, a high
concentration of liriodenine (300 tiM) did not affect the U-
46619-or neurokinin A-induced smooth muscle contraction
(Figure 7).

Effects of liriodenine on the cyclic AMP and cyclic
GMPformation in guinea-pig trachealis

The cyclic nucleotide contents of trachealis were measured by
enzyme immunoassay. As shown in Table 2, forskolin
(1O JM) and sodium nitroprusside (1O gM) elevated markedly
cyclic AMP and cyclic GMP contents in trachealis, respec-
tively. However, liriodenine (30-300 JAM) did not significantly
affect the cyclic nucleotide contents.

Discussion

The present experiments have demonstrated that liriodenine,
an aporphine alkaloid isolated form Fissistigma glaucescens,
inhibited the contractile responses of guinea-pig trachea and
ileum to the muscarinic agonist, carbachol. It also acted as a
muscarinic receptor antagonist in paced left (force) and spon-
taneously beating right (force and rate) atria of guinea-pigs.
It acts as a selective muscarinic receptor antagonist at con-
centrations less than 100 JAM without affecting the contraction
of guinea-pig trachea caused by either the thromboxane
receptor agonist (U-46619), histamine, PGFk, neurokinin A,
leukotrine C4 or high-K+ depolarization.

Muscarinic receptors can be differentiated pharmaco-
logically into three distinct subtypes using selective
antagonists (Doods et al., 1987). Ml muscarinic receptors
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Figure 4 Antagonism of carbachol-induced negative inotropic effect
in guinea-pig left or right atria. Concentration-response curve for
carbachol by 30 min pretreatment of left atria (a) or right atria (b)
with liriodenine (0, 10 tiM; A, 30 ;iM; A, 100 AM) or DMSO (0.1%,
control, 0). Each point represents the mean with s.e.mean
(n = 6-7).
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have a high affinity for pirenzepine and are abundant in
brain and sympathetic ganglia (Hammer et al., 1980). The M2
subtype has a higher affinity for methoctramine and AF-DX
116 and accounts for most of the muscarinic receptors in the
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mammalian myocardium (Hammer et al., 1986; Giachetti et
al., 1986; Melchiorre et al., 1987; Michel & Whiting, 1988).
M3 muscarinic receptors have a high affinity for 4-DAMP
and hexahydrosiladiphenidol (HHSiD) and these receptors
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Figure 5 Effects of liriodenine on the contraction induced by U-46619, histamine, prostaglandin F2) (PGF2.), neurokinin A,
leukotriene C4 and Ca24 in guinea-pig trachea. Tracheal preparation was preincubated with DMSO (0.1%, control, 0) or
liriodenine (0, 100 gLM; A, 300 pM) at 37°C for 30 min, then cumulative concentrations of U-46619 (a), histamine (b), PGF2,4 (c),
neurokinin A (d), leukotriene C4 (e) and Ca24 (in the presence of 120 mM K+) (f) were used to trigger the contraction. Each point
represents the mean with s.e.mean (n = 5-6).
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Figure 6 Effects of liriodenine on U-46619- or neurokinin A-
induced guinea-pig tracheal contraction in the presence of nifedipine.
Trachea was preincubated with DMSO (0.1%, Control, open col-
umns), liriodenine (300 gM, hatched columns), nifepidine (I 4M,

cross-hatched columns), or nifedipine (I xM) plus liriodenine
(300 gM) (solid columns) at 37°C for 30 min, then U-46619 (10-6 M)
or neurokinin A (3 x 10-' M) was used to trigger the contraction.
The values represent mean with s.e.mean (n = 5). *P<0.01 as com-
pared with the respective control.
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Figure 7 Effects of liriodenine on U-46619- or neurokinin A-
induced guinea-pig tracheal contraction in Ca2"-free medium con-
taining 0.2 mm EGTA. Trachea was preincubated with DMSO
(0.1%, control, open columns) or liriodenine (300 1M, hatched col-
umns) at 37°C for 30min, then U-46619 (10-6 M) or neurokinin A
(3 x 10-7 M) was used to trigger the contraction. Percentages of the
control contraction (in normal Krebs solution) are represented as
mean with s.e.mean (n = 5).
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Table 2 Effects of liriodenine on the cyclic AMP and cyclic
GMP contents of guinea-pig isolated trachealis

Cyclic AMP Cyclic GMP
(pmol mg-' protein)

Control 7.5 1.2 1.32±0.15
Forskolin (10 jAM) 28.3 ± 2.8*
Sodium nitroprusside (10 JAM) - 5.52 ± 0.41*
Liriodenine (JiM)

30 7.2 ± 0.9 1.38 ± 0.21
100 8.0± 1.1 1.35±0.17
300 7.9±0.4 1.42±0.17

After preincubation of isolated trachealis with DMSO
(0.1%, control), forskolin (10 AM), sodium nitroprusside
(10tJM) or various concentrations of liriodenine for 5min,
the reaction was stopped by immersing the tissue into liquid
nitrogen. The cyclic AMP and cyclic GMP contents in
trachealis were measured. The results are expressed as the
mean ± s.e.mean (n = 5). *P<0.001 as compared with the
respective control.

trigger responses in smooth muscle and exocrine glands (Bar-
low et al., 1976; Mutschler & Lambrecht, 1984; Lambrecht et
al., 1984). The pA2 values of the known antagonists,
atropine, pirenzepine, methoctramine and 4-DAMP in the
guinea-pig trachea are listed in Table 1 and are similar to
previously published values (Bloom et al., 1987; Roffel et al.,
1988; Lambrecht et al., 1989; Hulme et al., 1990). Liriodenine
possessed an equal affinity for tracheal and ileal muscarinic
receptors. It is 10 times more potent for smooth muscle M3
muscarinic receptors than for the cardiac M2 muscarinic
receptors that mediate negative inotropic and chronotropic
effects. Thus, liriodenine is a selective M3 receptor antagonist.

Recently, gene studies have indicated that MI, M2 and M3
receptor subtypes are encoded by separate mi, m2 and m3
genes (Bonner, 1989, Buckley et al., 1989). In addition, dis-
tinct m4 and m5 genes have been detected (Buckley et al.,
1989). That different muscarinic receptor subtypes are
coupled to various effector systems has been demonstrated
since mi, m3 and m5 subtypes expressed in Chinese hamster
ovary cells are preferentially coupled to the hydrolysis of
phosphoinositides, whereas the M2 and m4 subtypes are
coupled to inhibition of adenylate cyclase (Ashkenazi et al.,
1987; Bonner et al., 1988; Shapiro et al., 1988; Peralta et al.,

1988; Bonner, 1989). In view of the considerations outlined
above, further investigations will be conducted to evaluate
the selectivity of liriodenine on muscarinic receptor subtypes
by radioligand binding studies or by inhibition of the genera-
tion of second messengers.
High concentrations of liriodenine (300 LM) partially

depressed the contraction induced by U-46619, histamine,
PGF2,,, neurokinin A, leukotriene C4 and high-K+
depolarization in guinea-pig trachea. In the presence of
atropine (10-' M), a high concentration (300 ILM) of lirio-
denine still depressed these contractions, indicating that the
inhibitory effect of high concentration of liriodenine was not
via muscarinic receptor blockade. In Ca2'-free and EGTA
(0.2 mM)-containing medium, liriodenine (300 pLM) did not
affect U-46619- or neurokinin A-induced tracheal contrac-
tion. These results indicate that liriodenine may inhibit Ca2"
channels at higher concentrations. This observation was fur-
ther supported by the lack of suppression of U-46619- and
neurokinin A-induced tracheal contraction in the presence of
nifedipine (1 pM) by liriodenine (300 ILM). Thus, high concen-
trations of liriodenine may block voltage-dependent Ca2 +
channels in the trachea.

Increased levels of cyclic nucleotides are associated with
relaxation of tracheal smooth muscle (Torphy & Undem,
1991). Forskolin increases cyclic AMP via activation of
adenylate cyclase (Ousterhout & Sperelakis, 1987), while
sodium nitroprusside increases cyclic GMP levels by direct
activation of guanylate cyclase (Gruetter et al., 1979).
Neither the cyclic AMP nor cyclic GMP content was
changed by liriodenine (Table 2). This indicates that the
effects of liriodenine are not mediated by increases of cellular
cyclic nucleotide contents.

In conclusion, liriodenine is a novel muscarinic receptor
antagonist, with greater selectivity in smooth muscle than in
cardiac tissues. In addition, it also may block voltage-
dependent calcium channels at higher concentrations. Its
structural novelty may provide an original chemical basis for
the development of new muscarinic receptor antagonists.

This work was supported by research grants from the National
Science Council of the Republic of China (NSC83-0420-B002-004-
M03) and National Research Institute of Chinese Medicine.
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Effect of 7-nitro indazole on neurotransmission in the rat vas

deferens: mechanisms unrelated to inhibition of nitric oxide
synthase
Hala S. Allawi, P. Wallace, Ann Pitcher, Zoe Gaffen, P.A. Bland-Ward & 'P.K. Moore

Pharmacology Group, Biomedical Science Division, King's College University of London, Manresa Road, London, SW3 6LX

1 The effect of the nitric oxide synthase (NOS) inhibitor, 7-nitro indazole (7-NI), on sympathetic and
purinergic neurotransmission in the rat isolated vas deferens preparation has been studied.
2 7-NI (50-200 JLM) caused a dose- and frequency-dependent inhibition of the phasic (predominantly
purinergic) contractile response of the rat vas deferens to electrical (field) stimulation (100 V, 0.5 ms).
Greatest inhibition occurred at lower frequencies of stimulation (0.1-1O Hz). The sustained tonic
contractile response (predominantly noradrenergic) was inhibited only at a high frequency of stimulation
(60 Hz) and only at the highest concentration of 7-NI studied (200 J.M).
3 7-NI (100 gM) significantly reduced the contractile response of the vas deferens to exogenous ATP
(20 fM-5 mM) and the stable P2X purinoceptor agonist, ap-methylene ATP (2.5 and 25.0 pM) but was

without effect on contractions due to noradrenaline (0.1- 50 gAM) indicating a lack of antagonist effect
on post-junctional a, adrenoceptors.
4 The effect of 7-NI (100IM) on the phasic contractile response to field stimulation (0.1 and 2.0 Hz)
was unaffected by preincubation of preparations with yohimbine (1.0 gM) or propranolol (0.01-10.0 !LM)
indicating the absence of involvement of a2- or ,-adrenoceptors in this response.

5 7-NI (50-600 LM) caused dose-related inhibition of contractions elicited by addition of a depolariz-
ing concentration of KCI (64 mM).
6 The effect of 7-NI (100IM) on the phasic contractile response to field stimulation (0.1 and 2.0 Hz)
was unaffected by preincubation of preparations with L-arginine (1 mM). Neither L-arginine (1 mM) nor

NC nitro L-arginine methyl ester (L-NAME, 100 LM) affected the response of the vas deferens to field
stimulation at 0.1 or 2.0 Hz. Nitric oxide synthase (NOS) enzyme activity, measured as the conversion of
[3H]-L-arginine to [3H]-citrulline, was not detectable in rat vas deferens homogenates.
7 7-Nr preferentially inhibits the purinergic component of the response of the rat vas deferens to field
stimulation. The mechanism of action of 7-NI is not known but is not related to NOS inhibition. It
seems likely that 7-NI combines an antagonist action at smooth muscle cell P2X-purinoceptors with the
ability to inhibit the cellular influx of calcium ions. Although these hitherto unrecorded effects of 7-NI
occur at relatively high concentrations, the effects described may contribute to the pharmacological
effects of this NOS inhibitor.

Keywords: 7-Nitro indazole; L-NAME; L-arginine; vas deferens; P2X purinoceptors; a P-methylene ATP; adrenoceptors; calcium
influx

Introduction

The fused heterocycle, 7-nitro indazole (7-NI), is a potent
inhibitor of nitric oxide synthase (NOS) in rat and mouse
cerebellum, olfactory bulb, hippocampus and cerebral cortex
both in vitro and ex vivo following intraperitoneal injection in
conscious or anaesthetized animals (Moore et al., 1993a,b;
Babbedge et al., 1993a,b; Michel et al., 1993). Furthermore,
7-NI exerts antinociceptive activity in the conscious mouse
assessed behaviourally by either the formalin-induced hind-
paw licking or acetic acid-induced abdominal constriction
procedures (Moore et al., 1993a,b). Alternative inhibitors of
NOS such as NC nitro L-arginine methyl ester (L-NAME)
also exhibit antinociceptive activity in the mouse (Moore et
al., 1991; Mustafa, 1992) most probably by virtue of preven-
ting the spinal 'wind-up' which follows activation of N-
methyl-D-aspartate receptors in the dorsal horn (substantia
gelatinosa region) of the spinal cord by the excitatory amino
acid, L-glutamate (for review, see Meller & Gebhart, 1993).
Thus, it may be reasoned that antinociception in the intact
animal due to both 7-NI and L-NAME is secondary to
inhibition of a neuronal isoform of NOS (i.e. nNOS) located
in nociresponsive neurones of the dorsal spinal cord. Similar
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inhibition of nNOS may underlie other reported biological
effects of 7-NI in the central nervous system including in-
creased dopamine release from the corpus striatum of anaes-
thetized rats determined by microdialysis (Rose et al., 1994)
and reduction of cerebral blood flow in the anaesthetized cat
(Kovach et al., 1993).

Unlike L-NAME, 7-NI administration in the anaesthetized
rat, mouse (Moore et al., 1993a,b) or cat (Kovach et al.,
1993) does not result in a rise in mean arterial blood pressure
even though 7-NI is an inhibitor of endothelial cell NOS (i.e.
eNOS) in vitro (Babbedge et al., 1993a). The absence of
cardiovascular side effects of 7-NI underlies our proposal
(Moore et al., 1993a,b) that this NOS inhibitor may prove to
be a useful tool with which to assess the physiological
significance of nitric oxide (NO) in the central nervous
system.
The biological effects of indazole and its substituted

derivatives have generally attracted very little attention.
Thus, there are no published accounts of the effect of 7-NI
on autonomic nervous system function in general and on
sympathetic or purinergic neurotransmission in particular.
Bearing in mind the potential experimental and perhaps
clinical applications of 7-NI we considered it of interest to
evaluate the effect of this derivative on autonomic neuro-

'." Macmillan Press Ltd, 1994
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transmission. The rat vas deferens preparation was chosen
since it provides an opportunity to examine the effect of 7-NI
on a range of pre- and postjunctional receptors involved in
both sympathetic and purinergic neurotransmission. Further-
more, to the best of our knowledge, the presence of NOS and
the involvement of NO in responses to field stimulation of
this preparation have not previously been studied.

Methods

Preparation of vas deferens and drug treatment

Male Wistar rats (250-320 g) were killed by a blow to the
head and exsanguination. Vasa deferentia were excised,
cleared of adherent connective tissue and blood vessels, and
suspended under a tension of 2 g in 20 ml organ baths con-

taining warmed (37°C) and aerated (95% 02:5% C02) Krebs
solution (composition, mM: NaCl 118, KCl 5.4, NaHCO3 25,
MgSO4 1.2, CaC12 2.5, glucose 11.1, pH 7.4). Tension was

recorded with a force transducer (Ohmex Ltd.) connected to
a pen recorder (Lectromed). Preparations were allowed to
equilibrate in the organ bath for 30 min prior to further
study. Electrical (field) stimulation (0.1-60 Hz, 100 V,
0.5ms, 20s) of the vas deferens was performed with two
platinum electrodes positioned on either side of the tissue
and connected to an SRI square wave stimulator. Prepara-
tions were routinely stimulated at S min intervals.

In order to assess the effect of 7-NI (10-600 JM) on

contractile responses to noradrenaline (0.1-50 AM) and ATP
(20 JM-S mM) these agonists were applied non-cumulatively
at 5 min intervals using a contact time of 1 min which was

shown in preliminary experiments to be sufficient for max-

imal tension development. a, 3-Methylene ATP was applied
non-cumulatively at 45 min intervals (contact time 3 min).
The effect of increasing concentrations of 7-NI (10-600 JiM)
on the contractile response to KCl (64 mM) was also inves-
tigated. In this case preparations were exposed four times to
KCl at this concentration in the presence and absence of a

single concentration of 7-NI. In further experiments prepara-
tions were preincubated in the organ bath for 30 min with
yohimbine (1 JAM), propranolol (0.01-10JOM) or L-arginine
(I mM) prior to addition of 7-NI. Additionally, some

preparations were exposed to L-NAME (100 JM) for 30 min
prior to field stimulation at 0.1 or 2.0 Hz. In all cases,
preparations were exposed to only a single antagonist or

ethanol vehicle.

Measurement of vas deferens NOS enzyme activity in
vitro

Male Wistar rats (250-320 g) were killed by a blow to the
head and exsanguinated. Vasa deferentia were rapidly
removed and homogenized (1:10 w/v) in 20 mM Tris-HCl
buffer (pH 7.4) containing 2 mM EDTA using an Ultra-
Turrax homogenizer (type 1 8/2N). After centrifugation
(1,000 g, 15 min, 4°C) aliquots of supernatant (25 Al) were
added to incubation tubes containing NADPH (0.5 mM) and
calcium chloride (0.75 mM) and kept on ice. The final incuba-
tion volume was 105 Al. The reaction was started by addition
of 0.5 JACi [3H]-L-arginine (concentration, 120 nM) and trans-
fer to a water bath at 37°C for 15 min. At the end of this
period the enzyme reaction was stopped by addition of 3 ml
20 mM HEPES (pH 5.5) buffer containing 2 mM EDTA and
transfer to ice. [3H]-L-arginine was separated from the prod-
uct [3H]-citrulline by column chromatography using 0.5 ml
columns of Dowex AG5OWX-8 (Na+ form) followed by 1 ml
distilled water. [3H]-citrulline was quantified by liquid scintil-
lation spectroscopy of a 1 ml aliquot of the flow through as
described previously (Moore et al., 1993a,b). In control
experiments vas deferens supernatant was added to the
incubation after stopping the reaction with HEPES buffer.
For comparison, parallel estimates of NOS enzyme activity in

rat cerebellar homogenates prepared and incubated as above
were also performed. NOS enzyme activity is expressed as
pmol citrulline mg-' protein 15 min-'. Protein concentration
in vas deferens and cerebellar supernatant was determined
using the Folin-phenol reagent with bovine serum albumin as
standard (Lowry et al., 1951).

Statistical analysis

The statistical significance of differences between groups of
results was determined by analysis of variance coupled with
Student's unpaired t test. A probability (P) value of 0.05 or
less was taken to indicate statistical significance. The number
of observations are indicated in parentheses.

Drugs and chemicals

7-Nitro indazole was purchased from MTM Research
Biochemicals, Lancaster Ltd. and dissolved by sonication in
absolute ethanol (Analar grade). Radiolabelled [3H]-L-
arginine (specific activity, 62.0 Ci mmol ') was obtained from
Amersham, Bucks. All other drugs and chemicals were pur-
chased from Sigma Ltd. Dowex AG50WX-8 H' form was
converted into the Na' form by soaking for 2 h in 2 M
sodium hydroxide. (-)-Propranolol hydrochloride, yohim-
bine hydrochloride, (-)-noradrenaline bitartrate, L-arginine
hydrochloride, NC nitro-L-arginine methyl ester (L-NAME),
ATP and a,-methylene ATP were dissolved in 0.9% w/v
NaCl (saline). Drug solutions were prepared fresh each mor-
ning. ATP solutions were kept on ice throughout the experi-
ment.

Results

Electrical stimulation of the vas deferens

Repetitive field stimulation of the rat vas deferens
(0. 1- 60 Hz) resulted in frequency-related contractions. At
low frequencies (0.1-0.5 Hz) individual monophasic twitch
contractions were observed. At higher frequencies of stimula-
tion (1-60 Hz) responses of the vas deferens summated to
produce a single tetanic contraction which was biphasic in
nature with a rapid (approx. 3-5 s) first phase (i.e. phasic)
followed immediately by a more sustained (i.e. tonic) phase.
The biphasic character of the response was most obvious at a
stimulation frequency of 2 Hz which was therefore routinely
chosen for further experiments.

Effect of 7-NI on the field-stimulated vas deferens

Preincubation of vas deferentia with 7-NI (100AM) did not
affect the initial phasic response to field stimulation of the
vas deferens as determined by analysis of variance over the
entire frequency range (Figure la). However, comparison of
individual mean responses over the same frequency range
revealed a selective inhibitory effect of 7-NI at lower frequen-
cies (0.1-10 Hz) of stimulation (i.e. 2 Hz; 65.3 ± 6.5% inhibi-
tion, n = 6, P <0.01) compared with higher frequencies (i.e.
60Hz; 5.1 ± 3.1% inhibition, n = 6, P>0.05). At a higher
concentration, 7-NI (200 JM) significantly reduced the initial
phasic contraction at all frequencies (Figure lb). Preincuba-
tion with an appropriate volume of ethanol did not influence
the phasic contractile response of the isolated vas deferens at
any of the frequencies studied (Figure la,b). A higher con-
centration of 7-NI (200tJM) also reduced the second (tonic)
component of the contractile response of the vas deferens to
field stimulation, albeit only at high frequency stimulation
(60 Hz), whilst at lower concentration 7-NI (100 JM) was
without significant activity at any frequency studied (Figure
2a,b).
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In order to examine the effect of concentration of 7-NI
upon responses of the vas deferens, preparations were
stimulated at 5 min intervals (0.1 and 2.0 Hz) in the presence
and absence of increasing amounts of 7-NI (10-200 1aM)
(Figure 3a,b). 7-NI (10 1AM) failed to reduce either the initial
phasic or the later tonic contraction of the vas deferens at
either frequency examined. At higher concentrations, 7-NI
(50-200p1M) caused a dose-related reduction in the phasic
contractile response of the vas deferens to field stimulation at
both 0.1 and 2.0 Hz. In contrast, 7-NI (1O-1I00 tM) did not
influence the tonic contraction of the vas deferens in response
to field stimulation at 2 Hz whilst at the highest concentra-
tion employed (200 1M) a significant but relatively modest
inhibition (38.6 ± 6.6%, P< 0.05, n = 6) was apparent. Inter-
estingly, removal of 7-NI (200 1M) from the organ bath at
the conclusion of these experiments resulted in a rapid
(within 10 min) and complete restoration of both the phasic
and tonic components of the response (data not shown).

Effect of 7-NI on the contractile response to
noradrenaline, A TP and ax,p-methylene ATP
Non-cumulative addition of both noradrenaline (pD2, 5.30;
maximum response, 1.96 ± 0.10 g, n = 6) and ATP (pD2 3.15;
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maximum response, 1.78 ± 0.18 g, n = 6) resulted in dose-
related contractions. Preliminary experiments using ,p-
methylene ATP at a single concentration (2.5 1AM) revealed
the development of rapid desensitization to the contractile
effect of this stable ATP analogue. Similar desensitization to
a,-methylene ATP has been observed previously in the
isolated vas deferens preparation (e.g. Meldrum & Burn-
stock, 1983; Sneddon & Westfall, 1984). For this reason
responses to op-methylene ATP required a dose interval of
45 min and accordingly only two concentrations (2.5 and
251AM) of this purinoceptor agonist were studied. 7-NI
(100 1M) preincubation failed to influence contractions due to
noradrenaline but shifted the log dose-response curve for
ATP to the right (Figure 4a,b). Due to limitations of
solubility the effect of higher doses of ATP in the presence of
7-NI could not be determined and hence a maximum res-
ponse was not obtained. In separate experiments, 7-NI
(1001AM) also reduced contractions due to a,,B-methylene
ATP (Figure 4c).

Effect ofpropranolol and yohimbine on the response to
7-NI

The possibility that 7-NI may reduce contractions of the rat
vas deferens by an agonist action at pre-junctional a2-
adrenoceptors was examined in preparations pre-equilibrated
(30 min) with the selective 12-adrenoceptor antagonist,
yohimbine (1 1AM). No effect of yohimbine on the ability of
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Figure 1 Effect of 100 1AM (a) and 200 1AM (b) 7-nitro indazole (7-NI)
on the initial phasic contraction of the rat vas deferens to electrical
field stimulation (0.1-60 Hz). Frequency-response curves were
obtained in Krebs solution without drug addition (0) or following
30 min preincubation with 7-NI (A) or an appropriate volume of
ethanol vehicle (0). Analysis of variance indicates no statistically
significant difference between the frequency-response curves in (a)
(P>0.05). Comparison of individual means by Student's t test
reveals significant differences at lower frequency stimulation
(*P<0.05). Analysis of variance indicates a statistically significant
(P<0.01) effect of the higher concentration of 7-NI (b). Results
show % maximal response and are mean ± s.e.mean, n = 6-8.
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Figure 2 Effect of 100 1M (a) and 200 1M (b) 7-nitro indazole (7-NI)
on the secondary tonic contraction of the rat vas deferens to elect-
rical field stimulation (1-60 Hz). Frequency-response curves were
obtained in Krebs solution without drug addition (0) or following
30 min preincubation with 7-NI (A) or an appropriate volume of
ethanol vehicle (0). Results show % maximal response and are
mean ± s.e.mean, n = 8. *P<0.05 (Student's t test).
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Figure 3 Dose-related effect of 7-nitro-indazole (7-NI, 10-200 AM)
on phasic (a) and tonic (b) contractile responses to electrical field
stimulation at 0.1 Hz (first set of histograms in a; b) and 2.0 Hz
(second set of histograms in a). Preincubation of preparations with
an appropriate volume of ethanol did not influence the response to
field stimulation. Results show tension developed (g) and are
mean ± s.e.mean, n = 6-8, *P<0.05, **P<0.01 (Student's t test).

7-NI (100 JM) to inhibit either the tonic (2.0 Hz) or phasic
(0.1 and 2.0 Hz) contractile response of the isolated vas
deferens preparation was apparent (Table 1). A higher con-
centration (10gM) of yohimbine significantly inhibited the
response to exogenous noradrenaline (data not shown) and
was therefore not evaluated further in this series of
experiments. Since the rat vas deferens preparation also pos-
sesses post-junctional P2 adrenoceptors it seemed worthwhile
to investigate a possible B-adrenoceptor agonist effect of
7-NI. However, separate experiments revealed that the non-
selective P-adrenoceptor antagonist, propranolol
(0.01-10 JM), failed to reverse the ability of 7-NI (100 JM) to
inhibit the tonic (2.0 Hz) or phasic (0.1 and 2.0 Hz) com-
ponents of the field stimulation response (Table 1).

Effect of 7-NI on KCl-induced contractions of the rat
vas deferens
KC1 (64 mM) evoked a biphasic contractile response compris-
ing an initial rapid rise followed by a more sustained res.
ponse. The total tension (both phases) developed in response
to KCI in the absence of added 7-NI or ethanol was
0.80 ± 0.07 g (n = 8). 7-NI (50-600 gM) caused dose-related
inhibition of KCI-induced contractions whilst at lower con-
centrations (10 and 20 JM) 7-NI was without activity (Figure
5). Due to limitation of solubility it was not possible to
determine the maximally effective concentration of 7-NI.
However, 50% inhibition of KCI-induced contraction was
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Figure 4 Effect of 7-nitro indazole (7-NI, 100 JM; A) and ethanol
(@) preincubation on responses of the rat isolated vas deferens to
noradrenaline (a) and ATP (b); (c) compares the effect of two
concentrations of a,p-methylene ATP on preparations preincubated
with 7-NI (100 tm; solid columns) or an appropriate volume of
ethanol (open columns). Results indicate % maximal response (a and
b) or tension developed in grams (c) and are the mean ± s.e.mean of
6 observations. *P<0.05 (Student's t test).

observed at a concentration of 280 gM. 7-NI did not dis-
criminate between the two phases of the KCI response and
thus results are shown as inhibition of the overall contrac-
tion. Addition of ethanol vehicle did not influence the res-
ponse of preparations to KCI at volumes up to 0.33 ml/20 ml
Krebs solution in the organ bath (equivalent to 400 JM 7-
NI). However, even at the highest ethanol volume used
(0.49 ml/20 ml Krebs solution) only a small (9.0 ± 1.4%,
n = 6) reduction in the response to added KCI was observed.

The role ofNO in the effect of 7-NI on the
field-stimulated rat vas deferens
In order to probe the possible involvement of NO in the
response of the rat isolated vas deferens to field stimulation
in the presence and absence of 7-NI, further experiments
were undertaken to evaluate the effect of the NO precursor,
L-arginine, on the responses. Thus, preincubation of rat vas
deferens preparations with L-arginine (1 mM) did not
influence the contractile response to field stimulation (0.1 or
2.0 Hz) (Table 2). Furthermore, L-arginine (1 mM) did not
alter the ability of 7-NI (100 JM) to influence either the tonic
or phasic contractile responses to field stimulation at the
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Table 1 Effect of propranolol and yohimbine on the response of the field stimulated rat vas deferens to 7-nitro-indazole (7-NI)

Phasic (0.1 Hz)

Krebs
+ Ethanol
+ 7-NI (alone)
+ 7-NI
+ propranolol (0.01 fiM)
+ propranolol (O.1I jM)
+ propranolol (1.0 fLM)
+ propranolol (10 tiM)
+ yohimbine (1.0 fiM)

0.97 ± 0.09
0.96 ± 0.05
0.20 ± 0.08*

0.18 ± 0.05
0.17 ± 0.06
0.17 ± 0.05
0.15 ± 0.05
0.16 ± 0.04

Contractile response (g)
Phasic (2 Hz)

1.87 ± 0.4
1.79 ± 0.32
0.85 ± 0.21*

0.79 ± 0.16
0.63 ± 0.20
0.65 ± 0.23
0.67 ± 0.17
0.69 ± 0.19

Tonic (2 Hz)

1.55 ± 0.31
1.50 ± 0.21
1.45 ± 0.23

1.45 ± 0.18
1.44±0.21
1.37 ± 0.15
1.47 ± 0.21
1.44 ± 0.09

Effects of yohimbine and propranolol (concentrations shown in parentheses) in combination with 7-NI (100 ttM) or an appropriate
volume of ethanol vehicle on the tonic and phasic contractile responses of the field stimulated rat vas deferens (0.1 and 2.0 Hz).
Preparations were preincubated with drug for 30 min prior to further field stimulation. It should be noted that no tonic response is
evident at 0.1 Hz stimulation. Results show mean ± s.e.mean, n = 6-8. *P<0.05 by Student's t test cf control responses in the
presence of ethanol vehicle. Neither propranolol nor yohimbine significantly (P>0.05) influenced the response to 7-NI.

Table 2 Effect of NG-nitro-L-arginine methylester
(L-NAME) and L-arginine(L-Arg) on the response of the
field stimulated rat vas deferens to 7-nitro indazole (7-NI)

Contractile response (g)

Krebs
Ethanol
Ethanol + L-Arg
L-NAME
7-NI
7-NI + L-Arg

Phasic (0.1I Hz)

1.15 ± 0.19
1.09 ± 0.17
0.95 ± 0.18
0.98 ± 0.31
0.45 ± 0.12*
0.40 ± 0.15*

Phasic
(2 Hz)

1.71 ± 0.21
1.74 ± 0.16
1.85 ± 0.31
1.87 ± 0.21
1.19 ± 0.15*
1.11 ± 0.17*

Tonic (2 Hz)

1.41 ± 0.31
1.44 ± 0.13
1.51 ± 0.20
1.50 ± 0.21
1.41 ± 0.14
1.39 ± 0.17

Effect of L-NAME (100IM) and L-arginine (1 mM) either
alone or in combination with 7-NI (100 LM) or an
appropriate volume of ethanol vehicle on the tonic and
phasic contractile response of the field stimulated rat vas
deferens (0.1 and 2.0 Hz). Preparations were preincubated
with drug for 30min prior to further field stimulation. It
should be noted that no tonic response is evidence at 0.1 Hz
stimulation. Results show mean ± s.e.mean, n = 6-8,
*P<0.05.
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Figure 5 Dose-related effect of 7-nitro indazole (7-NI) on contrac-
tions of the rat isolated vas deferens preparation to KCl (64 mM).
Results show % inhibition of KCl-induced contractions and are

mean ± s.e.mean of experiments on 6 animals.

same frequencies (Table 2). In separate experiments, rat vas
deferens homogenates failed to convert [3H]-L-arginine to
[3H]-citrulline (limit of detection of assay, 2.2 pmol mg-'
protein 15 min-'). For comparison NOS enzyme activity in
rat cerebellar homogenates was 37.5 ± 1.9 pmol mg-' protein
15 min-' (n = 6).

Effect ofL-NAME on the field stimulated rat vas
deferens

Preincubation (30min) of isolated rat vasa deferentia with
L-NAME (100ItM) did not affect either the tonic or phasic
contractions following field stimulation at 0.1 or 2.0 Hz
(Table 2).

Discussion

The major finding of the present study is that high concent-
rations of 7-NI inhibit the contractile response elicited by
field stimulation of the rat isolated vas deferens in a dose-
and frequency-dependent manner. 7-NI (50-200 JLM) exhibits
some degree of selectivity for the initial (phasic) component
of the contraction whilst the secondary (tonic) contraction is
only modestly reduced even at the highest concentration of
7-NI (200 JtM) examined. Neither effect of 7-NI relates to the
only other reported pharmacological action of this indazole,
viz. inhibition of NOS (Moore et al., 1993a,b; Michel et al.,
1993) in that, (i) NOS enzyme activity monitored by the
conversion of [3H]-L-arginine to [3H]-citrulline was undetec-
table in homogenates prepared from the rat vas deferens, (ii)
inhibition of the contractile response of the rat vas deferens
to field stimulation was unaffected by preincubation with a
high concentration of L-arginine (substrate for NOS) and (iii)
L-NAME, an established inhibitor of NOS, failed to inhibit
neurotransmission in the rat isolated vas deferens at a eon-
centration which abolishes non-adrenergic, non-cholinergic
(NANC) relaxation in other smooth muscle preparations
(e.g. mouse anococcygeus; Gibson et al., 1990).
The biphasic character of the contractile response to

repetitive field stimulation of the isolated vas deferens
from a variety of species is well established and has been the
subject of intensive study over the last decade. The phasic
component is antagonized by arylazidoaminopropionyl-ATP
(ANAPP3; Fedan et al., 1981) and the P2x-purinoceptor
antagonists, suramin (Dunn & Blakely, 1988) and pyrid-
oxalphosphate-6-azophenyl-2',4'-disulphonic acid (PPADS,
McLaren et al., 1994) and is thus believed to occur following
the release of ATP from sympathetic nerves acting on smooth
muscle P2x-purinoceptors (Burnstock & Kennedy, 1985). In
contrast, the sustained tonic component results principally
from noradrenaline-induced activation of postjunctional a,-
adrenoceptors (Brown et al., 1979; Sneddon & Westfall, 1984;
Amobi & Smith, 1987).
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Preincubation of rat isolated vas deferens preparations with
7-NI resulted in a dose-related inhibition of the phasic contrac-
tile response to field stimulation. At relatively low concentra-
tions of 7-NI (50-100giM) only the response to lower fre-
quency stimulation (i.e. 0.1-10 Hz) was reduced whilst at
higher concentration (200 gM) phasic contractions over the
entire frequency-range were attenuated. In other smooth mus-
cle preparations (e.g. rabbit mesenteric artery; von Kugelgen &
Starke, 1985) low frequency stimulation is predominantly due
to purinergic transmission whereas higher frequency stimula-
tion is mostly due to adrenergic transmission. This, coupled
with the observation that 7-NI inhibits the response of the
isolated vas deferens to exogenously applied ATP and to the
stable P2x-purinoceptor agonist, 00-methylene ATP (Burn-
stock & Kennedy, 1985), without affecting contractions due to
noradrenaline, is consistent with the hypothesis that 7-NI
inhibits the predominantly purinergic component of the res-
ponse of the vas deferens to field stimulation. It may also be
concluded from these results that 7-NI neither promotes the
metabolic inactivation of ATP (since it also antagonizes the
effect of the stable analogue, xp-methylene ATP) nor exhibits
an antagonist effect on postjunctional a,-adrenoceptors. How-
ever, it should be noted that high concentrations of 7-NI also
inhibit the tonic (i.e. noradrenergic) component of the contrac-
tile response to high frequency field stimulation. Whether this
effect indicates a role for P2x-purinoceptors in the pre-
dominantly noradrenergic tonic component of the response or
whether 7-NI inhibits noradrenergic transmission by a
mechanism unrelated to the direct activation of postjunctional
xl-adrenoceptors (e.g. inhibition of prejunctional noradrenaline
release or smooth muscle Ca2+ influx) is not known.
The rat isolated vas deferens preparation possesses both

prejunctional M2-(Bullock & Starke, 1990; Brown et al., 1979)
and postjunctional M2-adrenoceptors (Ganguly & Bhat-
tacharya, 1969; Lotti et al., 1980) activation of either of which
would be expected to reduce the size of contractions due to
field stimulation. In this study, yohimbine (1 jM) failed to
reverse the inhibitory effect of 7-NI on the field stimulated rat
vas deferens. Since we have previously reported that a lower
concentration of yohimbine (0.1 jM) produces significant
inhibition of the response of this preparation to the selective
a2-adrenoceptor agonist, xylazine (Moore & Griffiths, 1982), it
seems likely that yohimbine was present in sufficient concent-
ration to inhibit a2-adrenoceptors in the present series of
experiments. A higher concentration of yohimbine (i.e. 10 jM)
significantly reduced the contractile effect of exogenous
noradrenaline suggesting al-adrenoceptor blockade and thus
could not be studied further. Preincubation of preparations
with a range of concentrations of the non-selective P-
adrenoceptor antagonist, propranolol, also failed to reverse
7-NI-induced inhibition of the field stimulated rat vas deferens.
Thus, the present study provides no evidence for an agonist
effect of 7-NI on either a2- or P2-adrenoceptors.
The finding that 7-NI inhibits contractions of the rat vas

deferens to KCI is also of potential significance. K+-induced

contraction of smooth muscle preparations is believed to
result mainly from an increase in membrane permeability to
Ca2" ions via voltage-operated channels as a consequence of
membrane depolarization (Bolton, 1979). Accordingly, KCl-
mediated contraction of the rat vas deferens is inhibited by
Ca2" antagonists such as verapamil and nifedipine (Hay &
Wadsworth, 1982). Consequently, it seems not unreasonable
that 7-NI-mediated relaxation of the vas deferens may also
occur by virtue of a similar Ca2" antagonist effect.

In conclusion, the effect of 7-NI on neurotransmission in
the rat vas deferens is undoubtedly complex and most prob-
ably involves a number of mechanisms. Whether the ability
of 7-NI to inhibit the phasic response to field stimulation and
to reduce contractions due to ATP and o,p-methylene ATP
reflect a direct antagonist action on the P2x-purinoceptor or
on post receptor events (e.g. purinoceptor-mediated opening
of smooth muscle Ca2+ channels) cannot be determined from
the present data and requires additional evaluation perhaps
using a ligand binding approach. Additionally, the attenua-
tion of KCI-induced contractions and the modest reduction
of the tonic response following high frequency field stimula-
tion is suggestive of antagonism of voltage-operated Ca2+
channels. In the light of the relative dearth of useful P2X-
purinoceptor antagonists, it may be of interest to determine
whether the apparent P2X-antagonist activity suggested by the
present experiments is restricted to 7-NI or is a more general
feature of the indazole ring structure. Of equal importance is
the possibility that the effects observed in the present study
may contribute to the antinociceptive activity of 7-NI.
Unfortunately, there is no available information concerning
either the pharmacokinetic profile or the biologically active
concentration range of 7-NI in either blood or spinal cord
following parenteral administration in experimental animals.
However, antagonism of P2X-purinoceptors or voltage-
operated Ca2+ channels would, at first sight, seem unlikely to
play a part in 7-NI-mediated antinociception in that (i) the
effect of 7-NI on the rat vas deferens occurs at concentra-
tions (50-600 !LM) considerably greater than those required
to inhibit NOS enzyme activity at least in vitro (e.g. IC50 for
7-NI against rat cerebellar NOS of 700 nM; Moore et al.,
1993a,b) and (ii) 7-NI-induced antinociception is at least
partially reversible with L-arginine (Moore et al., 1993b)
which did not influence the response to 7-NI in the present
study. As yet we cannot rule out the possibility that a
combined effect, for example, on glutamate-induced Ca2+
influx into nociresponsive neurones in the dorsal spinal cord
coupled with inhibition of NOS enzyme activity in these
same neurones may jointly contribute to the antinociceptive
effect of 7-NI.

We would like to offer our thanks to Glaxo Group Research (Glaxo
Institute for Applied Pharmacology, Cambridge) for financial sup-
port in the form of a Studentship to P.A. B.-W.
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Effects of caffeine on intracellular sodium activity in cardiac
Purkinje fibres: relation to force

Giovanni Iacono & 'Mario Vassalle

Department of Physiology, State University of New York, Health Science Center, 450 Clarkson Avenue, Brooklyn, NY 11203,
U.S.A.

1 An increase in cytoplasmic calcium by caffeine would lead to Ca extrusion via the Na/Ca exchange.
The hypotheses were investigated that, as a consequence, caffeine might increase intracellular sodium
activity (a'Na) and that the relation between aWNa and force might be conditioned by the Ca load.
2 Action potential, aiNa and contractile force were recorded in sheep Purkinje fibres during exposure to
caffeine under conditions that decrease or increase the Ca load by different mechanisms.
3 In Tyrode solution, caffeine (8 mM) increased aiNa from 8.05 ± 0.20 to 10.52 ± 0.40 mM (+ 30.5%)
and had a triphasic effect on force: an initial transient increase (+93.6%), a subsequent decrease
(-37.1%) (negative inotropy) and slow partial recovery (+8.9%).
4 Decreasing the Ca load by means of manganese (1 mM) decreased aiNa and force. Adding caffeine
re-increased aiNa and no longer caused a negative inotropic action. Cadmium (0.2 mM) also decreased
aiNa, and caffeine reincreased it although far less than in Tyrode solution.
5 High [K]o (10 mM) and tetrodotoxin (5 1M) decreased aiNa as well as force. In their presence, caffeine
re-increased aiNa and no longer had a negative inotropic action.
6 Increasing the Ca load by means of high [Ca]. (8.1 mM) increased force (+ 195%) and decreased aiNa,
(-20.3%). Adding caffeine re-increased aiNa (+28.1%), but immediately decreased force (-32.3%).
7 Addition of pyruvate (10mM) to caffeine increased force, as it does in the presence of Ca over-
load.
8 Noradrenaline (0.1-1 ELM) decreased aiNa and increased contractile force. In its presence, caffeine
decreased aiNa further and increased force.
9 It is concluded that caffeine increases aiNa, even during the negative inotropic effect. The decrease in
force appears to depend on Ca load. Thus, caffeine no longer decreases force under conditions that
decrease Ca load (Mn, high [K]0, TTX) and immediately decreases force when the Ca load is increased
(high [Ca]0). However, in the presence of noradrenaline, caffeine decreases aiNa and markedly increases
force, as the Ca load is increased, but Ca can be removed from the cytoplasm into the SR.

Keywords: Purkinje fibres; contractile force; caffeine; manganese; cadmium; tetrodotoxin; high potassium; high calcium;
calcium overload; pyruvate; noradrenaline

Introduction

In suitable concentrations, caffeine causes or facilitates cal-
cium release from the sarcoplasmic reticulum (SR) and
hinders Ca uptake into the SR (Weber & Hertz, 1968). The
release of Ca by caffeine is amplified by calcium-induced
release of calcium (O'Neill & Eisner, 1990). Caffeine increases
the slow inward current ICa (Kimoto et al., 1974; Goto et al.,
1979; Yatani et al., 1984) and the uptake of 45Ca (Shine &
Langer, 1971) in cardiac tissues. Furthermore, caffeine
decreases the loss of 45Ca from the myocardium (Shine &
Langer, 1971) and slows the decrease of force in Ca-free
solution (Di Gennaro & Vassalle, 1984). Caffeine decreases
ATP-dependent Ca accumulation and Ca-stimulated ATPase
activity in sarcolemmal vesicles, suggesting a diminished
extrusion of Ca from the cell by that mechanism (Gupta et
al., 1990). Caffeine (1-20 mM) induces incomplete relaxation
and contracture of myocardial tissues (e.g., Shine & Langer,
1971; Hilgemann et al., 1989; Gupta et al., 1990; MacIntosh
et al., 1992).

Indeed, caffeine (5-10mM) rapidly increases cytoplasmic
calcium ([Ca]i), which then declines (O'Neill & Eisner, 1990).
The decline might be due to Ca extrusion via Na/Ca
exchange and therefore it may be associated with an increase
in intracellular sodium activity (aiNa). In fact, in cardiac
fibres, a caffeine bolus induces a Na-dependent transient
inward current (Clusin et al., 1983). This inward current is
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initiated by an increase in [Ca]j, is carried by Na via the
electrogenic Na/Ca exchange (Lipp & Pott, 1988; Callewaert
et al., 1989) and does not relax completely (Lipp & Pott,
1988). However, the expectation that a continuous exposure
to caffeine increases aiNa is made uncertain by reports that
caffeine inhibits INa (Habuchi et al., 1991) and that low
concentrations of caffeine (1 mM or less) may stimulate the
sarcolemma Na+-K+ ATPase (Gupta et al., 1990).

Caffeine also modifies contractile force in a complex man-
ner. In cardiac tissues, caffeine increases and then decreases
force (e.g., Shine & Langer, 1971; Vassalle & Lin, 1979; Lin
& Vassalle, 1983; Konishi et al., 1984). In Purkinje fibres, the
decrease in force is enhanced by an increase in Ca load (e.g.,
Vassalle & Lin, 1979; Bhattacharyya & Vassalle, 1981; Lin &
Vassalle, 1983; Di Gennaro & Vassalle, 1985; Satoh & Vas-
salle, 1985). In skinned Purkinje fibres, an increase in cyto-
plasmic Ca beyond an optimal value reduces force (Fabiato,
1985a,b). Alternatively, caffeine could decrease force in Pur-
kinje fibres by depleting SR Ca, as it does in other tissues
(see O'Neill & Eisner, 1990).
The general aim of the present experiments was to study in

cardiac Purkinje fibres the hypotheses that caffeine increases
a'Na and that the increase in aiNa may or may not be
associated with a negative inotropic action depending on the
Ca load. To test these hypotheses, the effects of caffeine on
aiNa and force were studied under conditions that either
decrease or increase Ca load. Under conditions that decrease
Cat, the negative inotropy should be reduced if due to an

'PI Macmillan Press Ltd, 1994



290 G. IACONO & M. VASSALLE

excessive Ca load, but it should be increased if due to a SR
Ca depletion. The opposite should occur with a high Ca
load.

Pyruvate decreases force under normal conditions, but in-
creases it in the presence of Ca overload caused by cardiac
steroids or high [Ca]. (Ishikawa & Vassalle, 1985). Therefore,
in the presence of caffeine, pyruvate would be expected to
increase force only if the Ca load is excessive. If the Ca in the
cytoplasm is reduced by stimulating the Ca uptake into the
SR, the negative inotropic effect of caffeine may be elimin-
ated. For this reason, caffeine was tested in the presence of
noradrenaline (NA) which increases ICa, but it also stimulates
the Ca uptake into the SR through an adenosine 3':5'-cyclic
monophosphate (cyclic AMP)-dependent mechanism (phos-
phorylation of phospholamban; see Tsien, 1977).

Methods

Sheep of either sex, weighing 14-65 kg (average value
36.8 ± 3.8 kg) were anesthetized with sodium pentobarbitone
(30 mg kg-', i.v.). The heart was quickly excised through an
intercostal incision. Free-running strands of Purkinje fibres
were cut from the left ventricle and were perfused in a tissue
bath with warm (370C) oxygenated (97% 02, 3% CO2)
Tyrode solution of the following composition (mM): NaCl
136.9, KCl 4, NaHCO3 11.9, NaH2PO4 0.45, CaC12 2.7,
MgCl2 1.05 and glucose 5.5. The concentrations of Ca and K
were changed in some experiments, as will be specified.
The preparations were driven at 60 min-' and the stimuli

were delivered by a Grass stimulator (model S-4) through a
Grass stimulus isolation unit (SIU 4678). One end of the
Purkinje strand was immobilized by a stainless steel elec-
trode, while the other end was tied by means of a short silk
thread to a rigid rod attached to a force transducer (Grass
FTO 3C).
Transmembrane potentials were measured with conven-

tional microelectrodes filled with 3 M KCl and coupled to a
WPI dual/differential electrometer (Model FD223). The
action potentials and twitch curves were displayed on a
Tektronix storage oscilloscope Model 5111 and were record-
ed on tape by means a Racal Recorder Store 4DS. Intracel-
lular Na+ activity (aNa) was measured with Na+ selective
microelectrodes made with the neutral carrier ETH 227. Con-
struction and calibration of the Na+ selective microelectrodes
were carried out as described (Lee, 1981; Lee & Dagostino,
1982; Dagostino & Lee, 1982; Lee & Vassalle, 1983; Vassalle
& Lee, 1984). The signals from the Na+ selective and conven-
tional microelectrodes were filtered by means of identical low
pass filters (with a fixed frequency of 0.24 Hz) (Lee & Dago-
stino, 1982). The filtered voltage from the conventional
microelectrode was then electrically subtracted from the
filtered voltage of the Na+ selective microelectrode. This
procedure allows the determination of alNa in active fibres
(Lee & Dagostino, 1982). Force and aiNa were recorded
simultaneously and continuously at 0.05 mm s-' by means of
a Gould recorder (Model 2400S).
The driven fibres were allowed to equilibrate for 1 h before

the experiments were initiated. Caffeine, manganese chloride
and cadmium chloride were obtained from Sigma Chemical
Co., tetrodotoxin from Sankyo (through Calbiochem) and
noradrenaline (Levophed bitartrate) from Winthrop-Breon
Laboratories. The results are expressed as mean values +
standard error (s.e.); n indicates the number of experiments
in fibres obtained from different hearts. Analysis of variance
(ANOVA) was performed for all data points and a Bonfer-
roni's test was used to test significance of differences between
multiple repeated observations on a single group for caffeine
and high [Ca]. plus caffeine administrations. Student's paired
t test was used for other comparisons and a P < 0.05 was
considered significant.

Results

Effects of caffeine on aiNa andforce
In Figure 1, the traces at the top show that 8 mM caffeine
monotonically increased a'N. and caused an initial increase, a
subsequent decrease and a late slow re-increase of force.
During cafffeine wash-out, there was a transient rebound
increase in force, as typically seen during the removal of Ca
overload (see Vassalle & Lin, 1979). Caffeine concentration
of 1 and 4 mM induced qualitatively similar but quanti-
tatively smaller changes in aiNa and force (not shown). In
subsequent experiments, the caffeine concentration most
often used was 8 mM. The effects of caffeine were fully
reversible.
The average changes in force (F = 5.8, P <0.0001) and aiNa

(F = 71.3, P<0.0001) in the graph of Figure 1 (n = 12) show
that 8 mM caffeine initially increased force (+ 89.9%,
P <0.05) and then, by the tenth minute of exposure,
decreased force (-29.9%, P< 0.05) and increased aiNa
(+ 8.9%, P <0.05) with respect to Tyrode control. Later on,
force re-increased while aiNa continued to increase, but along
a steeper slope. The slope of the linear fit of the data
increased from 0.0691 (P<0.005) during the first half to
0.0999 (P<0.005) during the second half of the caffeine
exposure (+44.5%). At the end of 30min exposure, force
re-increased by +55.4% (P <0.05) with respect to the
10 min value (+8.9% with respect to Tyrode control); and
aNa increased to 10.52 mM (+ 30.6% with respect to Tyrode
control, P<0.05). The dashed lines underline the faster rate
of increase of aiN. and the re-increase in force.
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Figure 1 Effects of caffeine on alNa and force. The traces at the top
show the intracellular sodium activity (aiNa) and contractile force (F)
recorded before, during and after exposure to 8 mm caffeine. The
exposure to caffeine is indicated between the traces. The dashed line
extrapolates the control value of aNa.- The graph shows the average
changes induced by 8 mm caffeine on force and a Na. The left
ordinate scale shows contractile force in mg (upper curve labelled
force) and the right ordinate scale aWM, in mm (lower curve labelled
a Na). The abscissa scale shows the time in min. In both curves, the
first symbol is the control value, whereas the other points were
obtained in the presence of caffeine, as indicated above the abscissa
scale; s.e. mean are shown. The dashed lines extrapolate the values
obtained at the tenth minute of exposure to caffeine.
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Thus, caffeine monotonically increases aiNa while having a
triphasic effect on force. Neither the initial increase nor the
subsequent decrease in force are correlated with the increase
in a'Na.

Effects of caffeine in the presence of slow channel block

The dependence of caffeine negative inotropy on the Ca load
was studied by decreasing ICa by means of the slow channel
blocker manganese (Mn). By decreasing [Ca]i (thereby in-
creasing the Ca gradient across the sarcolemma), Mn would
be expected to decrease aiNa through the Na/Ca exchange.
Mn decreased aiN2 by -5.4% (n = 2) and force by - 49.3%
(n = 3): adding caffeine increased a'Na by + 36.8% and the
steady-state force by 181.1% and did not have a negative
inotropic effect. Thus in the presence of Mn (and of a
diminshed Ca load), caffeine increased both aiNa and
force.
Cadmium (Cd, 0.2 mM, n = 5) usually abolished force and

therefore the effect of caffeine on that parameter could not be
determined. Cd decreased aiNa from 8.37 ± 0.24 to 6.55 ±
0.68 mM (- 21.7%, P< 0.01) and adding caffeine re-increas-
ed a'Na in 4 experiments (from 6.71 ± 0.87 to 7.34 + 0.9 mM,
+ 9.3%, P <0.02), while aiNa continued to decrease in 1
experiment. Thus, the decrease in ICa by Ca antagonists
decreases both force and aiNa, as expected from a decrease in
ICa and in [Ca]i.

Effects of caffeine in the presence of high [Kj] and
tetrodotoxin

High [K]0 decreases alNa (see Lee & Vassalle, 1983): the
increased Na gradient across the sarcolemma decreases [Ca]i
via the Na/Ca exchange. In Table IA, high [K]0 decreased
aN. by - 33.7% and caffeine re-increased it by + 24.6%.
High [K]0 abolished force in 7 experiments and reduced it in
3: in these 3 experiments, caffeine re-increased the steady-
state force by + 84.6% and did not have a negative inotropic
effect.

Tetrodotoxin (TTX) lowers aiNa (see Vassalle & Lee, 1984)
and therefore [Ca]i: force decreases when aiNa decreases
(Abete & Vassalle, 1987). In Table IB, TTX decreased aiNa by

- 14.1% and force by -68.1%. Caffeine re-increased aiNa by
+14.4% and force by + 57.1%, without inducing negative
inotropy. Thus, when aiNa (and presumably [Ca]i) was
decreased by high [K]O or by TTX, caffeine increased both
aiNa and force.

Effects of caffeine in the presence of high [Ca]j
High [Ca]. also decreases aiNa (see Lee & Vassalle, 1983), but
(in contrast to Mn, high [K]0 and TTX) increases the Ca load
by increasing Ic. If the negative inotropy of caffeine is
related to an excessive Ca load, caffeine may increase aiNa as
usual, but may decrease force from the beginning.

In Figure 2, the traces at the top show that 8.1 mM [Ca].
decreased aiN, (- 8.0%) and increased force (+ 280%). In the
presence of high Ca0, caffeine had an immediate negative
inotropic effect (- 61%) while increasing aiNa (+ 19.7%), as
in normal [Ca]o. During caffeine wash-out, a'Na returned to
the pre-caffeine value and force re-increased slowly. Reper-
fusion in Tyrode solution led to a re-increase in a2Na and a
temporary decrease in force below control.
The average changes in force (F = 4.51, P<0.0001) and in

a'Na (F = 7.77, P<0.0001) are shown in the graph of Figure
2 (n = 4). A [Ca]. of 8.1 mM increased force to a peak
(+271.3%, P<0.05) and then to a stable lower value
(+ 184.8%); and decreased aiN, (-20.3%, P<0.05). In high
[Ca]o, caffeine did not transiently increase force and, instead,
immediately decreased it (- 18.9%). Caffeine then rein-
creased force by + 10.0% with respect to the minimal value
(P>0.05) and a'Na (+25.4%, P<0.05).
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Table 1 A Effects of high [K]O on actions of caffeine in
cardiac Purkinje fibres

Tyr K(lOmM) + Caff
n = 8
aiNa (mM) 8.08 ± 0.21 5.35 ± 0.31** 6.67 ± 0.32**
(n = 3)
force (mg) 7.41 ± 1.0 1.63 ± 1.3 3.01 ± 1.1*

n = 7
aiNa (mM) 7.73 ± 0.15 9.90 ± 0.49**

B Effects of tetrodotoxin (TTX) on actions of caffeine in
cardiac Purkinje fibres

n = 5
a Na (mM)
Force (mg)

Tyr TTX + Caff

8.61 ± 0.6 7.39 ± 0.44** 8.46 ± 0.77**
4.4 ± 1.6 1.4 ± 0.4* 2.2 ± 0.7*

n = 4
aiNa (mM) 7.89 ± 0.13 10.16 ± 0.65**

n, number of experiments. Tyr, K (10mM), +Caff, results
obtained in Tyrode solution, in the presence of 10 mM [K]0
and in the presence of 10 mm [K]0 plus 8 mm caffeine,
respectively. aiN,, value of intracellular sodium activity in
mM; force, contractile force in mg. Tyr, TTX, + Caff, results
obtained in Tyrode solution, in the presence of 5 piM
tetrodotoxin and in the presence of TTX plus 8 mM caffeine,
respectively. *P<0.05; **P<0.01 or 0.005.
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Figure 2 Actions of caffeine on force and a'N, in the presence of
high [Ca]b. The explanation of the traces is the same as in the legend
of Figure 1. As indicated below the force trace, the fibre was
perfused in Tyrode solution (Ty, beginning and end of the trace) and
in high [Ca]0 (Ca 8.1 mM). Caffeine (Caff, 8 mM) was administered as
indicated below the aiN, trace. The dashed lines extrapolate the value
of aiN. in Tyrode solution and in high [Ca]b. The graph shows the
average changes in force and aiN, in the presence of high [Ca]0 and
caffeine. The left ordinate scale is for force in mg (upper curve
labelled Force) and the left ordinate scale is for aiN, in mm (lower
curve labelled aiN). The abscissa scale shows the time in min. The
first two values in the graph are the control values (Ty) in Tyrode
solution and the subsequent values show the changes in force and
aiNa caused by high [Ca]0 (Ca 8.1 mM, as indicated above the abscissa
scale) and by caffeine (Caff, 8 mm, as indicated below the force
curve). The dashed lines extrapolate force and aiN, in high [Ca]b.
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Relation between force and a iNa in normal and high
[Ca],
To determine if the increase in aiNa and the late re-increase in
force during caffeine exposure are correlated, the two vari-
ables recorded in normal and high [Ca]0 were plotted on
logarithmic scales and the data fitted with regression lines
calculated by means of a third order equation.
The caffeine-induced changes in force and in alNa were

closely correlated both in normal [Ca]0 (Figure 3a, r = 0.99)
and in high [Ca]0 (Figure 3b, r = 0.98). The slope of the
relation was much steeper in normal than in high [Ca]0, as
force increased as a function of (aiNa)2 2 in normal and (a'Na)06
in high [Ca]0. Thus, a similar increase in alNa is associated
with a smaller increase in force in high [Ca]o. Even in normal
[Ca]0, the re-increase in force in the presence of caffeine is a
smaller power function of aiNa than in other positive ino-
tropic interventions (exponents of 5-6, see Abete & Vassalle,
1987).

The changes in a'Na with the different procedures carried
out

The absolute increase in aiNa at the end of caffeine exposure
was quite different in the different procedures carried out
with respect to Tyrode solution (Figure 4). In Tyrode solu-
tion, 8 mM caffeine increased aiNa by approximately the same
amount in different controls, from a combined control value
of 7.88 ± 0.08 mM (Ty) to a combined value of 10.17 ±
0.17 mM (Caff). The various experimental procedures (TTX,
High Ca, Cd, High K) decreased aiNa from a combined
control value of 8.44 ± 0.21 mM (Ty) to a combined value of
6.65 ± 0.52 mM (Exp). Caffeine re-increased aiNa to a com-
bined value of 7.9 ± 0.58 mM (+Caff).

Thus, in the different procedures, caffeine increased aiNa
but less than in control (-35.3%), and to an absolute value

0

02-

0
LL.

lower than even the control value in Tyrode solution (except
for high [Ca].). The smallest increase in aiNa occurred in the
Cd solution and the largest in the high Ca solution.

Actions ofpyruvate in the absence and presence of
caffeine

Pyruvate decreases force in normal conditions, but increases
it in the presence of Ca overload caused by strophanthidin or
high [Ca] (Ishikawa & Vassalle, 1985). In 3 tests in 2
experiments, pyruvate (10 mM) decreased contractile force by
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Figure 4 Effects of caffeine on aiNa in the absence and in the
presence of procedures that lower aiN.. The ordinate scale is for aiN.
in mm. As indicated on the abscissa scale the results were obtained in
Tyrode solution (Ty), in the presence of caffeine (Caff), in the
various experimental solutions indicated next to the traces (Exp) and
in those solutions plus caffeine (+ Caff). The following symbols
identify the various solutions and their respective control curves: (M)
TTX; (M) high Ca; (A) Cd; and (0) high K. The asterisks indicate
statistical difference (P< 0.05) with respect to the preceding
value.
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- 44% in Tyrode solution and increased it by + 157.7%
(P <0.05) in the presence of 8 mM caffeine.

Actions of caffeine in the presence ofnoradrenaline

Noradrenaline (NA) decreases aiNa (see Lee & Vassalle, 1983)
and enhances Ca uptake into the SR by increasing cyclic
AMP (see Tsien, 1977). Caffeine enhances the actions of NA
by further increasing cyclic AMP through the inhibition of
phosphodiesterase (Robison et al., 1971). Therefore, caffeine
might increase the NA-stimulated uptake of Ca into the SR
and reduce the Ca load of the cytoplasm. As a result, in the
presence of NA, caffeine might decrease aiNa and increase
force.

In Figure 5, noradrenaline increased force (+ 316.6%) and
progressively decreased aiNa (- 8.33%). When caffeine was
added, force markedly increased (+406.6% with respect to
the value in NA) and remained increased as long as caffeine
was perfused. At the same time, aiNa declined further
(-10.1% with respect to the value in NA). In 4 experiments,
noradrenaline (O.I-1I1M) decreased aiNa (-0.41 ± 0.23 mM,
-4.6%) and caffeine induced a further decrease (- 1.30 +
0.93 mM, -20.1%, P<0.02). In 7 experiments, NA in-
creased force (+83.9 ± 43.1%, P<0.05) and caffeine
(4-8mM) caused a further increase (+122.2±63.6% with
respect to the values in NA, P<0.05).
The opposite effects of caffeine on force and aiNa in the

absence and presence of NA indicates that caffeine enhances
the direct effect of NA on force and aiNa.

Discussion

The increase in aiNa by caffeine
Caffeine could directly increase aiNa, either by increasing Na
influx or by decreasing Na extrusion. As for the increase in
Na influx, caffeine decreases INa (Habuchi et al., 1991). Na
extrusion would be decreased if 8 mM caffeine inhibits the
Na+-K+ ATPase (Gupta et al., 1990). The inhibition of the
Na-K pump would cause a primary increase in aiNa, which
would have led to a parallel increase in force, as it happens
with cardiac steroids (e.g., Lee & Dagostino, 1982).

Still, it could be proposed that the negative inotropic
effects result from a simultaneous depletion of SR Ca. How-
ever, the abolition of the negative inotropy by decreasing the
Ca load and its enhancement by increasing the Ca load
would imply that a decreased Ca, prevents the depletion of
SR Ca by caffeine and an increased Ca, enhances it. No
evidence is available to support this possibility. Also, a
decrease in Ca, (due to SR depletion and Ca extrusion)
would have decreased aiNa (which, instead, increased).
A low caffeine concentration (1 mM) also increased aiNa,

although 1 mM caffeine stimulates the sarcolemma Na+-K+
ATPase (Gupta et al., 1990). And 8 mM caffeine increased
aiNa even in 10 mM [K]O, which stimulates maximally the
Na-K pump activity. These results do not rule out an inhibi-
tion of the Na-K pump by high concentrations of caffeine,
but suggest that the increase in aiNa involves other
mechanisms.
Another possibility for the increase in aiNa by caffeine is

related to the fact that caffeine increases cellular Ca by
several mechanisms (see the Introduction). The consequent
extrusion of Ca via the Na/Ca exchange would induce a
secondary increase in aiNa. Since the Na/Ca exchange reacts
quickly to an increase in [Ca]j, the increase in aiNa over
30 min of exposure to caffeine suggests that [Ca]i would
increase during this period of time and that the Na/Ca
exchange responds to the increase. A continuous increase in
Ca extrusion by the Na/Ca exchange is consistent with the
fact that in the presence of caffeine the inward tail current
that follows depolarizing voltage clamp steps increases in size
as a function of caffeine exposure (Vassalle & Di Gennaro,

1984). This current is increased by high [Cal. and repetitive
activations, and is decreased by low [Ca], (Vassalle & Di
Gennaro, 1984) and by Na/Ca exchange blocker nickel (Liu
& Vassalle, 1993), consistently with an electrogenic extrusion
of Ca by the Na/Ca exchanger. As already mentioned, a
bolus administration of caffeine induces a large Na-depen-
dent inward transient (Clusin et al., 1983) which is initiated
by an increase in [Ca]i and is due to Na entry via the
electrogenic Na/Ca exchange (Lipp & Pott, 1988; Callewaert
et al., 1989).
The caffeine-induced increase in aiNa in the presence of a

marked decrease or abolition of force by Cd might be taken
to indicate that caffeine does not increase aiNa by increasing
Ca,. However, the absence of a discernible contraction does
not mean that Ica was reduced to zero or that caffeine could
not increase it. Ic. was certainly reduced and indeed the
percentage increase in aiNa by caffeine in the presence of Cd
was far smaller than in Tyrode solution (-69.6%) (Figure
4).

The changes in contractile force induced by caffeine and
a 'Na

As shown here, in sheep Purkinje fibres, caffeine continuously
increased aiNa while inducing a triphasic change in force
similar to that reported in the ventricular myocardium (e.g.,
Shine & Langer, 1971; Konishi et al., 1984; Di Gennaro &
Vassalle, 1984).

The initial increase in force The initial increase in force is
unrelated to the far more gradual increase in aiNa, and it is
likely to result from the caffeine-induced release of Ca from
the SR (see O'Neill & Eisner, 1990) and an increase in ICa
(Kimoto et al., 1974; Goto et al., 1979; Yatani et al., 1984).
Thus, the initial increase in force is dependent on [Ca]. and is
attenuated by Mn and verapamil (Di Gennaro & Vassalle,
1984; Gupta et al., 1990). It may be facilitated by the positive
feedback of elevated Ca, on Ca-induced calcium release from
the SR (O'Neill & Eisner, 1990).

The subsequent negative inotropy An increase in cytoplasmic
Ca beyond an optimal value results in a smaller contraction
(Fabiato, 1985b). If caffeine increases Ca, beyond an optimal
value, this would account for the dependence of the negative
inotropic action of caffeine on the Ca load.

Caffeine immediately decreases force (no initial increase)
under conditions (high [Ca]., strophanthidin, low [Na]0,
amiloride, etc.) that increase [Ca]i (Vassalle & Lin, 1979;
Bhattacharyya & Vassalle, 1981; Lin & Vassalle, 1983; Satoh
& Vassalle, 1985; Gupta et al., 1990). And the negative
inotropic effect of caffeine is reduced or abolished under
conditions that decrease Ca,, such as low [Ca],, local anaes-
thetics, high [K]0, Mn or verapamil (Bhattacharyya & Vas-
salle, 1981; Lin & Vassalle, 1983; Di Gennaro & Vassalle,
1984; Satoh & Vassalle, 1985; 1989; Gupta et al., 1990). A
brief exposure to zero [Ca]0 decreases force in control condi-
tions, but increases it in the presence of caffeine and even
more in the presence of caffeine plus high [Ca]o (Satoh &
Vassalle, 1985). Also, the rebound increase in force during
the caffeine wash-out (see Figure 1) is cohsistent with the
removal of Ca overload at the time when aiN. is still higher
than normal.
The present experiments demonstrate that caffeine in-

creases aNa also during procedures that decrease aNa (Mn,
TTX, high [K]0 or high [Ca]0). However, caffeine increases
force only during the procedures that decrease [Ca]i directly
(Mn) or indirectly (by lowering aiNa prior to caffeine, i.e.,
TTX and high [K]0). In high [Ca]0, the immediate decrease in
force by caffeine appears to be related to the enhancement of
the Ca load induced by high [Ca]0, in spite of the initially
lower a'Na.
The actions of caffeine may show species-dependence.

Thus, in rat ventricular myocytes, even low concentrations of
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caffeine cause depletion of SR-Ca due to facilitated release.
As a consequence, force transiently decreases during the
caffeine wash-out, as less Ca is released on excitation (O'Neill
& Eisner, 1990). In contrast, in Purkinje fibres low concentra-
tions of caffeine decrease force and induce oscillatory poten-
tials (Paspa & Vassalle, 1984), a sign of Ca overload. And a
decrease in Ca, consequent to a Ca depletion of the SR per se
would decrease aiNa. Low concentrations of caffeine increase
the Ca transient during the negative inotropy (Konishi et al.,
1984).

The slow re-increase in force during caffeine administration
The explanation for the slow re-increase in force during
caffeine exposure is uncertain. It could result from a com-
bination of different caffeine actions such as: sensitization of
contractile proteins; increased duration of the Ca transient
allowing fuller activation of contractile proteins (see Konishi
et al., 1984); slower reuptake of Ca in the SR, as suggested
by the slower relaxation of the twitch (e.g., Shine & Langer,
1971); and the rise in aiNa, which will further slow the rate of
recovery of the Ca transient as the reduced Na gradient
across the sarcolemma decreases the driving force for the
Na/Ca exchange. A role for a'Na is suggested by the close
correlation between the increase in aiNa and that in force
(Figure 3).

The reversal of the negative inotropic effect ofpyruvate

Ca uptake in the mitochondria occurs at the expense of
oxidative phosphorylation (see Chance, 1965). Therefore, a
decreased availability of high energy phosphates might con-
tribute to the decrease in force caused by an increased Ca1.
Providing another substrate (in addition to glucose) in fibres
perfused in vitro might result in an increased availability of
high energy phosphates which improve force development.
Whether this is indeed so remains to be seen, but it is
established that pyruvate increases force in Purkinje fibres
subjected to Ca overload, however induced (strophanthidin
or high [Ca]0; Ishikawa & Vassalle, 1985). Thus, the fact that
pyruvate also increases force in the presence of caffeine is

consistent with the concept that caffeine may increase a Na
and decrease force by increasing Ca,.

The interactions between noradrenaline and caffeine

Calcium uptake in the SR is stimulated by cytoplasmic Ca
and by cyclic AMP (see Tsien, 1977). The reversal of caffeine
effects on force and aiNa in the presence of NA suggest that
the actions of NA prevail because they are potentiated by
caffeine through the inhibition of phosphodiesterase (see
Robison et al., 1971). It might be speculated that the effect of
phosphodiesterase inhibition becomes more apparent when
NA increases cyclic AMP, so that caffeine further enhances
this effect (see Robison et al., 1971). An increase in cyclic
AMP leads to the phosphorylation of phospholamban and to
the stimulation of Ca uptake into the SR (see Tsien, 1977).
This cyclic AMP-dependent stimulation of Ca uptake may
bypass the inhibition by caffeine of the Ca-dependent Ca
uptake into the SR. As a result, Ca decreases in the cyto-
plasm and increases in the SR: as a consequence, aiNa would
decrease and force increase.

Conclusions

A major finding of the present experiments is that in sheep
Purkinje fibres caffeine monotonically increases aiNa during its
triphasic effect on contractile force. Caffeine increases a Na
under different conditions of Ca load. However, caffeine no
longer has a negative inotropic effect when Ca, has been
previously decreased (Mn, TTX and high [K]0) and has an
immediate negative inotropic effect when Ca, has been pre-
viously increased (high [Ca]O). Pyruvate increases force in the
presence of caffeine, as it does when Ca overload is present.
In the presence of NA, the actions of caffeine are reversed in
that caffeine decreases aiNa and increases force. These findings
show that in different conditions caffeine generally increases
aiNa while its negative inotropic effect appears to depend on
Ca load.

This work was supported by N.I.H. grant HL 27038. We thank Mr
Ping Li for helping with the statistical analysis.
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Inhibitory effects of capsaicin on acetylcholine-evoked
responses in rat phaeochromocytoma cells

'Ken Nakazawa, Kaori Inoue, Schuichi Koizumi, Makoto Ikeda & Kazuhide Inoue

Division of Pharmacology, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya, Tokyo 158, Japan

1 The effects of capsaicin on cellular responses evoked by acetylcholine (ACh) and those by adenosine
5'-triphosphate (ATP) were investigated in rat phaeochromocytoma PC12 cells.
2 Capsaicin (I to 30 gM) suppressed dopamine release and the intracellular Ca2+ increase evoked by
100 jiM ACh. The concentration-dependence of the ACh-evoked release of dopamine was not shifted but
the maximal response was reduced by capsaicin. Dopamine release evoked by 80 mM KCl was also
suppressed by capsaicin (3 and 30 jM), but the extent of suppression was smaller than that of the
ACh-evoked release.
3 Under whole-cell voltage-clamp, capsaicin (1 to 30 gM) reversibly inhibited the inward current
activated by ACh (30 to 300ftM). The inhibition exhibited dependence on the concentration of ACh,
and the current activated by a higher concentration of ACh was less inhibited. Voltage-dependence of
block by capsaicin was not observed when it was tested either by applying a ramp pulse during the
current activation by ACh or by eliciting the current in cells held at various potentials.
4 High concentrations of capsaicin (30 to 100 pM) enhanced the inward current as well as dopamine
release evoked by 30gM ATP.
5 The results suggest that low concentrations of capsaicin selectively antagonize responses mediated by
nicotinic receptor-channels without affecting those mediated by purinoceptor-coupled channels. As the
antagonism by capsaicin of the ACh-evoked responses was observed at concentrations as low as 1 1AM,

the influence on nicotinic receptors should be taken into account when this compound is used as a

pharmacological tool to deplete neuropeptides.
Keywords: Capsaicin; acetylcholine; nicotinic receptor-channels; extracellular ATP; rat phaeochromocytoma cells; dopamine

release; intracellular Ca2+ concentration; voltage clamp

Introduction

Capsaicin has been shown to excite a subpopulation of
primary afferent sensory neurones (Bevan & Szolcsanyi,
1990). As this neurone population has characteristics in com-
mon with neurones that mediate inflammatory responses, the
excitation is believed to be responsible for the chemical irrita-
tion observed with this compound (Bevan & Szolcsanyi,
1990). Capsaicin has also been shown to block neurotrans-
mission not mediated by adrenoceptors or acetylcholine
receptors in various tissues. This block of 'non-adrenergic
non-cholinergic' transmission is considered to be due to
neuronal excitation and stTbsequent depletion of neuropep-
tides such as substance P (Szolcsanyi & Bartho, 1978; Ellis &
Burnstock, 1989) or calcitonin gene-related peptide (CGRP;
Franco-Cereceda & Lundberg, 1985; Saito et al., 1987),
which exist, presumably, in sensory neurones.

Effects of capsaicin on ion channels have been reported.
Capsaicin evoked an inward current through non-selective
cation channels in rat vagal (Marsh et al., 1987) or dorsal
root ganglion neurones (Docherty et al., 1991), monkey
trigeminal ganglion neurones (Ingram et al., 1993), and a rat
dorsal ganglion cell line, F-i 1 cells (Kusano & Gainer, 1993).
In contrast, no such inward current was evoked by capsaicin
in guinea-pig or chick dorsal root ganglion neurones
(Petersen et al., 1987). Capsaicin also affects voltage-gated
channels. For Ca2+ channels, inhibition was observed in rat
dorsal root ganglion neurones (Docherty et al., 1991)
whereas both inhibition and potentiation were observed in
guinea-pig dorsal root ganglia (Petersen et al., 1989) and
F-i1 cells (Kusano & Gainer, 1993). Inhibition of Na+ and
K+ channels were also reported in guinea-pig dorsal root
ganglion cells (Petersen et al., 1987). In contrast to the results
observed on voltage-gated channels, effects of capsaicin on
ligand-gated channels have not been reported.
The present study was aimed at examining the effects of
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capsaicin on responses mediated through two types of ligand-
gated channels: nicotinic receptor channels and ATP-acti-
vated channels in PC12 cells. The PC12 cell line was derived
from a rat phaeochromocytoma (Greene & Tischler, 1976)
and has been widely used to investigate mechanisms underly-
ing catecholamine release and properties of ion channels. We
found that capsaicin inhibited ACh-evoked responses at con-
centrations as low as 1 gM and that it facilitated ATP-evoked
responses at higher concentration.

Methods

Cell culture

PC12 (passage 55 to 65) were cultured as previously des-
cribed (Inoue & Kenimer, 1988; Inoue et al., 1989). Cells
cultured in 35 mm-polystyrene dishes for 1 to 3 days were
used for experiments.

Dopamine release

Dopamine release was measured by a procedure described
previously by Ohara-Imaizumi et al. (1991). In brief, the
dishes were preincubated with 1 ml of balanced salt solution
(BSS) containing (in mM): NaCl 150, KC1 5, CaC12 1.8,
MgCl, 1.2, NaH2PO4 1.2, D-glucose 10, ethylenediaminetetra-
acetic acid (EDTA) 0.1, N-2-hydroxyethylpiperazine-N'-2-
ethanesulphonic acid (HEPES) 25 (pH was adjusted to 7.4
with NaOH) for 1 h. The preincubation solution was
removed and 1 ml BSS was added. After 1 min, the BSS was

aspirated and the cells were stimulated for 1 min by ACh or
ATP at indicated concentrations in BSS or by 80 mM KC1
with or without capsaicin. The solution containing 80 mM
KCl was prepared by replacing equimolar NaCl in the BSS.
When the effect of capsaicin was examined, an additional
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1 min-treatment with the BSS and stimulation were carried
out in the presence of this compound. At the end of the
incubation, the incubation solution was transferred to test
tubes containing 0.25 ml of 1 M HCIO4. The dopamine
remaining in the cells was extracted by sonication with 0.2 M
HC104. After centrifugation (at 5C for 2 min, 1000 g), super-
natants of both the incubation solution and the sonicated
cellular solution were collected for measurement of dopamine
content. Dopamine content was determined with a high-
performance liquid chromatography-electrochemical detector
(h.p.l.c.-e.c.d.) system (Bioanalytical Systems). Percentage of
release was calculated using the values obtained for the
dopamine content in the incubation solution and the content
remaining in the cells. All procedures except centrifugation
were performed at room temperature (about 25'C).

Intracellular Ca2' concentration

Intracellular Ca2+ levels were measured from individual cells
using fura-2 (Grynkiewicz et al., 1985) under the conditions
described by Ohara-Imaizumi et al. (1991) and Nakazawa &
Inoue (1992). Cells loaded with fura-2/AM were placed on an
inverted microscope (Olympus IMT-2) equipped with a
xenon lamp and band pass filters. Fluorescent intensities
were recorded by a silicon intensifier target camera (C-2741-
08, Hamamatsu Photonics). The intracellular Ca2" concent-
ration was calculated from the ratio of fluorescence intensity
measured at wave lengths of 340 and 360 nm (F340 and
F360). Drugs were applied by superfusion.

Membrane current measurements

Current recordings were obtained by conventional whole-cell
voltage-clamp method (Hamill et al., 1981) under the condi-
tions described elsewhere (Nakazawa et al., 1990). The cells
were bathed in an extracellular solution containing (in mM):
NaCI 140, KCI 5.4, CaC12 1.8, MgCl2 1.0, HEPES 10, D-
glucose 1 1.1 (pH was adjusted to 7.4 with NaOH). Tip
resistances of fire-polished patch pipettes ranged between 3 to
5 MQ when the pipettes were filled with an intracellular
solution containing (in mM): CsCI 150, HEPES 10, ethylene-
glycos-bis(2-aminoethlether)-N,N,N',N'-tetraacetic acid (EG-
TA) 5, (pH 7.3 with CsOH). Application of ACh or ATP was
made from an emitting tube (2 mm in inner diameter). Cells
located near the mouth of the emitting tube (about 1 mm in
distance) were selected for recordings, and the ACh- or ATP-
containing extracellular solution was applied rapidly (ca.
0.4 ml s-'). To avoid significant desensitization of the nico-
tinic receptor-channels, the period of each ACh-application
was brief (4 to 5 s), and each application was separated by
1 min. Before examining the effects of capsaicin, ACh was
applied two or three times and the stability of the response to
ACh was confirmed in individual cells. Experiments were
performed at room temperature (about 25'C). Data were
filtered at 1 kHz and stored on magnetic tape for later
analysis.

Statistical analysis

Statistical analysis was made by Scheffe's test for multiple
comparison. In the case of the comparison of the current
responses obtained from the same cells, the data were
analyzed by the paired t test. Significant differences are
indicated with asterisks (*P<0.05, **P<0.01; two-tailed
test) in figures.

Drugs

Drugs used were capsaicin, (Wako Pure Chemistry, Osaka,
Japan), acetylcholine chloride (ACh; Wako), adenosine 5'-
triphosphate disodium salt (ATP; Sigma St. Louis, MO,
U.S.A.), resiniferatoxin (Wako), guanosine 5'-0(2-thiotri-
phosphate) trilithium salt (GDPPS; Sigma) and K-252a (8R*,

9S*, I 1 S*)-((-)-9-hydroxy-9-methoxycarbonyl-8-methyl-2,3,9,
10-tetrahydro-8,1 1-epoxy-1H,8H, 1 1H-2,7b,1 la-triazadibenzo
(a,g)cycloocta (cde)trinden-1-one; Kyowa Hakko, Tokyo,
Japan). Fura-2/AM was from Dojin (Kumamoto, Japan).
Capsaicin was dissolved in ethanol and diluted in the extra-
cellular media so that final concentration of ethanol was
<2%. The dopamine release or the ACh-activated current in
the present study was not affected by 2% ethanol. K-252a or
resiniferatoxin was dissolved in dimethylsulphoxide (DMSO)
and added to the intracellular or extracellular solution,
respectively (the final concentration of DMSO was < 0.1%).

Results

Effects of capsaicin on dopamine release and increase in
intracellular Ca-+ concentration
ACh (10 to 300 jLM) evoked dopamine release from PC12
cells. The ACh-evoked release was regarded as a nicotinic
response previously characterized in these cells (e.g., Greene
& Rein, 1977) because our preliminary experiments showed
that the release was inhibited by 70% by 100 AIM hexa-
methonium and was almost abolished by 300 JLM CdCl2
which is a characteristic of nicotinic responses in these cells
(Inoue & Kenimer, 1988; see also below). Capsaicin itself (I
to 30 ELM) did not affect basal dopamine release, but inhibited
the ACh-evoked dopamine release in a concentration-depen-
dent manner (Figure la). The concentration-response curve
for the ACh-evoked dopamine release was not shifted toward
a higher concentration-range, but the maximal response was
suppressed (Figure lb), suggesting that the antagonism by
capsaicin is non-competitive.
The influence of capsaicin on the ACh-induced increase in

intracellular Ca2+ concentration was also tested. When
repeated applications of 1OO1M ACh were made to control
cells, the response to the second application was not
significantly different from that to the first response (paired t
test, P>0.05; Figure 2a). In the presence of 3 or 30 1M
capsaicin (Figure 2b), however, the response to the second
application was less than the response to the first application,
and the ratio of the second response to the first response
(SI/S2) was significantly smaller than that under control con-
ditions (Figure 2c). Thus, the inhibition by capsaicin of the
dopamine release by ACh may have resulted from the
attenuation of increase in intracellular Ca21 concentration.

Voltage-gated Ca2+ channels . secondarily activated by
depolarization contribute to nicotinic responses in PC12 cells
(Ritchie, 1979; Inoue & Kenimer, 1988). As for ACh-
stimulated catecholamine release, Ca2` channels play an
obligatory role because the release was abolished by Ca2+
channel antagonists (Inoue & Kenimer, 1988). Thus, the
inhibition by capsaicin of the ACh-evoked release may be
due to its reported blockade of Ca2I channels (Petersen et
al., 1989; Kusano & Gainer, 1993). We tested whether
mechanisms mediated through Ca2+ channels are involved in
the inhibition of the ACh-evoked responses by stimulating
the cells with 80 mM KCI, which evokes dopamine release
sensitive to Ca2+ channel antagonists (Ritchie, 1979; Naka-
zawa & Inoue, 1992). Although capsaicin (3 and 30 ,UM)
suppressed the dopamine release evoked by 80 mM KCl
(Figure Ic), the magnitude of inhibition was smaller than
that of the ACh-evoked release (Figure la). For example, the
ACh-evoked dopamine release was roughly halved by 3 JIM
capsaicin (Figure la) whereas the KCI-evoked dopamine
release was reduced by only 17% by 3 l1M capsaicin (Figure
Ic). These results suggest that mechanisms involving voltage-
gated Ca2+ channels do not play a major role in the inhibi-
tion of the ACh-evoked release.

Inhibition by capsaicin of ACh-activated current

ACh (30 to 300 jiM) elicited a transient inward current in
PC12 cells as was previously described (Ifune & Steinbach,



298 K. NAKAZAWA et al.

1990). Capsaicin (1 and 3 tM) suppressed this ACh-elicited
current (Figure 3). The suppression was reversible, and the
ACh-activated current almost fully recovered after a 1 min
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wash with drug-free solution (Figure 3a). The magnitude of
inhibition of the ACh-evoked current (Figure 3b) was
roughly the same as that of the inhibition of dopamine
release (Figure la). A higher concentration (30 gM) of cap-
saicin abolished the current activated by 100 JIM ACh (n = 2).
Resiniferatoxin (10 nm to 1 JiM), a plant product that has
structural similarity to capsaicin and is about 10,000 times
more potent in activation of the capsaicin-sensitive non-
selective cation channels (Bevan & Szolcsanyi, 1990), did not
suppress the ACh-activated current in five cells tested: for
example, the current activated by 1000M ACh in the
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Figure I Inhibition by capsaicin of dopamine release evoked by
acetylcholine (ACh) (a,b) or 80 mM KCI (c) from PC12 cells. The
cells were pretreated with capsaicin 1 min before secretagogue ap-
plications. Each symbol or column is the mean with s.e. from three
dishes in the same batch. The data are representative of two to three
experiments. Asterisks indicate significant difference from the dopa-
mine release without capsaicin (Scheffe's test; *P<0.05, **P<0.01).
(a) Concentration-dependence of inhibition by capsaicin of dopamine
release evoked by 100Mm ACh. A smooth curve was fitted to the
data with a EC50 value of 3.711M and a Hill coefficient of 1. (b)
Comparison of concentration-response relationship for the ACh-
evoked dopamine release in the absence (0) and presence of 3 jIM

capsaicin (@). Curves were fitted to the data assuming that the EC50
value (40 jAM) and Hill coefficient (3.0) are not changed, but only the
maximal response is reduced to 60% of control in the presence of
capsaicin. (c) Inhibition by 3 and 30MM capsaicin of the dopamine
release evoked by 80 mM KCI.
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Figure 2 Attenuation by capsaicin of the acetylcholine (ACh)-
evoked increase in intracellular Ca'2 +concentration in PC12 cells.
(a,b) Intracellular Ca2' response to repeated applications of 100MM
ACh to the same cells in the absence (a) or presence of 3 Mm

capsaicin (b). Time course of continuous recordings are illustrated.
Each symbol represent the mean with s.e. from 11 (control) or 12
(3 iM capsaicin) cells tested. (c) Comparison of the increase in
intracellular Ca'2 concentration upon the second application of
100Mm ACh. The Ca'2 increase upon the second application (SI)
and that upon the first application (S,) were measured as shown in
(a) and (b), and the ratio of S,/S, was determined in individual cells.
Each column represents mean with s.e.. The data without capsaicin
and those with 3 Mm capsaicin were obtained from the cells shown in
(a) and (b), and those with 30 Mm capsaicin were from 14 cells tested.
Asterisks indicate significant difference from the Ca2' response with-
out capsaicin (Scheffe's test; *P<0.05 **P<0.01).
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presence of 1 AM resiniferatoxin was 99.6 ± 8.6% of the cur-
rent in the absence of this compound (mean ± s.e., n = 3).
The magnitude of the current inhibition by capsaicin was

increased when the current was activated by a lower concent-
ration of ACh (Figure 4). In the case shown in Figure 4a, the
current elicited by 30 AM ACh was decreased to 62% whereas
the current elicited by 300 tM ACh was decreased only to
86% of control in the presence of I gM capsaicin. The
dependence on the concentration of ACh was also obvious
with the current inhibition by 3 AM capsaicin (Figure 4c). The
current evoked by 30 or 100 AM ACh was more significantly
suppressed by 3 LM capsaicin than the current evoked by
300 !LM ACh, and the inhibition by I AM capsaicin was also
significantly larger with the current evoked by 30 IM ACh
than with the current evoked by 300 LM ACh (Scheffe's test,
P< 0.01).
Kusano & Gainer (1993) reported that the inhibition by

capsaicin of Ca2+ channels in F- 1 cells is mediated through
guanosine 5'-triphosphate (GTP)-binding proteins. A test was
made by including 1 mM GDPPS, a non-hydrolysable ana-
logue of GTP, in the intracellular solution to clarify whether
GTP-binding proteins are involved in the block by capsaicin
of the ACh-activated current. The current activated by
100 jIM ACh in the presence of GDPPS was also inhibited by
3 AM capsaicin in four out of four cells tested. We next tested
the contribution of protein kinases by involving 1 AM K-

a
ACh 100pM

Capsaicin 3 Jm_

2 s

100 pA

ACh 100 AM

252a, a non-selective protein kinase inhibitor (Kase et al.,
1987), in the intracellular solution. The inhibition by 30ftM
capsaicin of the ACh (100 piM)-activated current was not
abolished by K-252a. The current remaining in the presence
of 3 jiM capsaicin with intracellular GDPS (48.1 ± 6.6% of
control; mean ± s.e., n = 4) or K-252a (53.9 ± 5.6% of con-
trol, n = 5) was not significantly different from that obtained
without these compounds (38.7 ± 1.8% of control, n = 8)
when compared using Scheffe's test (P> 0.05). The inability
of GDPPS or K-252a to affect the inhibition by capsaicin
may not be due to poor accessibility of these compounds to
target intracellular molecules because the enhancement of the
ATP-activated current by adenosine was blocked by intracel-
lular GDPPS (Inoue et al., 1994), and that by dopamine was
blocked by K-252a (Nakazawa et al., 1993) under similar
conditions. The results suggest that neither GTP-binding pro-
teins nor protein kinases are involved in the block by cap-
saicin of the ACh-activated current.
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Figure 3 Inhibition by capsaicin of the current evoked by 100 1JM
acetylcholine (ACh). The cells were held at - 60 mV. (a) Reversible
inhibition by 3 juM capsaicin of the ACh-activated current. Capsaicin
was continuously present 30 s before and during the ACh-application
(middle panel). (b) Concentration-dependence of the current inhibi-
tion by capsaicin. Current responses were obtained as in (a), and the
peak amplitude of the current during the application of capsaicin
was normalized to that before the application. Each column repre-
sents mean with s.e. from 6 (1 1AM capsaicin) or eight cells (3 gtM
capsaicin) tested. Asterisks indicate significant difference from the
current before the application of capsaicin when the values before
normalization were compared in individual cells (paired t test;
*P <0.05).
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Figure 4 Dependence of the capsaicin-induced inhibition on acetyl-
choline (ACh) concentration. The cells were held at - 60 mV. The
cells were pretreated with capsaicin 30 s before the ACh-application.
(arb) Inhibition by I JuM capsaicin of the current activated by 30 pM
(a) or 300 JM ACh (b). The extent of inhibition was larger with the
current activated by 30 pM ACh than that by 300 jiM ACh. (c)
Summarized data for the current inhibition by 1 or 3 gM capsaicin.
The ACh-evoked current was measured as in (a) and (b), and the
peak current amplitude with capsaicin was normalized to that with-
out capsaicin before the application. Each column represents the
mean with s.e. from five to seven cells tested.
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We examined whether the inhibition of the ACh-evoked
current by capsaicin exhibits voltage-dependence. Figure 5a
compares current-voltage relationships for ACh (100 JM)-
activated currents in the absence and presence of 3 LM cap-
saicin, which was determined using a ramp pulse. The current
trace before ACh-application was almost linear between - 70
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and + 30 mV (Figure 5a). ACh added an inward current
component at potentials more negative than 0 mV, but did
not add an outward component at potentials more positive
than 0 mV (Figure 5a), suggesting that the ACh-activated
current exhibits strong inward rectification. This voltage-
dependence was in accord with that previously obtained by

a

Control

ATP 30 AM

+ Capsaicin
100 AM

2 s

7 200 pA

b

20
+1

-0

a.)cJ

0)
'D

.)_&I-

200

100

0

ATP 30 AM

Capsaicin
J 50 pA

10 s

c ACh 100 gM, capsaicin 1 gM

C

-
c
0
a.)

a1)
(0)

01)

0

ATP 30 AM

-80 -60 -40

Holding potential (mV)

Figure 5 Lack of voltage-dependence of the current inhibition by
capsaicin. The cells were pretreated with capsaicin 30 s before the
acetylcholine (ACh)-application. (a) Change in instantaneous cur-
rent-voltage relation by 100tiM ACh in the absence (ACh alone) or

presence of 3 JAM capsaicin (ACh + capsaicin). A ramp pulse of + 30
to -70 mV (-100 mV 200 ms-') was applied to a cell every 300 ms
and the current traces near the peak current were compared with
those in the absence of ACh. (b,c) The current inhibition by 1 IAM
capsaicin of the ACh-activated current at different holding poten-
tials. The cells were continuously held at a potential and exposed to
100 AM ACh. The current responses in a cell held at - 40 and
- 80 mV (b) and summarized data at - 40, - 60 and - 80 mV (c).
Each column in (c) is the mean with s.e. from 5 cells tested.

Capsaicin

Figure 6 Effects of capsaicin on ATP (30;iM)-evoked inward cur-
rent (a,b,c) and dopamine (DA) release (c). (a) The enhancement of
the ATP-activated current. The current was recorded from a cell held
at - 60 mV in the absence (left) and presence of 100 IM capsaicin
(right). Capsaicin was present 30 s before and during the ATP-
application. (b) Summarized data of enhancement by capsaicin of
peak amplitude of the ATP-activated current. The current was
recorded as in (a) and normalized to control current. Data were
shown as mean ± s.e. of five cells tested with each concentration of
capsaicin. An asterisk indicates significant difference from ATP alone
by paired t test (*P<0.05). (c) Effect of capsaicin on the ATP-
evoked dopamine release. The data were obtained and indicated as
in Figure 1. Each column represents mean and s.e. from three dishes
in the same batch. Data are representative of two experiments.
Asterisks indicate significant difference from ATP alone by Scheffe's
test for multiple comparison (**P<0.01).
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Ifune & Steinbach (1990) in PC12 cells. Capsaicin did not
affect the voltage-dependence of the ACh-activated current in
four out of four cells tested: the current activated in the
presence of capsaicin also exhibited inward rectification and
the inward component in the negative potential range was
uniformly suppressed (Figure 5a).
The voltage-dependence of current inhibition was also

tested by applying ACh (100 tiM) to cells held at different
membrane potentials (Figure 5b,c). The magnitude of the
current inhibition by 1 JLM capsaicin was not different among
the three potentials (- 40, - 60 and - 80 mV; Figure 5c).

Effects of capsaicin on A TP-evoked responses

Extracellular ATP activates non-selective cation channels in
PC12 cells (Nakazawa et al., 1990). We investigated the
influence of capsaicin on inward currents activated by 30 JAM
ATP. Capsaicin (1 to 10 tIM) did not affect the ATP-activated
currents (not shown). A higher concentration of capsaicin (30
and 100 fAM), however, enhanced the ATP-activated current
(Figure 6a,b). The peak amplitude of the ATP-activated
current was increased by about 30% in the presence of 30 JAM
capsaicin (Figure 6b), and by 60% in the presence of 100 JAM
capsaicin.
Dopamine release evoked by 30 JIM ATP was also affected

by capsaicin. ATP (30 JAM) evoked a dopamine release of
3.00 ± 0.67% of the total content (n = 9). Capsaicin (100 gM)
significantly potentiated the ATP-evoked dopamine release
by about 130% (Figure 6c; Scheffe's test, P<0.01). The
potentiation was not observed with 30 JAM capsaicin (Figure
6c).

Discussion

We have investigated the effects of capsaicin on responses
mediated by nicotinic receptor-channels and on those med-
iated by ATP-activated channels in PC12 cells. Capsaicin
inhibited dopamine release, the increase in intracellular Ca2+
concentration and inward current evoked by ACh at concent-
rations of 1 to 3 AM, and enhanced dopamine release and
inward current evoked by ATP at higher concentrations (30
to 100 JAM). These results are novel findings that indicate
ligand-gated channels are targets of capsaicin as well as
voltage-gated channels (Petersen et al., 1987; 1989; Kusano &
Gainer, 1993). Reduction by capsaicin of ACh-evoked
accumulation of Ca2" and Na+, which was recently reported
in bovine adrenal medullary cells (Toyohira et al., 1992), may
also support our findings although the ACh-evoked ion
accumulation may have been the result of ion permeation
through voltage-gated channels, secondarily activated by
depolarization.
The ACh-activated current was inhibited by capsaicin at

concentrations as low as 1 jAM (Figure 3). Although this
potency is weaker than that reported to open the non-
selective cation channels in rat sensory neurones (EC50 was
about 0.3 JM; Bevan & Szolcsanyi, 1990), it was considerably
stronger than that found to inhibit Na', K+, or Ca2+ cur-
rents in guinea-pig sensory neurones (Petersen et al., 1987;
1989), where capsaicin blocked only a smaller part of the
currents at 50JM. The inhibition of the ACh-activated cur-
rent was insensitive to K-252a, suggesting that protein
kinases are not involved in the channel inhibition. Direct
interaction of GTP-binding proteins with the channels, which
has been proposed in other types of channels such as Ca2`
channels (Hille, 1992), is also not indicated, judging from the
lack of influence by GDPPS. Thus, most likely interpretation
of the current inhibition in the present study is an effect
resulting from interaction of capsaicin with the channel pro-
tein itself or some component tightly coupled with the chan-
nels.
The inhibition by capsaicin of the ACh-activated current

did not exhibit voltage-dependence (Figure 5), suggesting that

the compound does not affect the properties of nicotinic
receptor channels relating to membrane potential such as
mechanisms underlying ion-permeation which are affected by
positively charged pore blockers of these channels (Ascher et
al., 1978; 1979). In contrast, the current inhibition by cap-
saicin showed a dependence on the concentration of ACh
(Figure 4): the inhibition was partially overcome by increas-
ing the concentration of ACh. The dependence on agonist
concentration can be explained by reduction in the affinity of
the agonist for its binding-site (Ascher et al., 1978; 1979).
Capsaicin may inhibit the association of ACh with nicotinic
receptors by either competitive antatgonism or an allosteric
effect. Further investigation is necessary to decide the mode
of antagonism by capsaicin of nicotinic receptor channels.

Capsaicin suppressed dopamine release evoked by ACh
(Figure 1). Judging from the decreased Ca2+ concentration
(Figure 2), combined with previous results that demonstrated
the dependence of the nicotinic responses on extracellular
Ca2" (Ritchie, 1979; Inoue & Kenimer, 1988), the suppres-
sion may arise from inhibition of ACh-stimulated Ca2+-influx
upon the ACh-stimulation. In PC12 cells, it is generally
believed that Ca2+-influx through the voltage-gated Ca2`
channels, which are secondarily activated by depolarization,
is primarily responsible for the increase in intracellular Ca2+
concentration upon nicotinic stimulation (Ritchie, 1979;
Inoue & Kenimer, 1988). Although capsaicin suppressed the
dopamine release evoked by 80 mM KCl (Figure ic), inhibi-
tion of the Ca2+ channel-mediated mechanism may not essen-
tially contribute to the antagonism to the ACh-evoked
dopamine release because generation of the depolarization
itself is hampered by the block of the nicotinic receptor
channels. The smaller magnitude of the suppression of the
dopamine release evoked by 80mM KCl (Figure ic), com-
pared with that of the ACh-evoked release (Figure la), may
also exclude major contribution of the Ca2+ channel-med-
iated mechanism.
The ATP-evoked current was enhanced by high concentra-

tions of capsaicin (Figure 6a,b). The enhancement of the
current may account for the potentiation by capsaicin of the
ATP-evoked dopamine release (Figure 6c) because the
dopamine release is directly triggered by Ca2+-permeation
through ATP-activated channels in PC12 cells (Nakazawa &
Inoue, 1992).
The inflammatory effects of capsaicin appear to result from

excitation of a subset of sensory neurones (Bevan & Szolc-
sanyi, 1990). The blockade of nicotinic receptor channels in
the present study may not be directly related to the
inflammatory effects because the nicotinic receptor-channels
generally serve excitatory neurotransmission, and the block-
ade of the channels will produce inhibitory effects on
neurones. The absence of any effect of resiniferatoxin, which
is known to be a highly potent capsaicin-like agonist (Bevan
& Szolcsanyi, 1990), suggests that there is not a mechanistic
relationship between the excitatory effects of capsaicin on
sensory neurones and the observed inhibition of acetylcholine
receptor channels. The enhancement by capsaicin of the
ATP-activated current may not significantly contribute to the
inflammation either because the enhancement required a high
concentration (30 J1M) of capsaicin (Figure 6). However, the
block by capsaicin of nicotinic receptor channels may pro-
mote undesired responses in pharmacological experiments
where capsaicin is used as a tool for depletion of neuropep-
tides from nerve terminals. In other words, capsaicin-
sensitive neurogenic response does not necessarily indicate
involvement of peptidergic neurotransmission when nicotinic
neurotransmission is not negligible. The concentration of
capsaicin that maximally activates non-specific cation chan-
nels in rat sensory neurones is >1 AM (Bevan & Szolcsanyi,
1990), and this concentration accords with that utilized for
the neuropeptide depletion in isolated tissues (e.g. Saito et
al., 1987; Ellis & Burnstock, 1989). Saito et al. (1987)
reported that capsaicin reversibly inhibited part of the
neurogenic contraction at 0.1 JM, but the depletion of the
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neurotransmitter responsible for this inhibition (presumably,
calcitonin-gene-related peptide) required 1 to 10 AM of cap-
saicin in smooth muscle of rat vas deferens. Judging from the
concentration-dependence of the inhibition of the ACh-
activated current (Figure 3b), it is quite likely that the
capsaicin-treatment for the neuropeptide depletion simultan-
eously affects other functions that involve nicotinic responses.
It is, therefore, concluded that the possible contribution of a

nicotinic mechanism must be carefully examined when cap-
saicin is used as a pharmacological tool.
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techniques, Miss A. Kawahara for cooperation in some experiments,
D.J.G. Kenimer for improving the manuscript, and Drs A.
Takanaka and K. Fujimori for continuous encouragement.
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Inhibition by opioids acting on It-receptors of GABAergic and
glutamatergic postsynaptic potentials in single rat
periaqueductal gray neurones in vitro

'B. Chieng & M.J. Christie

Department of Pharmacology, The University of Sydney, NSW 2006, Australia

1 Membrane properties of rat periaqueductal gray neurones were investigated by use of intracellular
recordings from single neurones in brain slices. Morphological properties and anatomical location of
each impaled neurone were characterized by intracellular staining with biocytin. The present paper
considers the properties of electrically-evoked and spontaneous postsynaptic potentials impinging on
periaqueductal gray neurones, and the actions of opioids on postsynaptic potentials in neurones which
were not directly hyperpolarized by opioids. The preceding paper considers neurones which were
hyperpolarized by opioids.
2 Electrical stimulation in the vicinity of impaled neurones evoked postsynaptic potentials having fast
(duration at half-maximal amplitude 37 ± 2 ms, n = 65) and in some cases slow (duration at half-
maximal amplitude 817 ± 187 ms, n = 3) components. Amplitudes of evoked potentials were dependent
on stimulus voltage, membrane potential, and were abolished during superfusion with solutions contain-
ing tetrodoxotoxin (100 nM to 1 gM, n = 5) or Co2" (4 mM, n = 2).
3 Fast postsynaptic potentials were mediated predominantly by activation of glutamate and GABAA
receptors. The GABAA-receptor antagonist, bicucuilline (30 AM), inhibited postsynaptic potentials by
44 ± 8% (n = 14). The non-NMDA-receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (10 PM),
inhibited postsynaptic potentials by 48 ± 6% (n = 16). Combined superfusion of bicuculline (30 AM) and
6-cyano-7-nitroquinoxaline-2,3-dione (10 M) inhibited postsynaptic potentials by 93 + 1% (n = 8).
Additional superfusion of the NMDA-receptor antagonist, (± )-2-amino-5-phosphonovaleric acid
(50 tM) inhibited synaptic potentials by 94 ± 1% (n = 3).
4 Slow inhibitory postsynaptic potentials were observed in 12% (8/65) of neurones. They reversed
polarity between - 100 and - 11O mV, and were abolished by superfusion with spiperone (1 LM, n = 2),
but not the a2-antagonist, idazoxan (3 LM, n = 2).
5 Selective A-receptor agonists inhibited fast postsynaptic potentials in all neurones tested which were
not directly hyperpolarized by opioids. Met-enkephalin (30 AM) and Tyr-D-Ala-Gly-MePhe-Glyol (3 rM)
inhibited postsynaptic potentials by 53 ± 3% and 49 ± 3%, respectively. This effect was completely
antagonised by naloxone (1 LM, n = 3). A small inhibition produced by the selective 6-receptor agonist,
Tyr-D-Pen-Gly-Phe-D-Pen-enkephalin (3 ELM, 26 ± 4%, n = 14), was antagonized by naloxone (1 PM), but
not by the selective 6-receptor antagonist, naltrindole (10 nM), suggesting non-specific it-receptor activa-
tion by this agonist. The selective K-receptor agonist, U50488H (3 AM), also consistently inhibited
postsynaptic potentials by 45 ± 15% (n = 4). However, this effect was not fully reversed by naloxone
(1 AM) suggesting a non-specific action.
6 Both glutamatergic and GABAergic components of fast postsynaptic potentials were inhibited by
Met-enkephalin (10 or 30 AM). Met-enkephalin inhibited postsynaptic potentials by 55 ± 5% (n = 12) in
the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (10 AM, predominantly GABAergic component).
Met-enkephalin did not affect the response to GABA applied directly by pressure ejection, indicating
that opioids exclusively inhibited presynaptic release of GABA. Met-enkephalin (10-30 AM) inhibited
postsynaptic potentials by 48 ± 6% (n = 11) in the presence of bicuculline (30 AM, predominantly
glutamatergic component). In the presence of both bicuculline and 6-cyano-7-nitroquinoxaline-2,3-dione,
Met-enkephalin inhibited the small residual component of the synaptic potential by 42 ± 15% (n = 2).
7 Frequent spontaneous synaptic potentials were also observed in 11% (10/94) of the neurones which
were not directly hyperpolarized by opioids. These were reversibly abolished by bicuculline (30 AM,
n = 5) and substantially inhibited by Met-enkephalin (30 AM, n = 6), but were unaffected by 6-cyano-7-
nitroquinoxaline-2,3-dione (10 AM, n = 2).
8 In conclusion, fast glutamatergic and GABAergic synaptic potentials were evoked by electrical
stimulation throughout the lateral and ventrolateral periaqueductal gray. Slow inhibitory synaptic
potentials were also evoked in some neurones. Opioids acting on A-receptors inhibited both GABAergic
and glutamatergic components of synaptic potentials throughout this brain region.

Keywords: Periaqueductal gray; opioid; enkephalin; IL-receptor; 6-receptor; K-receptor; glutamate; GABA; postsynaptic poten-
tials; presynaptic inhibition

Introduction

The involvement of the periaqueductal gray (PAG) in the & Christie, 1994). Disinhibition of PAG neurones which
analgesic actions of opioids is widely recognised (see Chieng project to the ventral medulla has been proposed as the

mechanism by which opioids act in this region to induce
Author for correspondence. antinociception (Basbaum & Fields, 1984; Fields et al., 1991).
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This has been postulated to occur via opioid inhibition of
tonically active GABAergic interneurones in PAG, thereby
disinhibiting output neurones which project to the ventral
medulla. Although considerable indirect evidence supports
this model (see Reichling, 1991), little is known of the direct
actions of opioids on membrane properties or synaptic
potentials in PAG neurones.

Inhibition of tonically active GABAergic interneurones by
opioids has been suggested to account for indirect excitatory
effects in several regions of the central nervous system
(Madison & Nicoll, 1988; Lacey et al., 1989; Pan et al., 1990;
Johnson & North, 1992). In these cases, neurones directly
hyperpolarized by opioids (presumably GABAergic) could be
distinguished from opioid-insensitive neurones on the basis of
distinct morphological and/or physiological properties, as
well as by direct inhibition of GABAergic synaptic potentials
in neurones which were not directly inhibited by opioids.
Within the PAG, opioids acting on pL-receptors directly
hyperpolarized a subpopulation of neurones (Behbehani et
al., 1990; Chieng & Christie, 1994). However, other physio-
logical and morphological properties of opioid-sensitive
neurones did not substantially differ from opioid-insensitive
neurones and it is unlikely that opioid-sensitive neurones
were GABAergic (Chieng & Christie, 1994). Extracellular
recordings from brain slices showed that opioids excited
some PAG neurones, probably via an indirect mechanism,
which is consistent with opioids producing disinhibition in
PAG (Behbehani et al., 1990). The present study used intra-
cellular recordings from brain slices to examine directly the
actions of opioids on GABAergic, glutamatergic, and other
types of synaptic potentials impinging on lateral and vent-
rolateral PAG neurones. Other physiological and morpho-
logical properties of opioid-sensitive and -insensitive
neurones in PAG are described in the preceding paper.

Methods

Methods for preparation of brain slices, intracellular record-
ings and histochemistry were identical to those described in
the accompanying paper (Chieng & Christie, 1994), with the
following exceptions.

Electrically-evoked postsynaptic potentials

Bipolar tungsten stimulating electrodes (tip separation
approximately 200 pm) were routinely placed within the slice
near (200-500 Jtm) to impaled neurones. Postsynaptic poten-
tials (p.s.ps) were evoked by a single 400 gps stimulus of 10 to
60 V. Membrane potential was maintained in each neurone
as uniformly as possible (<5 mV variation) between -85
and - 100 mV in order to avoid the generation of full action
potentials during stimulation. P.s.ps were evoked at a fre-
quency of 0.03 Hz and four consecutive responses were
averaged for subsequent analyses using CLAMPFIT (Axon
Instruments). All data are expressed as mean ± s.e. mean.

Pressure application ofGABA

In some experiments, a submerged micropipette (10-20ILgm
diameter) containing GABA (100 mM) was placed above the
surface of the slice as near as practicable to the recording
electrode. GABA was applied by brief (20 ms) pressure pulses
using a Picospritzer (General Valve Corporation, Fairfield,
NJ, U.S.A.).

Drugs and reagents

Biocytin, Met-enkephalin and tetrodotoxin were from Sigma
(St Louis, MO, U.S.A.); Tyr-D-Ala-Gly-MePhe-Glyol
(DAMGO) and Tyr-D-Pen-Gly-Phe-D-Pen (Pen = penicilla-
mine, DPDPE) from NIDA (U.S.A.); trans-(+)-3,4-dichlo-
oro-N-methyl-N-[2-(1 -pyrrolidinyl)-cyclohexyl] benzeneaceta-

mide methane sulphonate (U50488H) from Upjohn; and
(± )-2-amino-5-phosphonovaleric acid (APV}, (-)-bi-
cuculline methiodide, 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), naloxone hydrochloride and naltrindole hydro-
chloride from Research Biochemicals Inc. (Natick, MA,
U.S.A.).

Results

With the exception of the characteristics of electrically-
evoked p.s.ps, the properties of PAG neurones are described
and compared in the preceding paper (Chieng & Christie,
1994).

Properties offast p.s.ps

Electrical stimulation in the vicinity of the recording elec-
trode invariably induced fast p.s.ps (Figure 1, n = 65) and
sometimes evoked slow inhibitory p.s.ps (Figure 3, n = 8).
Fast p.s.ps had a duration at half-maximal amplitude of
37 ± 2 ms (n = 65). The amplitude of fast p.s.ps was depen-
dent on the stimulus intensity, and full action potentials were
generated when p.s.ps reached threshold (Figure la). The
amplitude of fast p.s.ps increased when the membrane was
hyperpolarized by passing constant current through the
recording electrode (e.g. Figure 3a). In all subsequent record-
ings, p.s.ps were maintained in a subthreshold range by
maintaining the membrane potential with little variation
(<5 mV) between -85 and - 100 mV using direct current

a 2 mV

20 ms

\60V

I~~~ 1 V

3 mV
20 ms

Tetrodotoxin (1 IM)

Figure 1 Electrical stimulation (400 ps duration) in the vicinity of
the recording electrode evoked fast p.s.ps (displayed traces were not
averaged). (a) The amplitude of fast p.s.ps was dependent on the
stimulus intensity and an action potential occurred when the p.s.p.
amplitude reached threshold. (b) Fast p.s.ps were completely abolish-
ed by superfusion with tetrodotoxin (1 gM) implying a presynaptic
event.
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(-50 to -250 pA). Fast p.s.ps were completely abolished by
tetrodotoxin (100 nM to 1 SAM, n = 5, Figure Ib) or Co2"
(4 mM, n = 2, data not shown).

In neurones which were not hyperpolarized by opioids, the
amplitude of fast p.s.ps was reduced by the non-NMDA
glutamate receptor antagonist, CNQX (Figure 2a, Table 1,
10 gLM, 48 ± 6% inhibition, range 7 to 80%, n = 16). CNQX
produced a similar inhibition of fast p.s.ps in neurones which
were hyperpolarised by opioids (53 ± 12% inhibition, range

a

c

APV (5

-1

b
- A SmVl

20 ms

Bicuculline (30,uM)
-I/

4mV L... d 3 MV L1
20 ms 20 ms

iO PM) Bicuculline (30 ,UM)

CNe+ bicuculline

CNQX + bicuculline
+ APV

Figure 2 Electrically-evoked fast p.s.ps are comprised of GABAer-
gic, glutamatergic and small residual components. (a) Partial inhibi-
tion of a p.s.p. by the non-NMDA-receptor antagonist, CNQX
(10 LM). (b) Partial inhibition of a p.s.p. by the GABAA receptor
antagonist, bicuculline (30 fiM, same neurone as in a). (c) Partial
inhibition of p.s.p. by the NMDA-receptor antagonist, APV (50 gM).
(d) Combined superfusion of CNQX and bicuculline inhibited most
of the fast p.s.p. (same neurone as in a and b). The remaining
component was partially inhibited by APV. For abbreviations, see
text.

Table 1 Inhibition of fast p.s.ps in PAG neurones which
were not hyperpolarized by opioids

Inhibition of the amplitude of
evoked p.s.ps %

n

14 to 78%, n = 5). Inhibition of fast p.s.ps by APV (Figure
2c, 15 ± 4% inhibition, n = 4) was consistently smaller than
by CNQX in all neurones tested. All of these neurones were
also hyperpolarized by opioids.
The GABAA antagonist, bicuculline (30ILM) also inhibited

fast p.s.ps (Figure 2b, Table 1, 44 ± 8% inhibition, range 0
to 91%, n = 14) in neurones which were not hyperpolarized
by opioids. Bicuculline produced similar inhibition of fast
p.s.ps in neurones which were hyperpolarized by opioids
(32 ± 14% inhibition, range 0 to 72%, n = 5).
Combined superfusion with CNQX (10 M) and bicucul-

line (30 gzM) blocked most of fast p.s.ps (93 ± 1% inhibition,
n = 8, Figure 2d, Table 1), and the small remaining compo-

aI
10 mV

1\ ~~~~~~200ms
-70

L2 m

-80

-90

-100

-110

b

Idazoxan (3 pM)

Opioids
Met-enkephalin (30 I4M) 53 3**
DAMGO (3 ItM) 49 4**
DAMGO + naloxone (I gsM) 3 ± 3§
DPDPE (3 sM) 26 ± 4**
DPDPE + naloxone (1 gtM) 8 ± 4§
DPDPE + naltrindole (10 nM) 24, 23
U50488H (3 JM) 45± 15*

U50488H + naloxone (1 gtM) 36 16**§
Glutamatergic and GABAergic antagonists

CNQX (10 tM) 48 6**
Bicuculline (30 jM) 44 8**
CNQX + bicuculline 93± 1**
CNQX + bicuculline + APV (50 JM) 94± 1**

Met-enkephalin (10-30 jiM)-mediated inhibition of
GABAergic and glutamatergic components of p.s.ps

GABAergic (in 10 tM CNQX) 55 ± 5t
Glutamatergic (in 30 JM bicuculline) 48 ± 6t
Residual (in CNQX + bicuculline) 56, 27

29
23
3
14
5

2
4
4

c

16
14

8
3

12
11
2

Values are mean ± s.e.mean

*P<0.05 versus pre-drug p.s.ps; **P<0.001 versus pre-
drug p.s.ps IP <0.05 versus pre-antagonist p.s.ps;
tP<0.0001 versus pre-Met-enkephalin p.s.ps in the presence
of amino acid antagonist (paired t tests).
For abbreviations, see text.

Control 2 mV

200 ms

Spiperone (1 ,UM)

Figure 3 Slow inhibitory p.s.ps (traces were not averaged). (a) The
amplitudes of fast and slow p.s.ps depend on membrane potential.
The amplitude of fast p.s.ps increased as the membrane potential
was made more negative by applying constant current to the recor-

ding electrode, whereas the amplitude of slow inhibitory p.s.p.
decreased at negative membrane potentials and reversed polarity
between -100 mV and - 110 mV. (b and c) Slow inhibitory p.s.ps
were not affected by ax2-adrenoceptor antagonist, idazoxan (3 JAM, b),
but were completely abolished by spiperone (I pM, c).

Drugs

% ,VI.

4
i
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nent was partially inhibited by APV (50 JM; total inhibition
by CNQX, bicuculline and APV =94± 1%, n = 3, Figure
2d).

Properties of slow p.s.ps

Slow inhibitory p.s.ps were observed in 8 of the 65 neurones
tested. None of these neurones was hyperpolarized by
opioids. They had a duration at half-maximal amplitude of
817 ± 187 ms (n = 3, Figure 3). Slow p.s.ps were hyper-
polarizing at potentials near rest (-8 ± 3 mV between
-70 mV and -75 mV) and reversed polarity between -100
and -110 mV (Figure 3a). In some experiments (n = 3), slow
p.s.ps were not blocked by superfusion with idazoxan (3 JAM,
Figure 3b, n = 2) but were blocked by spiperone (1 JAM,
Figure 3c, n = 2).

Opioids inhibit evoked p.s.ps

The effects of opioids were studied only in neurones which
were not hyperpolarized by opioids in order to avoid
attenuation of p.s.ps which could be produced by postsynap-
tic changes in input-resistance or membrane potential. Met-
enkephalin inhibited electrically-evoked fast p.s.ps (30 JAM;
53 ± 3%; range 31 to 90%, n = 29; Figure 4a, Table 1) in all
neurones which were not hyperpolarized by opioids. The
selective "-receptor agonist, DAMGO (3 JAM), produced
similar inhibition (49 ± 3%, n = 23, unpaired t = 0.74,
P>0.4, Figure 4b, Table 1). Inhibition of fast p.s.ps by
DAMGO was concentration-dependent with an ECm of
approximately 80nM (Figure 5). The DAMGO-induced
inhibition was completely antagonized by 1 AM naloxone

(3 ± 3% of the inhibition remained, n = 3; Figure 4b, Table
1).
The inhibitory effects of the selective 6-receptor agonist,

DPDPE, and c-receptor agonist, U50488H, on fast p.s.ps
were inconclusive. DPDPE (3 JAM) produced a smaller inhibi-
tion of fast p.s.ps than Met-enkephalin or DAMGO (26 +
4%, n = 14, Table 1) in neurones which were not hyper-
polarized by opioids. This inhibition was reversed by nalox-
one (1 JAM; 8 ± 4% of the inhibition remained, n = 5, Table
1). However, in the presence of the selective 6-receptor

60r

6.
6

40
c
0

.0
s 20c

23

6

3

v
0.03 0.1 0.3

[DAMGOI (pM)
1.0 3.0

Figure 5 Concentration-response relationship of inhibition of fast
p.s.ps by DAMGO. The ECm was approximately 80 nm.

a
2 mV

20 ms

a

3 mV
20 ms

i Met-enkephalin (30 pM)

PM)b

DAMGO (3 JM)

Figure 4 Opioid agonists selective for JA-receptors inhibit fast p.s.ps
in a single neurone. Met-enkephalin (30 JM, a) and selective ft-
receptor agonist DAMGO (3 JM, b) partially inhibited fast p.s.ps.
The DAMGO-induced inhibition was completely reversed by nalox-
one (I JAM, b). Opioid agonists had no direct effects on other memb-
rane properties of the neurone. For abbreviations, see text.

b

Met-enkephalin (30 JM)

c Met-enkephalin (30pM)

Figure 6 Met-enkephalin inhibits GABAergic, glutamatergic and
residual components of fast p.s.ps in a single neurone. (a) In the
presence of CNQX (10 gM), the remaining components of fast p.s.ps
were predominantly GABAergic (including a small residual compo-
nent). Met-enkephalin (30 JM) inhibited the GABAergic component
of the p.s.p. (b) In the presence of bicuculline (10 JM), the remaining
components of fast p.s.ps were predominantly glutamatergic (includ-
ing a small residual component). Met-enkephalin (30 JAM) also
inhibited the glutamatergic component of the p.s.p. (c) In the
presence of both CNQX (10 gM) and bicuculline (30 JM), the residual
component of p.s.p. was also inhibited by Met-enkephalin (30 JM).
Opioid agonists had no direct effects on other membrane properties
of the neurone. For abbreviations, see text.
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antagonist, naltrindole (1O nM) the effects of DPDPE were
only partially reversed: 24 ± 1% of the inhibition remained
(n = 2, Table 1). U50488H (3 pM) also inhibited fast p.s.ps
(45 + 15%, n = 4, Table 1), but these effects were not antago-
nized by naloxone (36 ± 16% of the inhibition remained,
n = 4, Table 1). The solutions of DPDPE and U50488H used
in these experiments were subsequently tested and found to
be pharmacologically active on 6- and c-receptors in mouse
vas deferens (N. Lavidis, personal communication) and
guinea-pig ileum preparations (data not shown), respec-
tively.

IIIL
A A A A

1 min

A A A A A A A A A A A A A

Met-enkephalin (30 /um)

A A A AA AA AA AA AAA A AA A

Bicuculline (30 ,M)
Figure 7 Met-enkephalin did not affect postsynaptic actions of
GABA. Direct pressure ejections of GABA (100 mM) through a
micropipette onto the impaled neurone produced depolarizations
which were not affected by superfusion with Met-enkephalin (30 AM),
but were antagonized by bicuculline (30 AM). The bars indicate
periods of drug superfusion. The triangles mark the times of pressure
ejections (each 20 ms duration).

a

(i)
t

(ii)
t

(iii)

ma
5 min

Opioids inhibit glutamatergic and GABAergic components
of evoked-p.s.ps
Opioids inhibited both glutamatergic and GABAergic com-
ponents of fast p.s.ps in neurones which were not hyper-
polarized by opioids. In the presence of CNQX (10 JAM) the
remaining components of fast p.s.ps were predominantly
GABAergic with a small residual component which was resis-
tant to glutamate- and GABAA-receptor antagonists. In the
presence of CNQX, Met-enkephalin (10-30 jAM) inhibited
fast p.s.ps by 55± 5% (n = 12, Figure 6a, Table 1).

Conversely, in the presence of bicuculline (30fJM), the
remaining components of fast p.s.ps were predominantly
glutamatergic with a small component which was resistant to
glutamate and GABAA-receptor antagonists. In the presence
of bicuculline, Met-enkephalin (10-30IAM) inhibited fast
p.s.ps by 48 ± 6% (n = I1, Figure 6b, Table 1).

In the presence of both CNQX (10 glM) and bicuculline
(30 JM), Met-enkephalin (10-30 AM) also inhibited the
residual component of fast p.s.ps (42 ± 15%, n = 2, Figure
6c, Table 1).
The Met-enkephalin-induced inhibition of the GABAergic

component of fast p.s.ps was due to a presynaptic action.
Direct application of GABA (100 mM) to neurones by pres-
sure ejection produced depolarizations which were not
affected by Met-enkephalin (30IJm, n = 3), but were fully
antagonized by bicuculline (30 JAM, n = 2, Figure 7).

Opioids inhibit spontaneous p.s.ps

Frequent (>1 Hz), large amplitude (>3 mV) spontaneous
p.s.ps were observed in 11% (10/94) of neurones (Figure 8)
which were not directly hyperpolarized by opioids. The am-
plitude of spontaneous p.s.ps ranged from several mV to

20 mV

(iv) 20 s

Met-enkephalin (30 pM)

b

(i) (ii) (iii)

Bicuculline (30 pM)

20 mV
(iV) Em$

--?- -- -

Iizz.c
Figure 8 Met-enkephalin inhibited spontaneous p.s.ps. (a) Chart record showing that Met-enkephalin (30 AM) reversibly inhibited
spontaneous p.s.ps (upward deflections) without affecting the membrane potential (resting potential -80 mV) or input resistance of
the neurone (proportional to downward deflections). Spontaneous p.s.ps were completely abolished by bicuculline (30 AM).
Downward deflections are membrane potential responses to current pulses passed through the recording electrode (80 pA, 250 ms)
prior to and during superfusion with Met-enkephalin. The bars represent time periods of drug superfusion. (b) Each panel displays
ten consecutive 200-ms trace of membrane potential (offset from bottom to top) sampled at times corresponding to the four
different time points indicated above on the chart record. Met-enkephalin (30 AM) reduced the amplitude and frequency of
spontaneous p.s.ps (ii), while bicuculline (30 AM) nearly abolished p.s.ps (iv).
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more than 15 mV at -80 mV. The amplitude of spontaneous
p.s.ps increased at more negative holding membrane poten-
tials (data not shown). Bicuculline (30 IpM) reversibly
abolished spontaneous synaptic potentials (n = 5, Figure 8),
but CNQX (1O jM) had no effect (n =2, data not shown).
Met-enkephalin (10 or 30 fLM) inhibited spontaneous synaptic
potentials in all neurones tested (n = 6, Figure 8).

Discussion

The present study demonstrated that GABAergic, glutama-
tergic and slow inhibitory (possibly 5-hydroxytryptaminergic)
p.s.ps can be evoked by electrical stimulation in the vicinity
of neurones located throughout the lateral and ventrolateral
PAG. Opioid agonists selective for n-receptors produced a
similar inhibition of both GABAergic and glutamatergic
components of synaptic potentials in neurones which were
not directly hyperpolarized by opioids.
The amplitude of evoked p.s.ps was dependent on stimulus

intensity and membrane potential, and p.s.ps were abolished
by agents which block synaptic transmission. Both glutama-
tergic and GABAergic components of p.s.ps depolarized
neurones at resting membrane potentials (-60 to -80 mV),
and increased in amplitude at more negative membrane
potentials. This was expected because reversal potentials for
p.s.ps would be near 0 mV for glutamatergic, and -40 mV
for GABAergic components when using electrodes containing
2 M KCI (e.g. Pan et al., 1990).

Activation of GABAA receptors accounted for 44% of the
amplitude of evoked p.s.ps and nonNMDA glutamate recep-
tors accounted for 53%. Under the present recording condi-
tions (1.2 mM Mg2+), the residual component of p.s.ps in the
presence of bicuculline and CNQX was partially mediated by
NMDA receptors. In the presence of bicuculline, CNQX and
APV a small residual component remained. However, it is
not clear whether this was due to activation of other recep-
tors, or because of incomplete antagonism of synaptically
released GABA and glutamate. Although the proportion of
synaptic potentials attributable to activation of GABAA,
glutamate, or other receptors varied considerably in different
neurones, this was not clearly related to other anatomical,
morphological or physiological differences between impaled
neurones.

Slow inhibitory p.s.ps were evoked by single electrical
stimuli in a small proportion (12%) of PAG neurones. They
reversed polarity between -100 and -110 mV, consistent
with mediation by an increased potassium conductance. They
were blocked by superfusion with spiperone (1 jiM), but not
the X2-adrenoceptor antagonist, idazoxan. Whilst these
findings are preliminary, they possibly suggest that 5-
hydroxytryptaminergic innervation of some PAG neurones
mediates slow inhibitory p.s.ps via activation of 5-HTlA
receptors. Agonists which activate 5-HTIA-receptors have
also been reported to hyperpolarize most neurones in the
lateral and ventrolateral PAG (Behbehani et al., 1993). It is
not clear whether slow inhibitory p.s.ps might be evoked in a
higher proportion of PAG neurones using stronger stimuli,
or trains of high frequency stimuli (e.g. Egan et al., 1983).
The ventrolateral PAG also contains dense terminals of 5-
hydroxytryptaminergic, adrenergic and noradrenergic
neurones (Clements et al., 1985; Herbert & Saper, 1992).
Slow inhibitory p.s.ps which were blocked by spiperone,
enhanced by fluoxetine, and mediated by increased potassium
conductance were also reported to occur in neurones of the
dorsal raphe nucleus (Pan et al., 1989).

Opioids acting on f-receptors inhibited both evoked- (by
more than 55%) and spontaneous- (almost completely)
GABAergic p.s.ps. The failure of opioid agonists to affect
responses to exogenously applied GABA suggests that
actions of opioids in PAG were due to presynaptic inhibition

of neurotransmitter release. A possible contribution of K-
and/or 6-receptors to inhibition of p.s.ps cannot be ruled out
because the agonists had non-specific effects, and biased
sampling of large neurones by intracellular electrodes occur-
red (see Chieng & Christie, 1994, for discussion). McFadzean
et al. (1987) also noted that high concentrations of U50488H
produced non-specific inhibition of p.s.ps in locus coeruleus
neurones.
The origin of opioid-sensitive GABAergic terminals which

are responsible for evoked p.s.ps is uncertain. Most
GABAergic fibres and terminals in PAG appear to arise from
GABAergic interneurones, and appear to innervate most
morphological types (Reichling & Basbaum, 1990a,b). It is
therefore possible that inhibition of the GABAergic compo-
nent of synaptic potentials was due to both direct inhibition
of terminals and/or inhibition of the somata of local circuit
neurones. Secondary components of p.s.ps often occurred up
to 40 ms after the initial depolarization (eg. Figure lb), sup-
porting the possibility that local stimulation of local circuit
neurones made some contribution to the observed p.s.ps.
However, the decay of GABAergic synaptic potentials was
not altered by opioids (data not shown), suggesting that later
components were not selectively sensitive to opioids.
GABAergic mediation of spontaneous p.s.ps and their

inhibition by Met-enkephalin was more striking than for
evoked p.s.ps. It is tempting to speculate that spontaneous
GABAergic p.s.ps arose from tonically active, opioid-
sensitive neurones in PAG.

Selective I-receptor agonists inhibited the glutamatergic
component of p.s.ps by more than 48%. The origin of
opioid-sensitive glutamatergic terminals is unclear.
Glutamatergic terminals appear to arise from neurones
located in various brain regions (Beart et al., 1990; Beitz &
Williams, 1991), but it is not clear whether glutamatergic
terminals also arise from intrinsic neurones, nor whether they
selectively innervate different types of neurones in PAG.
The present results only partially support the model sug-

gesting that opioids produce disinhibition in PAG by inhib-
iting GABAergic interneurones (Yaksh et al., 1976; Basbaum
& Fields, 1984). Consistent with this model (see Introduc-
tion), i-receptor agonists inhibited GABAergic synaptic
potentials impinging on neurones which were not directly
hyperpolarized by opioids. Some of these neurones could
project to the ventral medulla and inhibition of GABAergic
p.s.ps would be expected to produce excitation under normal
physiological conditions. However, g-receptor agonists pro-
duced nearly as much inhibition of glutamatergic synaptic
potentials impinging on the same neurones. This finding
suggests that the actions of opioids in PAG are more com-
plex than suggested by a model of disinhibition.
The PAG is thought to be organised into anatomically and

functionally distinct columns of neurones extending along the
rostrocaudal axis (see Bandler et al., 1991). The main
antinociceptive zone identified by microinjections of opioids
was reported to lie within the caudal ventrolateral column
(Yaksh et al., 1988). Presynaptic inhibition by opioids was
quite uniform throughout the lateral and ventrolateral PAG,
consistent with a role in antinociception. Opioids might also
modulate other physiological roles of PAG including organis-
ation of autonomic and somatic components of defence and
escape behaviours, or perhaps cardio-respiratory functions
(see Bandler et al., 1991).
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Involvement of enzymatic degradation in the inactivation of
tachykinin neurotransmitters in neonatal rat spinal cord

'H. Suzuki, K. Yoshioka, M. Yanagisawa, *O. Urayama, T. Kurihara, R. Hosoki, 2K. Saito &
M. Otsuka

Department of Pharmacology, Faculty of Medicine, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo 113, Japan and
*Department of Laboratory Medicine, Akita University School of Medicine, Akita 010, Japan

1 The possible involvement of enzymatic degradation in the inactivation of tachykinin neurotransmit-
ters was examined in the spinal cord of the neonatal rat.

2 The magnitude of substance P (SP)- or neurokinin A (NKA)-evoked depolarization of a lumbar
ventral root in the isolated spinal cord preparation was increased by a mixture of peptidase inhibitors,
consisting of actinonin (6 ILM), arphamenine B (6 fLM), bestatin (10 giM), captopril (10 JM) and thiorphan
(0.31M). The mixture augmented the response to NKA more markedly than that to SP.
3 In the isolated spinal cord-cutaneous nerve preparation, the saphenous nerve-evoked slow
depolarization of the L3 ventral root was augmented by the mixture of peptidase inhibitors in the
presence of naloxone (0.5 JM) but not in the presence of both naloxone and a tachykinin receptor
antagonist, GR71251 (51M).
4 Application of capsaicin (0.5 JiM) for 6 min to the spinal cord evoked an increase in the release of SP
from the spinal cord. The amount of SP released was significantly augmented by the mixture of
peptidase inhibitors.
5 Synaptic membrane fractions were prepared from neonatal rat spinal cords. These fractions showed
degrading activities for SP and NKA and the activities were inhibited by the mixture of peptidase
inhibitors. The degrading activity for NKA was higher than that for SP and the inhibitory effect of the
mixture for NKA was more marked than that for SP. Although some other fractions obtained from
homogenates of spinal cords showed higher degrading activities for SP, these activities were insensitive
to the mixture of peptidase inhibitors.
6 Effects of individual peptidase inhibitors on the enzymatic degradation of SP and NKA by synaptic
membrane fractions were examined. Thiorphan, actinonin and captopril inhibited SP degradation, while
thiorphan and actinonin, but not captopril, inhibited NKA degradation. The potency of the inhibition
of each peptidase inhibitor was lower than that of the mixture.
7 The present results suggest that enzymatic degradation is involved in the inactivation of tachykinin
neurotransmitters in the spinal cord of the neonatal rat.

Keywords: Actinonin; captopril; C-fibre response; inactivation; neurotransmitter; peptidase; spinal cord; tachykinin; thiorphan

Introduction

Substance P (SP) fulfills several criteria for identification of
neurotransmitters in mammalian spinal cord dorsal horn (for
review see Otsuka & Yoshioka, 1993). Among the criteria,
however, the demonstration of inactivation mechanisms of
neurally released SP has not been fully satisfied until recently
in the spinal cord, although a number of SP-degrading
enzymes have been reported to exist in the central nervous
system (Lee et al., 1981; Matsas et al., 1983; Oblin et al.,
1988). Recently, Yanagisawa et al. (1992) showed that a
mixture of peptidase inhibitors increased the magnitude of
saphenous nerve-evoked C-fibre responses in the isolated
spinal cord of the neonatal rat. Based on this finding, they
suggested that enzymatic degradation of SP, as well as
neurokinin A (NKA), is involved in tachykininergic synaptic
transmission in the spinal cord. However, there has been no
biochemical evidence that the degradation of exogenously
applied or endogenously released tachykinins is indeed
blocked by the mixture of peptidase inhibitors in this
preparation. Furthermore, the characteristics of peptidases
responsible for the degradation of tachykinins have not been

clarified. Although effects of peptidase inhibitors on released
tachykinins have been examined biochemically in the spinal
cord using slice preparations (Geppetti et al., 1989;
Mauborgne et al., 1991) or intact animals (Duggan et al.,
1992), the isolated spinal cord preparation of neonatal rat
has the advantage of enabling us to compare neurochemical
effects of peptidase inhibitors with their electrophysiological
effects in similar experimental conditions.

In the present study we examined, using the neonatal rat
isolated spinal cord, the effects of peptidase inhibitors on the
electrophysiological responses, capsaicin-evoked SP release
and enzymatic degradation of SP and NKA by membrane
fractions derived from the spinal cord. Some of the results
have been reported in a preliminary form (Suzuki et al.,
1993).

Methods

Electrophysiological experiments

The isolated spinal cord preparation of the neonatal rat was
used as described previously (Akagi et al., 1980; Otsuka &
Yanagisawa, 1988). The spinal cord below thoracic level was
isolated from 1-3 day-old Wistar rats. The spinal cord was
hemisected and placed in a recording chamber of 0.2 ml
volume and perfused with artificial cerebrospinal fluid (CSF)
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Yushima 1-5-45, Bunkyo-ku, Tokyo 113, Japan.
2Present address: Biological Research Laboratories, Sankyo Corpora-
tion Ltd., Tokyo 140, Japan.
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saturated with a gas mixture of 95% 02 and 5% CO2. The
composition of artificial CSF was as follows (mM): NaCl
138.6, KCI 3.35, CaC12 1.26, MgCl2 1.16, NaHCO3 21.0,
NaH2PO4 0.58, glucose 10.0. Potentials were recorded ext-
racellularly from a lumbar ventral root (L3-5) with a tightly
fitting suction electrode. Drugs were dissolved in artificial
CSF and applied by perfusion.
The isolated spinal cord-saphenous nerve preparation was

also used as described previously (Nussbaumer et al., 1989).
The spinal cord below thoracic level, without hemisection,
together with lumbar ventral and dorsal roots, dorsal root
ganglia, and attached femoral and saphenous nerves on one
side, was dissected out, placed in a recording chamber and
perfused with artificial CSF. The temperature of the chamber
was kept at 270C for both preparations. Stable reflex res-
ponses could be recorded for at least several hours at this
temperature (Otsuka & Konishi, 1974).
The composition of the mixture of peptidase inhibitors

used in the present electrophysiological study was the same
as that used in previous experiments (Yanagisawa et al.,
1992) and consisted of actinonin (6 AM), arphamenine B
(6 JAM), bestatin (10 JIM), captopril (10 AM) and thiorphan
(0.31JM). Actinonin and arphamenine B were used at 1O0M
instead of 6 AM in the experiments for SP release and
tachykinin degradation. These mixtures will be simply refer-
red to as the mixture of peptidase inhibitors in this paper.

Release experiments

Experimental procedures used in the present study were
similar to those described previously (Akagi et al., 1980;
Sakuma et al., 1991). Under ether anesthesia, the spinal cord
below thoracic segments was isolated from 2-4 day-old Wis-
tar rat and hemisected. A pair of hemisected cords were
separately fixed in two different perfusion chambers of 1 ml
volume and continuously perfused with artificial CSF at a
rate of 0.7 ml minm-, respectively. The perfusion medium was
thoroughly oxygenated both in the reservoir of artificial CSF
and the perfusion chambers by bubbling with a gas mixture
of 95% 02 and 5% CO2. The temperature in the chambers
was maintained at 27°C. After the spinal cords were washed
with artificial CSF for about 1.5 h, one hemisected cord was
perfused with artificial CSF containing dithiothreitol (DTT,
5 gAM) and the other was perfused with artificial CSF contain-
ing DTT (5 AM) and the mixture of peptidase inhibitors.
Twenty min after the start of perfusion with these solutions,
3 min fractions were collected through a glass wool filter into
test tubes containing 500 gil 1 M formic acid. After two 3 min
fractions were collected representing basal release, capsaicin
(0.5 JAM) was bath-applied for 6 min. The collected samples
were frozen and lyophilized. Each sample was dissolved in
1 ml of enzyme immunoassay (EIA) buffer and the amount
of SP was measured by EIA according to the instruction
manual (Cayman Chemical Co.).

Preparation of membrane fractions

Synaptic membranes were prepared from spinal cords of 3 to
5 day old rats as described by Whittaker et al. (1964). All
procedures were carried out at 40C. Spinal cords were
homogenized in 0.32 M sucrose and centrifuged at 1,000 g for
15 min. The supernatant was centrifuged at 10,000 g for
15 min and the pellet was resuspended in 0.32 M sucrose and
again centrifuged at 10,000 g for 15 min. The resultant pellet
(P2) was resuspended in water, incubated in an ice bath for
30 min, re-homogenized and centrifuged at 10,000 g for
15 min. The supernatant of the water-treated P2 fraction
(referred to as P2 sup) was transferred onto discontinuous
density gradient of sucrose and ultracentrifuged at 68,200 g
for 120 min. The fraction containing synaptic vesicles in
0.4M sucrose layer (SV fraction), the fractions containing
synaptic membranes between 0.6 M and 0.8 M sucrose layers
and between 0.8 M and 1.0 M sucrose layers (SM fractions)

were diluted with water and centrifuged at 200,000 g for
30 min and the pellets were resuspended in 0.32 M sucrose.

Immunoblotting for Na+/K+-transporting adenosine-
triphosphatase, a membrane-embedded protein (Kyte, 1981),
using rabbit anti-serum against pig kidney (Wada et al.,
1992) revealed that this enzyme was concentrated in the both
SM fraction, indicating that these fractions are rich in plasma
membranes. Since preliminary experiments showed no
difference in the SP- and NKA-degrading activities between
the SM fractions of 0.6-0.8 M sucrose layers and that of
0.8-1.0 M sucrose layers, we used either SM fraction for the
measurement of the SP- and NKA-degrading activities.

Measurement of SP- and NKA-degrading activities

Samples of SM, SV or P2 sup fractions, containing 5-10I g
protein for SM or SV, and 3 #ig protein for P2 sup, were
incubated at 270C in 50 mM Tris-HCI buffer (pH 7.4) in a
final volume of 100 fl. The reaction was started by adding SP
or NKA at a final concentration of 2 JAM and stopped after
120 min by placing the tubes in an ice bath and adding
formic acid at a final concentration of 250 mM. After cen-
trifugation, the supernatant was injected into high-perform-
ance liquid chromatography (h.p.l.c.) and the amount of the
remaining substrate was measured. The h.p.l.c. apparatus
consisted of a pump (880-U, Nihon Bunko), a gradient prog-
rammer (GP-A40, Nihon Bunko), a column oven (860-CO,
Nihon Bunko) set at 40C and a u.v. detector (UNIDEC
100-VI, Nihon Bunko) monitoring the absorbance at 210 nm.
Peptides were separated on a reverse phase column (TSK
1 20T, Toso) at a flow rate of 1 ml min-' using a linear
gradient from 100% solvent A to 40% solvent A/60% sol-
vent B in 30 min. Solvent A was 5% acetonitrile in 0.02%
HCI (v/v) and solvent B was 60% acetonitrile in 0.02% HCI
(v/v). Under these conditions, NKA and SP were eluted at
retention times of 27 min and 29 min, respectively.

Protein was measured by the method of Lowry et al.
(1951).

Materials

Actinonin, arphamenine B, bestatin, captopril, NKA, SP and
thiorphan were purchased from Peptide Institute Inc., Osaka,
Japan; capsaicin from Sigma Chemical Co., St. Louis, MO,
U.S.A.; tetrodotoxin (TTX) from Sankyo Corporation Ltd.,
Tokyo, Japan; and SP EIA kit from Cayman Chemical Co.,
Ann Arbor, MI., U.S.A. GR71251 (D-Pro9[spiro-y-lactam]
Leu'°,Trp"]SP) was a gift from Dr R.M. Hagan, Department
of Neuropharmacology, Glaxo Group Research Ltd., Park
Road, Ware, UK.

Statistical analysis
Values are expressed as mean ± s.e.mean. Statistical
significance was assessed by Student's unpaired t test (equal
or unequal variance).

Results

Effect ofpeptidase inhibitors on SP- and NKA.-evoked
depolarization ofmotoneurones in the neonatal rat spinal
cord

Applications of SP or NKA for 30s to the spinal cord
preparation elicited depolarizing responses of lumbar ventral
roots in the presence of 0.3 JAM TTX in a dose-dependent
manner (Yanagisawa & Otsuka, 1990). These responses were
augmented by the mixture of the peptidase inhibitors (Figure
1). The responses to NKA at 0.03-0.3 JM were more
markedly increased by the mixture of peptidase inhibitors
than those evoked by SP (Figure 1).
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Effects of naloxone and peptidase inhibitors on slow
ventral root potential evoked by saphenous nerve
stimulation

In the spinal cord-saphenous nerve preparation, electrical
stimulation of the saphenous nerve evoked a slow depolari-
zation lasting 20-30 s of the ipsilateral L3 ventral root
(Figure 2). This response will be referred to as saphenous
nerve-evoked slow ventral root potential (VRP). The mag-
nitude of the saphenous nerve-evoked slow VRP, expressed
as the area under the curve of the depolarizing response
(m x Vs), was augmented by about 20% by naloxone at
0.5 AM (Nussbaumer et al., 1989), suggesting the involvement
of opioid peptide-mediated inhibition in the slow VRP. In
the presence of naloxone, application of the peptidase
inhibitor mixture further increased the magnitude of the slow
VRP by 25% (Figure 2), confirming the results by Yanagi-

a
(i)

2 mV

5 min

b

sawa et al. (1992). By contrast, application of a tachykinin
NKI receptor antagonist, GR71251 (Ward et al., 1990; Guo
et al., 1993), at 5 JAM, depressed the slow VRP by about 50%
in naloxone-treated preparations (Figure 3). After the treat-
ment with GR71251 and naloxone eliminating both tachy-
kinin-mediated and opioid peptide-mediated mechanisms, the
peptidase inhibitor mixture no longer augmented the slow
VRP (Figure 3).

Effects ofpeptidase inhibitors on the release of
endogenous SPfrom the spinal cord

When a hemisected spinal cord was perfused with artificial
CSF, the basal release of SP was about 13.8 fmol mg-' pro-
tein in 3 min (n = 5) (Table 1). Bath-application of capsaicin
(0.5 jAM) for 6 min to the spinal cord resulted in an increase
in the SP release: during the period of 3-6 min after addition
of capsaicin, the SP release became maximum, being about
three fold higher than that of the basal level (Table 1) and
the increase lasted for more than 10 min (Figure 4). The
delay of the increase in the SP release may be largely due to
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(i) 1 mV

A A A
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Ca
0
U)a)

0
co
a)

(iii) ?

A A A

b

0
C,

0.03 0.1 0.3 1
Concentration (pM)

Figure 1 Effects of the mixture of peptidase inhibitors on substance
P (SP)- and neurokinin A (NKA)-induced depolarizations of lumbar
ventral roots. The experiment was done in the presence of tet-
rodotoxin (TTX, 0.3 JAM). SP and NKA were applied by perfusion
for 30s. The inhibitor mixture consisted of actinonin (6 jAM),
arphamenine B (6 jAM), bestatin (10 JAM), captopril (10 JAM) and thior-
phan (0.3 JM) and was dissolved in artificial CSF. (a) Sample
records: (i) responses to SP at 0.3pM before (left) and 15 min after
addition of the inhibitor mixture (right); (ii) responses to NKA at
0.3 JAM before (left) and 15 min after addition of the inhibitor mix-
ture (right). (b) Effects of the mixture of peptidase inhibitors on the
concentration-response curves for SP and NKA: (0) SP-evoked
responses in the absence of the inhibitor mixture and (0) 15 min
after addition of the inhibitor mixture; (@) NKA-evoked responses
in the absence of the inhibitor mixture and (-) 15 min after addition
of the inhibitor mixture. Ordinate scale: area of the depolarizing
response (mV x s) expressed as percentage of the response evoked by
1 gM SP or NKA in the absence of the inhibitor mixture. Abscissa
scale: concentration of SP or NKA. Each point represents the
mean ± s.e.mean (n = 7 for SP and n = 6 for NKA). Symbols are
displaced horizontally to avoid overlapping. *P<0.05; **P<0.01,
***P<0.001 when the difference between the NKA-evoked res-
ponses in the presence and absence of the peptidase inhibitor mixture
was compared with the corresponding difference between the SP
responses at each agonist concentration.
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Figure 2 Effects of naloxone and the peptidase inhibitor mixture on
the saphenous nerve-evoked slow VRP in isolated spinal cord-
saphenous nerve preparations. (a) Sample records: (i) control res-
ponses; (ii) responses after addition of naloxone (0.5 ;M); (iii) res-
ponses after addition of naloxone and the mixture of peptidase
inhibitors (the same composition as that in Figure 1). The saphenous
nerve was stimulated every 3 min with double square pulses of 100 ais
duration and supramaximal intensity at 50ms interval at A. (b)
Time course of the responses. Naloxone (0.5 JM) and the mixture of
peptidase inhibitors were applied to spinal cords by perfusion during
the periods indicated by horizontal bars. Areas of the depolarizing
responses in mV x s were measured and expressed as percentages of
the average value in normal artificial CSF. Each point represents
mean ± s.e.mean (n = 7). **Represents a significant difference
between the average values of the points under the horizontal bars
(P<0.01).
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the delay in the exchange of the medium in the chamber
(Sakuma et al., 1991). When the peptidase inhibitor mixture
was applied, the basal SP release was 15.7 fmol mg-' protein
in 3 min (n = 5), which was not significantly different from
the basal release in the absence of the mixture (Table 1). The
peptidase inhibitor mixture, however, markedly increased the
capsaicin-evoked SP release. During the period of 6-9 min
after addition of capsaicin, the SP release was maximum and
was about two fold higher than the maximum release in the
absence of the mixture (Table 1). Moreover, the time course
of the increased SP release was markedly prolonged by the
peptidase inhibitor mixture (Figure 4).
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Figure 3 Effects of GR7 1251 and the mixture of peptidase
inhibitors on the saphenous nerve-evoked slow VRP in the isolated
spinal cord-saphenous nerve preparations. Naloxone (0.5 JM) was
present in perfusion solution throughout the experiments. (a) Sample
records: (i) control responses in the presence of naloxone; (ii) res-
ponses after addition of GR71251 (5 JM); (iii) responses after addi-
tion of GR71251 and the mixture of peptidase inhibitors. Experi-
mental procedures were the same as in Figure 2 except that the
saphenous nerve was stimulated every 5 min at A. (b) Time course
of the responses. Drugs were applied during the periods indicated by
the horizontal bars. Each point represents mean ± s.e.mean (n = 5).
**Represents a significant difference between the average values of
the points under the horizontal bars (P<0.01). NS: no significant
difference.

Table 1 Capsaicin-evoked substance P (SP) release and the
effects of the mixture of peptidase inhibitors

Control

Basal release
Maximum evoked release
(fmol mg-' protein in 3 min

13.8 ± 2.9
37.5 ± 6.2

collection)

Effects ofpeptidase inhibitors on tachykinin-degrading
activities of synaptic membranes

When SP (2 gM) was used as a substrate, the degrading
activity of the SM fractions was 88.4 pmol min- mg-' pro-
tein (n = 26) (Table 2). The peptidase inhibitor mixture
inhibited the SP-degrading activity of the SM fractions to
34.1% (n = 12) of the control (Table 2). Both SV and P2 sup
fractions showed SP-degrading activities much higher than
that of the SM fractions (Table 2). The activities of SV and
P2 sup fractions, however, were not inhibited by the pep-
tidase inhibitor mixture.

Effects of individual peptidase inhibitors on the SP de-
gradation were also examined (Table 3). Of five inhibitors,
thiorphan (0.3 ILM) was the most potent in inhibiting the
SP-degradation by the SM fractions, followed by captopril
(10 JAM) and actinonin (10 JM). Arphamenine B (10 AM) and
bestatin (10LM) had little inhibitory effect. Although thior-
phan was the most potent, its inhibitory effect was less potent
than that of the peptidase inhibitor mixture (Table 3). The
inhibitory effect of actinonin increased dose-dependently in
the concentration range from 1 to 100IJM, while that of
thiorphan was almost maximal at 0.3 AM (Table 4).
When NKA (2 JM) was used as a substrate instead of SP,

the degrading activity of the SM fractions was 137 pmol
min 'mg-' protein (n = 9) (Table 2), which was significantly
higher than that for SP. The peptidase inhibitor mixture
caused an inhibition of the degrading activity of the SM
fractions for NKA to 10.2%. This inhibition was also

200
0
._

4-

0'
cL

150
E

100
sco(D

C,)
X 50

ol

+ Inhibitor mixture

15.7 ± 2.7
86.7 ± 15.5*

Capsaicin (0.5 gM) was applied for 6 min to the spinal cord
in the absence or presence of the inhibitor mixture. The
maximum evoked release occurred during the period of
3-6min after addition of capsaicin in the absence of the
inhibitor mixture and during the period of 6-9 min in the
presence of the inhibitor mixture, respectively. The inhibitor
mixture consisted of actinonin (10 JIM), arphamenine B
(10 gM), bestatin (1OJAM), captopril (1IOgM) and thiorphan
(0.3 JAM). Each value represents mean ± s.e.mean (n = 5) of
the SP release during a 3 min collection period. *P<0.05
when compared with the value of maximum evoked release
in the absence of the inhibitor mixture by Student's t test.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
3-min collections

Figure 4 Capsaicin-evoked substance P (SP) release and effect of the
peptidase inhibitor mixture. Typical results obtained from a pair of
hemisected spinal cords. Ordinate scale: amount of SP release in each
3 min fraction. Abscissa scale: tube numbers. Capsaicin (0.5 AM) was

applied for 6 min as indicated by the horizontal bar. Fractions 1 to
4, basal levels; fractions 5 and 6, during perfusion with capsaicin;
fractions 7 to 14, after changing to normal artificial CSF: (0) in
normal artificial CSF; (0) in artificial CSF containing the peptidase
inhibitor mixture (the same composition as that in Table 1).

250r
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Table 2 Degrading activities of tissue fractions for substance P (SP) and neurokinin A (NKA) and the effects of the mixture of
peptidase inhibitors

SM

SP-degrading activity
(pmol min ' mg ' protein)
+ Inhibitor mixture
(% control)

NKA-degrading activity
(pmol min ' mg ' protein)
+ Inhibitor mixture
(% control)

88.4 ± 5.37 (26)

34.1 ± 4.8** (12)

Fraction
Sv

348.7 ± 10.7 (3)

104.2±2.5 (3)

P2 sup

986.0 ± 53.5 (3)

96.7 ± 1.7 (3)

137.0 ± l .Itt (9)

10.2 ± 4.1**tt (8)

SM, synaptic membrane fraction; SV, synaptic vesicle fraction; P2 sup, P2 supernatant. The composition of the inhibitor mixture was
the same as that in Table 1. Each value represents mean ± s.e.mean. Numbers in parentheses indicate numbers of experiments.
**P<0.01 when compared with the control value by Student's t test. ttP<0.01 when compared with the corresponding value for SP
by Student's t test.

significantly more pronounced than that for SP. Actinonin
and thiorphan were effective at 10WM and 0.3pM respec-
tively, whereas other inhibitors were ineffective at 10ltM
(Table 3). Furthermore, actinonin inhibited the degradation
of NKA more markedly than that of SP.

Discussion

The present study showed that the cutaneous nerve-evoked
slow VRP was augmented by the mixture of peptidase

Table 3 Effects of peptidase inhibitors on the degradation
of substance P (SP) and neurokinin A (NKA) by the
synaptic membrane fractions

SP-degrading activity NKA-degrading activity
(% control) (% control)

Peptidase inhibitor
Mixture
Actinonin
Arphamenine B
Bestatin
Captopril
Thiorphan

34.1 ± 4.8** (12)
69.8 ± 7.6* (13)
82.2 ± 14.9 (6)
85.5 ± 9.4 (6)
65.8 ± 9.8* (7)
49.4±5.0** (18)

10.2 ± 4.1**tt
35.1 ± 3.5**tt
93.6 ± 8.1
96.3 ± 10.9
96.5 ± 10.7
36.5 ± 12.6**

(8)
(4)
(4)
(4)
(4)
(4)

Values are the SP- and NKA-degrading activities in the
presence of inhibitors expressed as percentages of the
control degrading activities in the absence of inhibitors.
Peptidase inhibitors used were as follows: the mixture of
peptidase inhibitors (the same composition as that in Table
1); actinonin 101iM; arphamenine B 10tiM; bestatin 10!M;
captopril 10 gM; thiorphan 0.3 jtM. Each value represents
mean ± s.e.mean. Numbers in parentheses indicate numbers
of experiments. *P<0.05 and **P<0.01, when compared
with 100% by Student's t test. ttP<0.01 when compared
with the corresponding value for SP by Student's t test.

inhibitors in the presence of naloxone and that this augmen-
tation was not observed after pretreatment with the
tachykinin NK, receptor antagonist, GR71251. These results
suggest that tachykinins released upon nerve stimulation in
the neonatal rat spinal cord are partially inactivated by
peptidases before acting on their receptors. The fact that
naloxone treatment augmented the slow VRP is consistent
with the similar observations by Yanagisawa et al. (1984) and
Nussbaumer et al. (1989), suggesting that opioid peptide-
mediated inhibition are involved in the slow VRP.
The amount of capsaicin-evoked SP release was increased

by the peptidase inhibitor mixture. Since capsaicin is known
to depolarize C-fibre afferents (Kenins, 1982), this result
further suggests that endogenous SP released from C-fibre
terminals in the spinal cord is degraded by peptidases. The
peak time of the capsaicin-evoked SP release was displaced
from 3-6 min after the addition of capsaicin to 6-9 min by
the mixture of peptidase inhibitors. This may be explained at
least partly by the assumption that the degradation of SP by
tissue peptidases during diffusion of SP molecules curtailed
the later part of the SP outflow, and that this process was
suppressed by peptidase inhibitors.
The present results also showed that SP was degraded by

the SM fractions and the SP degradation was inhibited by
the mixture of peptidase inhibitors at the same or almost the
same concentrations as those used in the release and elect-
rophysiological experiments. In contrast, the SP-degrading
activities of P2 sup and SV fractions were insensitive to the
peptidase inhibitor mixture. These results suggest that
membrane-bound peptidases are involved in the inactivation
of SP released from nerve terminals.
The SM fractions also caused degradation of NKA, which

was inhibited by peptidase inhibitors. Furthermore, the pep-
tidase inhibitor mixture augmented the NKA-evoked ventral
root depolarization. It is therefore likely that the released
NKA is at least partly degraded by membrane-bound pep-

Table 4 Concentration-dependent effects of actinonin and thiorphan on the degradation of substance P (SP) by the synaptic
membrane fractions

Actinonin ( pM)
10 100

SP-degrading activity
(% control)

93.5 ± 2.2* (8)

0.03
65.8 ± 10.3* (7)

69.7 ± 7.6** (13)

Thiorphan (PM)
0.3

49.4 ± 5.0** (18)

52.1 ± 9.2** (8)

3
44.5 ± 8.8** (8)

Values are the SP-degrading activities in the presence of inhibitors expressed as percentages of the control degrading activities in the
absence of the inhibitors. Each value represents the mean ± s.e.mean. Numbers in parentheses indicate numbers of experiments.
*P<0.05 and **P<0.01 when compared with 100% by Student's t test.
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tidases and that the potentiating effect of the inhibitor mix-
ture on the slow VRP is partly due to the inhibition of
enzymatic degradation of NKA. The degrading activity of
the SM fractions of NKA was higher than that on SP and
the inhibition of the NKA degradation by the peptidase
inhibitor mixture was more marked than that of the SP
degradation (Table 2). These results are consistent with the
results of electrophysiological experiments in which NKA-
evoked depolarization was more markedly augmented than
the SP-evoked depolarization by the peptidase inhibitor mix-
ture (Figure 1). Duggan et al. (1992), however, reported that
NKA was more resistant to enzymatic degradation than SP
in the cat spinal cord. The discrepancy may be due to species
differences.

In our preliminary experiments, the saphenous nerve-
evoked slow VRP was not significantly augmented by each of
the peptidase inhibitors alone. This appears consistent with
the observation that the inhibitory effects of each inhibitor
on SP- and NKA-degrading activities were less marked than
those of the peptidase inhibitor mixture (Table 3). These
results suggest that more than one peptidase is involved in
the degradation of tachykinins in the spinal cord. Contribu-
tion of more than one peptidase to SP degradation was also
postulated in the studies on caudate synaptic membranes
(Matsas et al., 1983), rat plasma (Ahmad et al., 1992) and
human cultured synovial fibroblasts (Bathon et al., 1992).
Of the peptidase inhibitors examined, thiorphan, a specific

inhibitor of enkephalinase (Roques et al., 1980), was most
potent in inhibiting the SP degradation by the SM fractions,
which suggests that enkephalinase is mainly involved in the
inactivation of SP in the spinal cord. SP, as well as
enkephalins, is a favourable substrate for this enzyme
(Turner et al., 1985; Roques et al., 1993), and involvement of
enkephalinase in the SP inactivation has also been reported
in other areas in the central nervous system and peripheral
tissues (Matsas et al., 1983; Oblin et al., 1988; Djokic et al.,
1989).
Actinonin is a relatively specific inhibitor of aminopep-

tidase N and enkephalin aminopeptidase (Hachisu et al.,
1987) and captopril inhibits peptidyl dipeptidase A (Ondetti
et al., 1977). Aminopeptidase N and peptidyl dipeptidase A

are known to degrade SP (Ahmad et al., 1992). These pep-
tidases, therefore, may also contribute to the SP degradation
in the spinal cord, because actinonin and captopril showed
significant inhibitory activities on the SP degradation by the
SM fractions. Actinonin, however, has also been shown to
inhibit the activity of enkephalinase at higher concentrations
(Hachisu et al., 1987). It is therefore possible that the effects
of actinonin at 10 gM and 100 LM are partly due to inhibition
of enkephalinase. Arphamenine B inhibits aminopeptidase B
(Umezawa et al., 1983) and bestatin inhibits aminopeptidases
B and W and leucine aminopeptidase (Umezawa et al., 1976;
Tieku & Hooper, 1992). Since both inhibitors were almost
ineffective, these aminopeptidases do not seem to contribute
significantly to the SP degradation in the neonatal rat spinal
cord.
The NKA degradation by the SM fractions, like the SP

degradation, was potently inhibited by thiorphan. The NKA
degradation, however, was more effectively inhibited by
actinonin than the SP degradation. In addition, the NKA
degradation was insensitive to captopril. The latter result is
consistent with that of Hooper et al. (1985) who found that
peptidyl dipeptidase A from pig kidney, which is an enzyme
sensitive to captopril, hydrolyzed SP but not NKA. The
results together suggest that the peptidases responsible for
the inactivation are different among tissues and tachykinins.
The mixture of peptidase inhibitors used in the present

study did not completely inhibit the degradation of SP and
NKA. Some peptidases that are insensitive to the inhibitors
used may be involved in the degradation. Furthermore, addi-
tional mechanisms other than enzymatic degradation, such as
uptake by surrounding cells, may also be involved in the
inactivation of tachykinins at synapses, although Segawa et
al. (1977) showed that SP itself is not taken up by CNS
tissues.

We thank Dr R.M. Hagan, Department of Neuropharmacology,
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of Education, Science and Culture, Japan (Nos. 04255101, 05557117
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Effect of dehydration and hyperosmolal hydration on

lignocaine and metabolites disposition in conscious rabbits

M. Chamelian, A. Lecrivain, A. Robichaud & 'P. du Souich

Department of Pharmacology, School of Medicine, University of Montreal, Montreal, P.O. Box 6128, Stat. 'Centre ville',
Quebec, Canada H3C 3J7

1 The present study aimed to investigate the effect of dehydration and hyperosmolal hydration on the
disposition of lignocaine and two of its metabolites, monoethylglycinexylidide (MEGX) and glycine-
xylidide (GX).
2 Lignocaine was infused to three groups of conscious rabbits: controls, rabbits previously deprived of
water for 48 h and rabbits receiving an infusion of 2.5% NaCl.
3 In dehydrated and hyperosmolal-hydrated rabbits, plasma osmolality was 321 ± 1 and 313 ± 1

mOsm kg-, respectively (P< 0.01 compared to controls, 285 ± 1 mOsm kg-'). In dehydrated animals,
baseline values of plasma arginine vasopressin (AVP) concentrations and plasma renin activity (PRA)
were higher than in controls, i.e. 12.4 ± 1.4 pg mlh' and 15.4 ± 1.7 ng AI ml1' h-' vs. 3.4 ± 0.2 pg ml-'
(P<0.01), and 5.1i 0.6 ng AI ml-' h-' (P<0.01), respectively; atrial natriuretic peptide (ANP)
decreased from 55 ± 11 to 32 ± 4 pg ml-' (P< 0.05). Compared to controls, hyperosmolal hydration
only increased AVP to 15.5 ± 0.7 pg ml-' (P<0.01).
4 Under both experimental conditions, lignocaine plasma concentrations were almost double (P< 0.01)
those in controls, due to a lower systemic clearance, e.g. 54 ± 3 and 59 ± 1 vs. 96 ± 5 ml min-' kg-',
respectively. Plasma levels of MEGX increased (P<0.01) only in dehydrated animals, although GX
plasma concentrations were augmented (P<0.01) about three fold in both groups of animals. The
changes in lignocaine plasma concentrations were correlated with AVP levels (R2 = 0.5168, P<0.001).
5 To document the effect of AVP on hepatic plasma flow, another group of rabbits received on
separate occasions two doses of AVP (17 and 84ngkg-') while receiving an infusion of indocyanine
green. AVP reduced hepatic plasma flow from 38.9±2.7mlmin-' to 19.6±2.5mlmin-' (P<0.01).
The predicted maximal AVP-induced decrease in hepatic plasma flow was 19.6 ml min' kg- (Emu), and
AVP concentration eliciting 50% of Em.. (ED50) was 28.7pgml-'.
6 It is concluded that both dehydration and hyperosmolal hydration alter the disposition of lignocaine
and two of its metabolites.

Keywords: Lignocaine; kinetics; dehydration; hyperosmolality; arginine vasopressin

Introduction

Lignocaine, diethylglycine 2,6-xylidide, was first used as an
antiarrhythmic agent almost three decades ago (Gianelly et
al., 1967). Soon after, it was observed that lignocaine
pharmacological response was directly related to its plasma
concentrations (Harrison et al., 1970), and that lignocaine
had a rather narrow therapeutic range (Lie et al., 1974). The
disposition of lignocaine is characterized by an extensive
extraction by the liver (Stenson et al., 1971). Because of its
high rate of hepatic extraction, the clearance of lignocaine is
considered blood-flow dependent (Wilkinson & Shand, 1975).
Therefore, the rate of elimination of lignocaine should
decrease whenever hepatic blood flow is reduced (Zito &
Reid, 1978). The reduction of hepatic blood flow with aging
(Abernathy & Greenblatt, 1983), and under pathological
states such as congestive heart failure (Thompson et al.,
1973) and left heart failure secondary to myocardial infarc-
tion (Lalka et al., 1980) produce a decrease in lignocaine
clearance. Moreover, drugs able to diminish hepatic blood
flow, such as propranolol, metoprolol or cimetidine, will
decrease lignocaine clearance (Ochs et al., 1980; Feely et al.,
1982; Conrad et al., 1983).

Several endogenous substances, such as adrenaline, nor-
adrenaline, angiotensin II and arginine vasopressin (AVP)
interact closely to modulate peripheral resistances in order to
maintain blood pressure (McNeill, 1983). These endogenous
substances increase the resistances of the splanchnic vascular
bed (Richardson & Withrington, 1981; Khayyal et al., 1985;

' Author for correspondence.

Boyle & Segel, 1986). Among these products, AVP is a
potent vasoconstrictor of the splanchnic vascular bed
(Drapanas et al., 1961), and is able to decrease the perfusion
pressure of the liver at concentrations as low as 10-'3M
(Freedman et al., 1978; Altura & Altura, 1984), as well as
gastric perfusion by about 56% (Gaskill et al., 1983). In
patients with acute or chronic heart failure of any origin,
plasma concentrations of AVP are elevated (Parmley, 1985)
and that may contribute to alter the kinetics of blood flow-
dependent drugs.
The aims of the present study were to investigate the effect

of two experimental conditions, dehydration and hyper-
osmolal hydration on the disposition of lignocaine and two
of its metabolites. Dehydration, due to a reduction in cir-
culating volume and an increase in plasma osmolality,
enhances plasma levels of AVP and other vasoconstrictor
hormones, and hyperosmolal hydration increases the cir-
culating plasma volume and plasma osmolality, which will
stimulate the secretion of AVP.

Methods

Animals

Male New Zealand rabbits, purchased from Ferme Cunicole
(Mirabel, Quebec, Canada), weighing 2.0 to 3.5 kg were used
throughout the study. Each rabbit was installed in an indi-
vidual cage, fed with Rabbit Show Feed (Purina Inc., Rals-
ton) and allowed water ad libitum.

'." Macmillan Press Ltd, 1994
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Before the experiment, the rabbits were weighed and a
catheter was introduced into the vesical bladder (Foley Bard
No. 8-10, Laboratories Bard, Mississauga, Ontario, Canada).
The animals were installed in individual restraining cages
(Plas-Labs, Lansing, Michigan, U.S.A.) and a catheter
(Butterfly-21, Abbott Laboratories, Ireland) was placed into
the central artery of the ear for blood sampling. Another
catheter (PE50, Becton Dickinson, Rutherford, NJ, U.S.A.)
was introduced into the lateral vein of an ear to infuse a
solution of sodium chloride 0.9% and dextrose 5% (50:50) to
replace fluid loss through the lungs and urine. The rate of
infusion varied between 5 and 15 ml h-' depending upon the
experiment; the infusion was carried out with an infusion
pump (Sage Instruments, model No. 355, Orion Research
Inc., Cambridge, MA, U.S.A.). Each animal was weighed
again at the end of the experiment. Once the rabbits, had
been prepared and installed in the restraining cages and
before any experiment was started, they were left for 1 h in
the cages to allow an optimum stabilization.

Experimental protocol

To document the kinetics of lignocaine and the effect of an
infusion of lignocaine on baseline conditions (control experi-
ment), six rabbits received lignocaine at the rate of
130fig min-' kg-' given in a sodium chloride 0.9%:dextrose
5% solution (15 ml h-') for 360 min. Previous studies have
demonstrated that at this rate of infusion and for 360 min,
steady state was reached at the predicted levels, confirming
that lignocaine kinetics were first order (Marleau et al., 1987;
Gariepy et al., 1992). To assay AVP and atrial natriuretic
peptide (ANP) plasma concentrations, as well as plasma
renin activity (PRA), blood samples (5 ml) were drawn at 60
and 0 min before the infusion of lignocaine and at 300, 330
and 360 min during the infusion of lignocaine. To assay
lignocaine and its two metabolites, monoethylglycinexylidide
(MEGX) and glycinexylidide (GX), blood was drawn (1 ml)
at 240, 270, 300, 330 and 360 min; in addition, in these
samples, sodium and potassium plasma concentrations as
well as plasma osmolality were measured.
To assess the influence of dehydration-induced increase in

AVP on lignocaine disposition, a group of six rabbits was
kept for 48 h without water but allowed to eat. Preliminary
studies demonstrated that this protocol significantly en-
hanced plasma osmolality and AVP concentrations. Lig-
nocaine was infused at the rate of 130 fig min'I kg-' for
360 min. The experimental protocol was similar to the one
described for the control experiment, with the exception that
the rabbits received an infusion of sodium chloride 0.9% at a
rate of 5 ml h-', to compensate only for the volume of blood
samples drawn.
Another group of six rabbits, instead of sodium chloride

0.9%:dextrose 5%, received an infusion of sodium chloride
2.5%, 15 ml h' for 360 min. Lignocaine (l30jggmin-' kg-')
was infused with the hyperosmolal solution, and blood sam-
pling was carried out as described earlier.

In all experiments, the rabbits' bladder was emptied and
thereafter, urine was collected from -60 to 0, 0 to 120, 120
to 240, and 240 to 360 min to measure urinary osmolality.
Prostaglandin E2 (PGE2) was assayed in urine collected from
-60 to 0, pooled urine from 0 to 240 min and from 240 to
360 min.

In a final experiment, to assess the effect of increasing
plasma concentrations of AVP on hepatic plasma flow, six
rabbits were given intravenously 17 and 84 ng kg-' of AVP,
at least at one week interval, in order to generate AVP
plasma concentrations ranging between 3 and 350 pg ml'.
Hepatic plasma flow was estimated by infusing indocyanine
green (ICG) at a rate of 248.5 j.g min' kg' for 30 min.
AVP was given as an intravenous bolus 10 min after the
initiation of the infusion, when ICG steady state was reached
(Marleau et al., 1987). Blood samples were drawn (3 ml)
prior (time 0) and 10, 12, 16, 20 and 25 min after the

beginning of ICG infusion, to assay AVP and ICG serum
concentrations.

Analytical methods

Plasma lignocaine and metabolites, as well as serum ICG,
were assayed by high performance liquid chromatography
(h.p.l.c.) as described by Marleau et al. (1987). AVP and
ANP plasma concentrations were determined by radioim-
munoassay as described by Larose et al. (1985b) and Larose
et al. (1985a), respectively. PRA and PGE2 were measured
using the ['251I]-Angiotensin I RIA kit (NEA-022, New Eng-
land Nuclear, Billerica, MA, U.S.A.) and the Prostaglandin
E2 RIA kit (NEA-020, New England Nuclear, Billerica, MA,
U.S.A.), respectively. Osmolality in plasma and urine were
determined with an automatic osmometer (Osmette A,
Precision Systems Inc., Sudbury, MA, U.S.A.). Sodium and
potassium in plasma and urine were assayed with an
automatic flame photometer (Model 11943, Instrumentation
Laboratory Inc., Lexington, MA, U.S.A.).

Drugs used

Lignocaine, monoethylglycinexylidide (MEGX) and glycine-
xylidide (GX) were donated by Astra Pharmaceuticals
Canada Ltd. Arginine vasopressin (AVP) was purchased
from Peninsula Laboratories (Belmont, CA, U.S.A.). Indo-
cyanine green (ICG) was obtained from Aldrich Chemical
Company (Milwaukee, Wisconsin, U.S.A.).

Analysis of data

Lignocaine systemic clearance (ClLig) and ICG systemic
clearance (ClICG) were obtained from the ratio of the rate of
infusion over the plasma concentration at steady state
(Gibaldi & Perrier, 1982). To calculate ClLig lignocaine
plasma concentration at 360 min was used. Hepatic plasma
flow (QH) was considered to be equal to ICG systemic
clearance (Burczynski et al., 1987; Kanstrup & Winkler,
1987; Shak & Keiding, 1987). Urinary excretion rate of PGE2
was assessed from the product of PGE2 urinary concentra-
tion times urine volume divided by the interval of urine
collection. The predicted maximal reduction in hepatic
plasma flow elicited by AVP (E.) and AVP plasma concen-
tration eliciting 50% of E.,, (ED50) were estimated using the
Ema, model (Holford & Sheiner, 1981).

Statistical tests

In the group of rabbits receiving the infusion of 2.5% NaCl,
the studied parameters were always stable after 300 min and
for this reason, the mean ± s.e.mean values represent the
arithmetic mean of the values measured at 300, 330 and
360 min. The effect of dehydration and of hyperosmolal hyd-
ration on lignocaine disposition was assessed by a one way
analysis of variance for parallel groups and Dunnett's tables
were used to determine the P value (Winer, 1971). The
minimal level of statistical significance was established at
P = 0.05. All results are presented as mean ± standard error
of the mean (s.e.mean).

Results

In control rabbits receiving only the infusion of lignocaine,
plasma osmolality remained stable all through the study
(Table 1). In the group of rabbits subjected to water depriva-
tion for 48 h, plasma osmolality values were significantly
higher than those in control animals. The infusion of 2.5%
NaCI increased plasma osmolality gradually, to reach values
of 296 ± 2 mOsm kg-' at 240 min, and higher than 300
mOsm kg-' after 270 min of infusion of NaCl 2.5% (Table
1). Compared to the control group, mean values of urine
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Table 1 Plasma and urine osmolalities in control rabbits, rabbits deprived of water for 48 h and rabbits infused an hyperosmolal
solution (NaCI 2.5%)

Time (min)

Controls
Dehydrated
Hyperosmolal hydration

Interval of urine collection (min)

Controls
Dehydrated
Hyperosmolal hydration

0 min

283 ± 2
318 ± 4*
285 ± 3

-60 to 0 min

778 ± 96
1667 ± 109*
887 ± 102

Plasma osmolality (mOsm kg-')
270 min 330 min

287 ± 2
321 ± 1*
313±2t

287 ± 2
320± 1*
312 ± 2t

Urine Osmolality (mOsm kg-')
0 to 120min 120 to 240min

926 ± 68
1386 ± 99*
1061 ± 155

759 ± 78
1128 ± 136*
1233 ± 155*

Values are mean ± s.e.mean; *P< 0.01 compared to values in control rabbits; tP <0.01 compared to values at time 0 min and to
values of control rabbits.

osmolality were higher in both dehydrated rabbits and
hyperosmolal-hydrated rabbits (Table 1). Sodium plasma
concentrations in dehydrated and hyperosmolal-hydrated
rabbits were greater than those in control rabbits, i.e.
165.3 ± 1.4 and 322.0 ± 24.4 mmol l-' versus 137.4 ± 0.4
mmol 1-' (P< 0.01), respectively.

In control rabbits, plasma concentrations of AVP ranged
between 0.7 and 6.3 pg ml-' (3.4 ± 0.2 pg ml-'), and re-
mained constant throughout the experiment. In dehydrated
rabbits, AVP plasma concentrations were always significantly
higher than those in control animals, and in hyperosmolal-
hydrated rabbits, AVP plasma concentrations increased pro-
gressively to remain stable at 300min (Figure 1). Baseline
values of PRA (- 60 min) were similar in all three groups of
rabbits, but in dehydrated rabbits mean PRA values in-
creased until the end of the experiment (Figure 1). Hydration
with a hyperosmolal solution tended (P> 0.05) to lower
PRA values at 330 min. In dehydrated rabbits, at 330 min,
plasma concentrations of ANP were lower than in the con-
trol group (Figure 1). Hydration with the hyperosmolal solu-
tion did not affect ANP plasma concentrations. Urinary
excretion rate of PGE2 was highly variable, and no
differences in the baseline values were detected between the
groups (urine collected from -60 to 0 min) (Table 2). In the
control group, urinary excretion of PGE2 increased with the
infusion of lignocaine (urine collected from 0 to 240 min);
however, this was not observed in dehydrated or hyper-
osmolal-hydrated rabbits.

In the three groups of rabbits, lignocaine plasma concen-
trations had already reached steady state at 240 min. In the
control group, lignocaine mean steady state plasma concen-
trations remained constant at around 1.4jygml-' (Figure 2).
Both in dehydrated and in hyperosmolal-hydrated rabbits,
average steady state plasma levels of lignocaine were approx-
imately 60% higher than in control animals, i.e. 2.4 and
2.2 fig ml1 (P< 0.01), respectively (Figure 2). The increase in
steady state plasma concentrations of lignocaine was secon-
dary to the decrease in the clearance of lignocaine, which, at
360 min, averaged 96 ± 5 ml min' kg-' in control animals,
54±3mlmin'lkg-' (P<0.01) in dehydrated rabbits and
59± 1 ml min' kg-' (P<0.01) in hyperosmolal-hydrated
rabbits.

In control rabbits, MEGX and GX plasma concentrations
reached steady state at around 300 min (Figure 2), attaining
an average level of 0.22 ± 0.02 and 0.23 ± 0.01 jig ml-',
respectively. Plasma levels of MEGX were increased in
dehydrated rabbits by approximately 300% but were not
affected in hyperosmolal-hydrated rabbits. On the other
hand, both experimental conditions increased plasma levels
of GX (Figure 2).
ICG systemic clearance was assumed to reflect hepatic

plasma flow based on two facts: (1) the ratio of ICG
infusion rate to ICG steady state serum concentration yields
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solution (U). Mean values ± s.e.mean. *P<0.01.

a value of ICG clearance that is 7.4% of the value of hepatic
plasma flow assessed by the transhepatic extraction ratio
method (Pollack et al., 1990), and (2) in the rabbit, ICG
clearance values derived at steady state generate values of
hepatic plasma flow that are similar to the values estimated
using labelled microspheres (Neutze et al., 1968). Two

360 min

286 ± 1
324 ± 2*
313 ± 2t

240 to 360 min

511 ± 122
1217 ± 148*
1093 ± 114*
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Table 2 Urinary rate of excretion of prostaglandin E2 (ng min-') in control rabbits, in rabbits deprived of water for 48 h and in
rabbits infused an hyperosmolal solution (NaCl 2.5%)

Interval of urine
collection (min)

Controls
Dehydrated
Hyperosmolal

hydration

-60 to 0min

0.048 ± 0.017
0.368 ± 0.192
0.109 ± 0.057

0 to 240 min

0.179 ± 0.013*
0.101 ± 0.019
0.220 ± 0.080

240 to 360 min

0.160 ± 0.054
0.153 ± 0.052
0.118 ± 0.0034

Values are mean ± s.e.mean. *P<0.05 compared to -60 to 0 min values.
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Figure 3 Relationship between the changes in hepatic plasma flow
as a function of plasma concentrations of arginine vasopressin
(AVP). The relationship is defined by the following equation:
E = Eba + [Emax X CAVP/(Emax + ED50)], where E are the changes in
hepatic plasma flow, Eb>, is the baseline value of hepatic plasma flow,
Emax is the predicted maximal effect of AVP on hepatic plasma flow,
and ED50 is the concentration of AVP eliciting 50% of Emax, and
CAVP are plasma concentrations of AVP. Ema.x = 19.6 mlmin-';
ED50 = 28.7 pg ml- '.
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AVP plasma concentrations. Based on the Ema. model, it was
possible to predict the maximal effect of AVP (Emax) on
hepatic plasma flow, i.e. it was reduced to values of
19.6 ml min' kg-'. In addition, the concentration of AVP
eliciting 50% of Emax (EDm,) was 28.7 pg ml-' (R = 0.93 and
sum of squared residuals = 33. 1).

Discussion
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Figure 2 Changes in mean lignocaine (a), monoethylglycinexylidide
(MEGX) (b), and glycinexylidide (GX) (c), plasma concentrations as

a function of time in control rabbits (0), animals deprived of water
for 48 h (A) and rabbits receiving an infusion of 2.5% NaCI solu-
tion (-). Mean values ± s.e.mean. *P<0.0J.

minutes after the intravenous injection of 17 or 84 ng kg-' of
AVP, plasma peak concentrations of AVP were of the order
of 26 ± 2 or 279 ± 22 pg ml-', which decreased with a half
life of approximately 4 min. Baseline hepatic plasma flow
was 38.9 ± 2.7 ml min-' kg-' and at peak concentrations of
AVP (dose 17 ng kg-'), this value decreased to 29.4 ± 2.3
ml min-' kg-'; however, this difference did not reach statis-
tical significance. After the 84 ng kg-' dose of AVP,
hepatic plasma flow was reduced to 19.6 ± 2.5 ml min-' kg-'
(P<0.01). When the changes in hepatic plasma flow are

represented graphically as a function of AVP plasma concen-

trations, a hyperbola is apparent (Figure 3), suggesting a

direct relationship between changes in hepatic blood flow and

The aim of the present study was to assess the effect of
endogenous peptides eliciting a potent constriction of the
splanchnic vascular bed, i.e. AVP and angiotensin (McNeill,
1976; Richardson & Withrington, 1981; Schrauwen &
Houvenaghel, 1982; Altura & Altura, 1984) on the disposi-
tion of lignocaine, a flow-dependent drug. To elevate plasma
concentrations of AVP and PRA, plasma osmolality was

increased by depriving rabbits of water for 48 h. To increase
only AVP, another group of rabbits received by infusion a

hyperosmolal solution. In addition to osmolal changes,
dehydration should reduce the circulating volume and ANP
(Trapani et al., 1988), and conversely, hyperosmolal hydra-
tion should increase both of them (Kinsey, 1981; Lang et al.,
1985; Yandle et al., 1986). Lignocaine plasma levels were

augmented in dehydrated rabbits and in hyperosmolal-
hydrated rabbits. MEGX levels were increased only in
dehydrated animals, although GX levels were enhanced
under both experimental conditions.

In man, lignocaine is dealkylated and hydroxylated to
generate MEGX, 3-hydroxy- and N-hydroxy-lignocaine,
respectively, dealkylation being the major route of degrada-
tion, i.e. around 80% of the dose. Dealkylation occurs at
very rapid rates and is responsible for the blood flow-
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dependent clearance of lignocaine (Stenson et al., 1971; Wil-
kinson & Shand, 1975). MEGX is also dealkylated and
hydroxylated to produce GX, 3-hydroxy- and N-hydroxy-
MEGX; however, the major route of MEGX elimination is
hydrolysis, to yield 2,6-xylidine. GX biotransformation
includes essentially hydrolysis to yield 2,6-xylidine (Drayer et
al., 1983). MEGX clearance may be influenced by changes in
hepatic blood flow since its rate of elimination parallels that
of lignocaine (Bennett et al., 1982); however, GX clearance is
around 165 ml min-' of which almost half is renal, thus GX
metabolic clearance should be minimally affected by changes
in blood flow (Strong et al., 1975). In the rabbit, as in other
species (Keenaghan & Boyes, 1972), the metabolism of lig-
nocaine yields the same metabolites (Hollunger, 1960). How-
ever, the relative importance of each pathway varies; for
instance, in man, steady state MEGX and GX concentrations
are around 50 and 20% of lignocaine plasma levels (Prescott
et al., 1976; Bennett et al., 1982); in the dog, these figures are
20 and 50% (du Souich et al., 1992) and in the rabbit, in the
present study, MEGX and GX concentrations were 15 and
17% of lignocaine plasma concentrations.
In control rabbits, lignocaine clearance was 96 ± 5 ml

min- kg-'. However, since lignocaine binds to erythrocytes
(ratio of plasma to erythrocyte concentration 1.66), the value
of blood lignocaine clearance is around 40% lower, i.e.
60 ml min-' kg-' (Tucker et al., 1970). Hepatic plasma flow
estimated in the present and other studies is about
40 ml min'I kg-' (Marleau et al., 1987; Gariepy et al., 1992)
therefore, hepatic blood flow should be about 67 ml min-'
kg-' assuming an average haematocrit of 0.4. As a conse-
quence, it is possible to assume that most lignocaine bio-
transformation could happen in the liver.

In dehydrated rabbits, several factors should contribute to
reduce hepatic blood flow, such as reduced circulating
volume, increased AVP and angiotensin II plasma levels
(Brough et al., 1975; McNeill et al., 1976; Richardson &
Withrington, 1981), and elevated plasma levels of cate-
cholamines (Richardson & Withrington, 1977). This reduc-
tion in hepatic blood flow may explain in part the increase in
lignocaine and MEGX plasma concentrations. To explain the
increase in GX plasma levels, assuming MEGX de-ethylation
was reduced, we may speculate that dehydration decreased
the rate of GX elimination.

In the group of animals receiving the infusion of the
hyperosmolal solution, the clearance of lignocaine decreased
by 39%, and as discussed earlier, a reduction of this mag-
nitude implies a decrease in its dealkylation. The repercus-
sions of a rise in plasma osmolality of the order of
30 mOsm kg-' on mesenteric resistance and intrahepatic
blood distribution are unknown. It has been reported that
moderate increases in plasma osmolality, of the order of
5 mOsm kg-', enhance hepatic blood flow by about 10%
(Levine et al., 1978; Richardson & Withrington, 1980). On
the other hand, Ballet et al. (1988) reported that increasing
concentrations of AVP were able to augment portal resis-
tances even in the presence of enhanced hepatic blood flow.
Since in the present study AVP plasma concentrations in-
creased, we may speculate that high AVP plasma concentra-
tions may override the effect of a hyperosmolal-induced
increase in liver blood flow. We may postulate that under the
present experimental conditions, hepatic plasma flow was

decreased by elevated AVP plasma concentrations and as a
consequence, the clearance of lignocaine was diminished. The
possibility that AVP decreases lignocaine clearance by reduc-
ing splanchnic blood flow is supported by the fact that the
changes in lignocaine plasma concentrations were correlated
with the changes in AVP (R2 = 0.5168, P<0.001). In
hyperosmolal-hydrated rabbits, MEGX plasma levels were
not modified. However, since lignocaine clearance was
reduced, MEGX formation was probably decreased and
therefore, its elimination must also be lessened. To explain
the increase in GX concentrations, an increase in MEGX
dealkylation cannot be invoked, but rather a decrease in GX
elimination.
As discussed earlier, both dehydration and the infusion of

a solution of 2.5% NaCl promote multiple homeostatic reac-
tions; since AVP was increased under both experimental
conditions, AVP may account, at least in part, for the
decrease in MEGX and GX elimination. AVP binds to VI
and V2 receptors, the former being on smooth muscle cells,
hepatocytes, platelets and kidneys; VI receptors are coupled
to phospholipase C, responsible for the formation of diacyl-
glycerol and inositol-1,4,5-trisphosphate that will increase
intracellular calcium. V2 receptors are located mainly in the
kidneys, where AVP activates adenylate cyclase that will
promote the synthesis of adenosine 3':5'-cyclic monophos-
phate (cyclic AMP) (Hays, 1990). The influence of intracel-
lular increases in diacylglycerol, inositol-1,4,5-trisphosphate
or calcium on phase I reactions of biotransformation is
unknown. It is possible that stimulation of V2 receptors may
influence the metabolism of lignocaine and its metabolites
since it has been shown that cyclic AMP inhibits hepatic
phase I reactions (Weiner et al., 1972a,b; Weiner, 1973), and
in addition, it appears that the kidneys of rabbits have the
ability to metabolize lignocaine (Akerman et al., 1966). We
may speculate that increases in AVP not only reduce splan-
chnic blood flow, but also decrease the rate of metabolism of
selected drugs. Indeed, further studies are needed to verify
such a hypothesis.
The observations reported in the current study may be

helpful in predicting situations where lignocaine or its
metabolites can accumulate and as a consequence, toxicity
could be observed. The pathological states where effective
plasma volume is reduced, such as patients with left heart
failure, hypotension of any cause, congestive heart failure,
dehydration and in the elderly, entail an elevation of AVP,
angiotensin II and other peptides plasma levels, which can be
the cause of accumulation of lignocaine and its metabolites.
As a consequence, the risks of toxicity will be augmented. It
is interesting to note that Prescott et al. (1976) reported that
in patients with congestive heart failure, lignocaine plasma
concentrations were greately increased, secondary to a low
cardiac output and increased peripheral resistances, but in
addition, as observed in the present study, MEGX plasma
concentrations were also increased.
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Endothelium-derived relaxing factor released by 5-HT: distinct
from nitric oxide in basilar arteries of normotensive and
hypertensive rats

Yoshihiro Yokota, 'Yuji Imaizumi, *Masahisa Asano, *Tomohiro Matsuda & Minoru
Watanabe

Department of Chemical Pharmacology, Faculty of Pharmaceutical Sciences, and *Department of Pharmacology, School of
Medicine, Nagoya City University, 3-1 Tanabedori, Mizuhoku, Nagoya 467, Japan

1 The role of the endothelium in cerebrovascular responses to 5-hydroxytryptamine (5-HT) was

investigated in spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY) in
vitro.

2 Cumulative addition of 5-HT caused concentration-dependent contractions in ring preparations of
SHR basilar arteries; the contractile response was smaller in WKY basilar arteries.
3 Removal of the endothelium enhanced markedly the contractile responses to 5-HT in WKY arteries
but had only a slight effect in SHR arteries. The responsiveness to 5-HT in WKY arteries after removal
of endothelium was comparable to that in SHR arteries.
4 The endothelium-dependent relaxation induced by acetylcholine in WKY basilar arteries was almost
abolished by treatment with 10 pLM methylene blue or 10 tlM NG-nitro-L-arginine (L-NOARG). However,
the response to 5-HT was not affected by treatment with methylene blue, L-NOARG or indomethacin.
5 Application of 10-20 mM K+ or 3.2 mM tetraethylammonium (TEA) did not change significantly, or

only increased slightly, the resting tension, but markedly enhanced the contractile response to 5-HT in
WKY arteries with endothelium. In contrast, the submaximal response to 5-HT in SHR arteries with
endothelium was significantly enhanced by 0.3 mM TEA.
6 In the presence of 1 mM TEA, the application of 10 LM L-NOARG further enhanced the responses
of 5-HT in WKY arteries with endothelium. In SHR arteries with endothelium, 10 pM L-NOARG per se

enhanced slightly but significantly the responses to 5-HT.
7 These results indicate that 5-HT-induced contraction in basilar arteries is substantially attenuated by
an endothelium-dependent mechanism in WKY, but to a much lesser extent in SHR. The major relaxing
factor released by 5-HT from endothelium in WKY is distinct from NO and may exert its effect by
activating K+ channels.

Keywords: Basilar artery; endothelium-derived relaxing factor; endothelium-derived hyperpolarizing factor; nitric oxide; K+
channel; 5-hydroxytryptamine; spontaneously hypertensive rats

Introduction

Endothelial cells modulate underlying vascular smooth-
muscle tone by releasing substances such as endothelium-
derived relaxing factor (EDRF; Furchgott & Zawadzki,
1980) and endothelium-derived contracting factor (EDCF;
Vanhoutte, 1987). EDRF is either nitric oxide (NO) or an
unstable nitroso-related compound (Palmer et al., 1987;
Ignarro et al., 1987). The characteristics of EDCF, however,
vary with species and tissue (Altiere et al., 1985; Vanhoutte &
Katusic, 1988). NO is synthesized from L-arginine by
endothelial cells, and its synthesis is inhibited by analogues of
L-arginine such as NG-nitro-L-arginine (L-NOARG). In some
isolated vessels, however, L-NOARG has no or little effect on
endothelium-dependent relaxation induced by vasodilators,
suggesting that NO has little responsibility for relaxation.
Since this L-NOARG-resistant relaxation is accompanied by
membrane hyperpolarization, it appears to be caused by the
release of a factor which hyperpolarizes smooth muscle cells
by opening K+ channels (endothelium-derived hyperpolariz-
ing factor, EDHF) (Chen et al., 1991; Garland & McPher-
son, 1992; Nagao & Vanhoutte, 1992).

During chronic hypertension, the endothelium changes
both morphologically and functionally (Winquist et al.,
1984). Relaxation in response to acetylcholine (ACh) is
attenuated in the peripheral arteries of spontaneously
hypertensive rats (SHR; Konishi & Su, 1983; Watt & Thurs-

Author for correspondence.

ton, 1989); these studies suggest that chronic hypertension
impairs endothelium-dependent relaxation. However, Luscher
& Vanhoutte (1986a) have shown that relaxant response to
ACh in precontracted arterial rings is reduced in SHR and
that the reduction is normalized after exposure to
indomethacin. Moreover, in resting conditions, ACh caused
endothelium-dependent contractions; these contractions were
inhibited by indomethacin in rings from SHR but not from
normotensive Wistar-Kyoto rats (WKY). These authors sug-
gest that the reduced endothelium-dependent relaxations in
SHR may be due to a simultaneous release of cyclo-
oxgenase-dependent EDCF rather than to a reduced release
of EDRF. Little is known concerning the role of EDHF in
hypertension.

Studies on the role of endothelial cells in cerebral arteries,
especially in response to 5-hydroxytryptamine (5-HT), have
yielded conflicting results; it has been reported that cerebral
vasoconstriction induced by 5-HT is dependent (Nakagomi et
al., 1988) as well as independent (Young et al., 1986) of the
endothelium. It has also been reported that the removal of
the endothelium potentiates contraction but not membrane
depolarization induced by 5-HT in the rabbit basilar artery
(Garland, 1987). The present experiments were designed to
determine whether the cerebrovascular reactivities to 5-HT
are modulated by endothelium and are impaired in SHR.
Moreover, efforts were made to determine the characteristics
of the modulation by the endothelium.

'." Macmillan Press Ltd, 1994
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Methods

Experiments were performed on basilar arteries isolated from
age-matched (15-16 weeks) male SHR and normotensive
WKY. Rats were killed by stunning and the chest cavity
opened. The brain was removed and placed in Krebs solution
at room temperature. The basilar artery was carefully
dissected from the brain with the aid of a dissecting micro-
scope. The vessel was freed of fat and connective tissues and
cut into rings (1 mm in length) with scissors. For some
experiments, the endothelial cells were destroyed at this stage
by rubbing the intimal surface gently with a stainless steel
wire of appropriate diameter (- 150 gm) inserted through
the lumen. The procedure was performed carefully to
minimize damage to the arterial smooth muscle. Removal of
the endothelium was confirmed by lack of a relaxation res-
ponse to 1 gLM ACh in rings precontracted with 1 gM 5-HT
(see below).
For tension measurement, 2 stainless steel wires (each

50 g1m in diameter) were introduced through the lumen of an
arterial ring under a dissecting microscope in a 0.9 ml organ
chamber filled with Krebs solution. Special care was taken to
avoid damage to the artery. One wire was fixed to the silicon
rubber attached to the bottom of the chamber and the other
was tightly attached to a lever of a force-displacement trans-
ducer for isometric tension recording. The transducer was
mounted on a micromanipulator movable in x, y and z
directions. The 2 wires were carefully kept parallel to each
other and the distance was adjusted to apply a resting ten-
sion to the vascular ring. The rings were suspended in an

organ chamber and superfused at 350C with Krebs solution
bubbled with 95% 02:5% CO2 at a rate of 4 ml min-'. The
rings were allowed to equilibrate at a predetermined optimal
resting tension of 1 mN for at least 60 min before the start of
experiments. After this procedure, the rings were repeatedly
exposed to 80 mM K+ solution at intervals of about 30 min
until the contraction was reproducible. When the amplitude
of the contractile response to 80 mM K+ was measured
changing resting tension by 0.5 mN step from zero to 5 mN,
the response was the largest at resting tension in a range of
1-2mN.
Concentration-response relationships were determined by

cumulative addition of 5-HT (0.1 nM -10 fM) to rings with
or without endothelium. Experiments were also performed in
the presence of 101M indomethacin to prevent the produc-
tion of vasoactive prostanoids. Some experiments were per-
formed in the presence of 10IM methylene blue or 10 LM

L-NOARG inhibitors of guanylate cyclase and nitric oxide
synthesis, respectively. To study the contribution of K+
channels, 10-20 mM K+ or 0.1- 3.2 mM tetraethylammonium
(TEA) was added to the perfusion solution 15min prior to
the 5-HT application and was present throughout the
experiments. In these experiments, results are expressed as a
percentage of the maximal response to 80 mM K+ solution in
each preparation.

In experiments studying relaxation, the rings were precon-
tracted by a single addition of 1 gM 5-HT which caused
submaximal tension development. After the contraction
reached a plateau, ACh was added cumulatively in a concen-
tration range of 1 nM to I gM. In some experiments, 1O LM

L-NOARG was added to the perfusion solution 15 min prior
to the application of ACh. The relaxation was expressed as a
percentage, taking the amplitude of precontraction induced
by 1 gLM 5-HT as 100%.
The composition of Krebs solution (in mM) was as follows:

NaCl 11 2, KCI 4.7, CaCl2 2.2, MgCI2 1.2, NaHCO3 25,
KH2PO4 1.2, and glucose 14. High K+ (10, 15, 20, or 80mM
K+) solution was prepared by replacing NaCl with equimolar
KCI. Drugs used were acetylcholine chloride (ACh) and 5-
hydroxytryptamine creatinine sulphate (5-HT; Wako Pure
Chemical, Osaka, Japan); methylene blue and indomethacin
(Sigma Chemical Co., St. Louis, MO.); tetraethylammonium
(TEA; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan);

and N0-nitro-L-arginine (L-NOARG; Peptide Institute Inc.,
Osaka, Japan). Indomethacin was dissolved in ethanol for
stock solutions, L-NOARG in 0.1 M HCl, and other drugs in
distilled water. All drugs were further diluted 1,000 fold or
more in Krebs solution to give the final concentrations.

Results are given as mean ± s.e.mean. Statistical
significance was determined using Student's t test for unmat-
ched pairs. Means were considered significantly different
when P was less than 0.05.

Results

Figure la shows typical traces of mechanical responses to
5-HT in SHR and WKY basilar arteries with endothelium.
Cumulative application of 5-HT elicited concentration-
dependent contractile responses that reached maximal values
at 1 ELM. However, SHR basilar arteries were more sensitive
to 5-HT than those from WKY (Figure la). The maximal
contractile response of SHR arteries to 5-HT
(1.88 ± 0.07 mN, n = 5) was about 5 times larger than that of
WKY arteries (0.40 ± 0.02 mN, n = 5, P<0.001 vs. SHR).
In contrast, the maximal contractile response to 80mM K+
solution in SHR basilar arteries (2.09 ± 0.09 mN, n = 10) was
only slightly smaller than that from WKY (2.40 ± 0.04 mN,
n= 10, P<0.01).
As shown in Figure lb, removal of the endothelium

dramatically enhanced the contractile response to 5-HT in
WKY, resulting in responses similar to those in SHR. The
maximal contractile response to 5-HT in arteries from WKY
was approximately doubled by the removal of endothelium
(0.96 ± 0.22 mN, n = 5). The contractile response to 80 mM
K+ solution was, however, significantly decreased by removal
of endothelium in both strains (1.28 ± 0.09 mN in WKY,
n = 10; 1.12 ± 0.15 mN in SHR, n = 10), suggesting that rub-
bing the vascular endothelium probably causes some damage
to the smooth muscles. Another method for disrupting the
endothelium, perfusion with 0.1% Triton X-100, appeared to
damage the smooth muscle to a similar extent. Therefore, in
the present study, the endothelium continued to be removed
by rubbing. To normalize data, results are shown as percen-
tages of the maximal response to 80 mM K+ solution in each
normal or rubbed preparation.
The mean dose-response relationships for 5-HT are shown

in Figure 2. In WKY and SHR arteries with endothelium,
the maximal response to 5-HT was 16.6 ± 0.8 and
91.7 ± 3.0% of the maximal response to 80 mM KCl, respec-
tively. Although the removal of the endothelium significantly
enhanced 5-HT-induced contraction relative to that induced
by 80 mM K+ in both WKY and SHR arteries (71.8 ± 5.4
and 101.9 ± 4.1%, respectively; n = 5 for each), the enhance-
ment was more pronounced in WKY than in SHR. It is
notable that without endothelium, the responsiveness to 5-
HT of WKY smooth muscle was only slightly lower than
that of SHR. These observations suggest that smooth muscle
contraction in response to 5-HT is markedly attenuated by
an endothelium-dependent mechanism in WKY but only
minimally attenuated in SHR.
To examine the possibility that arachidonic acid

metabolites such as prostacyclin (PGI2) may contribute to the
endothelium-dependent attenuation of contractile responses
to 5-HT, the effect of 10 iM indomethacin on the response of
arteries to 5-HT was examined (Figure 2). Treatment with
IOM indomethacin did not affect significantly the dose-
response relationships for 5-HT in either strain, indicating
that the relaxing factor is not a cyclo-oxygenase product. The
resting tension was not affected by 10 AM indomethacin in
either strain.

Effects of pretreatmemt with methylene blue or L-NOARG
on 5-HT-induced contraction were examined in WKY
arteries. Rings with endothelium were exposed to 10 gM
methylene blue or 10 M L-NOARG approximately 15 min
prior to the cumulative addition of 5-HT. As summarized in
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Figure 1 Typical traces of the contractile responses to 5-hydroxytryptamine (5-HT) in rings of basilar arteries from spontaneously
hypertensive rats (SHR) and Wistar-Kyoto rats (WKY) with (a) and without (b) endothelium. 5-HT was added cumulatively at
concentrations shown below the traces as - log M. W indicates washout of drugs. Note that responsiveness to 5-HT was markedly
increased by removal of endothelium in WKY but not in SHR.

Figure 3, neither agent significantly affected resting tension
or 5-HT-induced contraction. These results strongly suggest
that the substance which is responsible for the endothelium-
dependent attenuation of the contractile responses to 5-HT in
rat basilar arteries is not NO.

Figure 4 shows the effect of L-NOARG on ACh-induced
relaxation in basilar arteries which were precontracted by
1 llM 5-HT. Interestingly, a single addition of 1 04M 5-HT
caused a large contraction in both WKY arteries
(1.65 ± 0.10 mN, n = 15) and SHR arteries (1.85 ± 0.06 mN,
n = 15). In contrast, a cumulative addition of 5-HT from
10 pM to 10 gM induced only small contractions (see Figures
1 and 2). Although the contraction induced by the single
addition of 5-HT in WKY arteries was occasionally phasic
and declined gradually after peaking, the contraction had a
sustained component in over 60% of the preparations
examined. Such a sustained contraction was always observed
in WKY rings without endothelium and in SHR rings with
and without endothelium. Under these conditions, ACh
relaxed the precontracted arteries of both strains in a

concentration-dependent fashion. The maximal relaxation
induced by ACh was, however, significantly smaller in SHR
arteries (41.1 ± 2.1% of an 80 mM K+-induced contraction,
n = 5) than in WKY arteries (88.1 ± 2.0%, n = 5, P<0.001
vs. SHR). Treatment with 1O0LM L-NOARG as well as the
removal of endothelium, completely inhibited the ACh-
induced relaxation in both strains. A similar inhibitory action
was obtained using 1OgM methylene blue (data not shown,
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Figure 2 Effects of endothelium removal and treatment with
indomethacin on the contractile responses to 5-hydroxytryptamine
(5-HT) in rings of basilar arteries from WKY (a) and SHR (b). The
maximum amplitude of an 80 mM K+-induced contraction was taken
as 100% in each preparation. Symbols indicate relative amplitude of
5-HT-induced contraction in rings with endothelium (@) (n = 5);
without endothelium (0) (n = 5); with endothelium in the presence
of 10 4M indomethacin (A) (n = 5). Indomethacin was applied to the
rings at least 15 min prior to the addition of 5-HT. *P< 0.05;
**P<0.01 and ***P<0.001 compared with values with
endothelium for each strain.

n = 5). These results indicate that the relaxation response to
ACh was mediated mainly by the release of NO from
endothelium and was significantly reduced in SHR, as has
been noted in other vessels (Mayhan et al., 1987).
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Figure 3 Effects of methylene blue and NG-nitro-L-arginine (L-
NOARG) on 5-hydroxytryptamine (5-HT)-induced contraction in
rings of basilar artery with endothelium from WKY. Rings were
exposed to 10 LM methylene blue or 10IM L-NOARG for approx-
imately 15 min prior to the cumulative addition of 5-HT. The max-
imum amplitude of an 80 mm K+-induced contraction was taken as
100% in each preparation. Symbols indicate relative amplitude of
5-HT-induced contraction in rings with endothelium (0) (n = 5);
without endothelium (0) (n = 5); with endothelium in the presence
of 10IM methylene blue (A) (n = 5); with endothelium in the
presence of IO AM L-NOARG (A) (n = 5). *P<0.05, **P<0.0I and
***P<0.001 compared with the values with endothelium in WKY.
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Figure 5 Effect of high K+ on the contractile responses to 5-
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Figure 4 Effects of NG-nitro-L-arginine (L-NOARG) on endo-
thelium-dependent relaxation induced by acetylcholine (ACh) in
rings of basilar arteries from WKY (a) and SHR (b) which had been
precontracted with 1 gM 5-hydroxytryptamine (5-HT). Relaxations
were expressed as percentages of the 1 IM 5-HT-induced contrac-
tions. Rings were exposed to 10 M L-NOARG for approximately
15 min prior to the addition of ACh. Symbols show relative relaxa-
tion in rings with endothelium (@) (n = 5); without endothelium (0)
(n = 5); with endothelium in the presence of L-NOARG (A) (n = 5).
*P<0.05, **P<0.01 and ***P<0.001 compared with the values
with endothelium for each strain.

Figure 5 shows the influence of an increase in extracellular
K+ concentration on the contractile response of WKY
arteries to 5-HT. In 10, 15, or 20mM K+ solutions, the
tension of basilar arteries developed slightly but significantly
by 0.3 ± 0.3, 1.9± 1.0 and 9.7 ± 1.4% of the 80mM K+-
induced contraction, respectively. The contractile response of
arteries to 5-HT was significantly enhanced in these high K+
solutions. In contrast, the maximal response to 5-HT in
endothelium-rubbed WKY arteries was not significantly
affected by an increase in extracellular K+ concentration to
20 mM (data not shown, n = 5). These results suggested that
the endothelium-dependent attenuation of 5-HT-induced con-
traction may be mediated by the activation of K+ channels.
Therefore, the effect of tetraethylammonium (TEA), a K+-
channel blocker, on the response of WKY arteries to 5-HT
was examined (Figure 6).

Figure 6a shows a typical trace of mechanical responses to
5-HT in WKY basilar arteries with endothelium in the

presence of 3.2 mM TEA. Application of TEA did not
significantly change the resting tension but dramatically
augmented the 5-HT-induced contractions which were
accompanied by rhythmic oscillations (Figure 6a, right). The
enhancement of 5-HT-induced contraction by TEA depended
upon the concentration of TEA in the range 0.1 to 3.2mM
(Figure 6b left). At a higher concentration (3.2mM) TEA
significantly enhanced the maximal contraction from
16.6±0.8 to 66.6±3.3% (P<0.001) of an 80mM K+-
induced contraction.

Figure 6b (right) shows the effects of a further addition of
10 JIM L-NOARG in the presence of 1 mM TEA on 5-HT-
induced responses in WKY arteries with endothelium.
Although the application of 10 M L-NOARG alone did not
affect the response (see Figure 3), application in the presence
of 1 mM TEA induced an additional enhancement of the
response. These results strongly suggest that a TEA-sensitive
relaxing factor, which is distinct from NO, predominates in
the response to 5-HT in WKY arteries. However, NO is also
released and functional when the effect of the major factor is
blocked by TEA or high K+.

In SHR arteries with endothelium, application of 0.3 or
3.2 mM TEA increased the resting tension by 6.3 ±+2.1 and
32.7 ± 3.6% of the 80 mM K+-induced contraction, respec-
tively. Therefore, only the effect of 0.3 mM TEA on the
response to 5-HT was examined. In contrast to WKY
arteries, the application of 0.3 mM TEA -significantly
enhanced the response of SHR arteries to low concentrations
of 5-HT and did not affect the maximal response (Figure 7).
Moreover, 10 AM L-NOARG, itself, also enhanced the res-
ponse to low concentrations of 5-HT.

Discussion

It is apparent that the contractile response to 5-HT in WKY
is greatly attenuated by endothelium-dependent mechanisms.
In contrast to previous observations in the cat and human
basilar arteries (Conde et al., 1991), removal of the
endothelium markedly augmented 5-HT-induced contractions
in WKY basilar arteries. The augmentation of the contrac-
tion by removal of endothelium in WKY basilar arteries
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Figure 6 Effects of treatment with tetraethylammonium (TEA) and/or N0-nitro-L-arginine (L-NOARG) on 5-hydroxytryptamine

(5-HT)-induced contraction in rings of basilar arteries with endothelium from WKY. (a) 5-HT was added cumulatively at

concentrations shown below the traces as log M. Rings were exposed to 3.2 mm TEA for approximately 15 min prior to the

addition of 5-HT. W indicates washout of drugs. (b) (left): Summarized data of the results as shown in (a). Symbols indicate
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(A), and 3.2 mm~v TEA (A). (b) (right): Effect Of L-NOARG on 5-HT-induced contraction in the presence of mms TEA from

15 min prior to the addition of 5-HT. Symbols indicate relative amplitude of 5-HT-induced contraction in the absence of TEA and
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The maximum amplitude of an 80 mm KI-induced contraction was taken as 100% in each preparation (n =5). *P <0.05 and
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FIgure 7 Effects of N0-nitro-L-arginine (L-NOARG) and tetra-

ethylammonium (TEA) on 5-hydroxytryptamine (5-HT)-induced con-

traction in rings of basilar arteries with endothelium from SHR. The

maximum amplitude of an 80 mms KI-induced contraction was taken

as 100% in each preparation. Rings were exposed to 10 JLM L-NOARG
or 0.3 mm TEA for approximately 15 min prior to the addition of

5-HT. Symbols indicate relative amplitude of 5-HT-induced contrac-

tion in the absence Of L-NOARG and TEA (40) (n = 6); in the

presence of 10 ItM L-NOARG (A) (n = 7); in the presence of 0.3 mm

TEA (A) (n = 6). *P<0.05, **P<0.01 and ***P<0.001 compared
with values in the absence Of L-NOARG or TEA.

appears to be similar to that described in canine and rabbit

basilar arteries (Connor & Feniuk, 1989; Garland, 1987;

Trezise et al., 1992). Underlying mechanisms in WKY may,

however, be distinctive from those in dogs and rabbits. In the

present study, treatment with methylene blue Of L-NOARG

affected neither resting tension nor the 5-HT-induced con-

traction in WKY basilar arteries. This treatment and the

removal of the endothelium markedly enhanced 5-HT-

induced contractions in the rabbit and dog, implying that

NO released from endothelium attenuates the contraction.

Moreover, cyclo-oxygenase products such as prostacyclin

(PG12) have no role in resting tension or the response to

5-HT in the WKY basilar arteries, since tension changes were

not affected by treatment with indomethacin. The results

strongly suggest that the major EDRF responsible for the

attenuation of 5-HT-induced contraction in basilar WKY

arteries was neither NO nor cyclo-oxygenase products.
However, the results do not exclude the possibility that

NO has a role as an EDRF in WKY basilar arteries. The

ACh-induced relaxation in precontracted basilar arteries of

both strains was almost completely inhibited by methylene
blue or L-NOARG, and was, therefore, attributable to the

release of NO from the endothelium. Moreover, under condi-

tions where the effect of the major relaxing factor was

blocked by TEA, NO, which was released concomitantly,

significantly contributed to attenuation of the 5-HT-induced
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contraction (Figure 6b, right). In rabbit basilar artery, NO,
which is released by ACh from endothelium, significantly
contributes to the subsequent relaxation (Rand & Garland,
1992). Contribution of NO as a hyperpolarizing factor may
be small in the basilar artery of WKY but was not examined
directly in the present study. Cyclo-oxygenase products do
not appear to have a role even under these conditions
(Yokota, unpublished observation).
The major relaxing factor released from the endothelium in

rat basilar arteries in response to 5-HT was not determined
in the present study. It was, however, found that the relaxing
mechanism was not functional in high K+ solution or in the
presence of the K+-channel blocker, TEA. It has been
reported that L-NOARG-resistant relaxation in some vas-
cular tissues is accompanied by membrane hyperpolarization
caused by EDHF (Chen et al., 1988; 1991; Garland &
McPherson, 1992; Nagao & Vanhoutte, 1992; Pacicca et al.,
1992). This hyperpolarization of smooth muscle cells and the
associated relaxation are impaired by elevating the extracel-
lular K+ concentration or by applying TBA (a non-selective
K+-channel blocker). These observations suggest that the
endothelium-dependent attenuation of 5-HT-induced contrac-
tion in the present study is due to membrane hyperpolariza-
tion via K+-channel activation; however, direct evidence was
not obtained. The marked reduction in 5-HT-induced con-
traction in basilar arteries of both strains by a Ca-channel
blocker (Yokota, unpublished observation) indicates the con-
tribution of Ca2"-influx through voltage-dependent Ca chan-
nels to the contraction. The Ca2'-influx may be elicited by,
or at least enhanced by, membrane depolarization, and may
be reduced by hyperpolarization.
At least two kinds of K+ channels have been postulated as

the targets of endogenous relaxants which hyperpolarize vas-
cular smooth muscle cells (Nelson, 1993): ATP-sensitive K+
channels which are selectively blocked by glibenclamide
(Standen et al., 1989), and Ca2'-dependent K+ channels
which have large conductance (BK channels) and are blocked
by charybdotoxin with relatively high selectivity (Brayden &
Nelson, 1992). In the present study, low concentrations of
TEA markedly reduced the attenuation of 5-HT-induced
contraction, implying that the activation of BK channels by
EDHF may be predominantly important in the response.
Further experiments, such as measurements of membrane
potential and currents of smooth muscle cells, are required to
identify whether activation of K+ channels by EDHF is
responsible for the mechanism in rat basilar artery and, if
this is the case, which kind of K+ channel in the target.

In SHR basilar arteries, a marked contraction was elicited
by 5-HT whether the endothelium was present or absent.
Since the magnitude of contraction induced by 5-HT or
80 mM K+ was almost identical in WKY and SHR rings
without endothelium, the difference between the 2 strains in
the response to 5-HT is mainly due to functional changes in
the endothelium of SHR. Luscher & Vanhoutte (1986b) have
reported that it is the augmented release of EDCF rather
than the decreased release of EDRF that contributes to the
reduction of endothelium-dependent attenuation of contrac-
tile response to 5-HT in the thoracic aorta of SHR. This may

not be so in the basilar artery, since the contractile response
in SHR to 5-HT was slightly but significantly increased by
the removal of endothelium and was not normalized by
treatment with indomethacin. It is, therefore, likely that the
release of an EDHF-like substance from endothelium is
decreased in SHR. However, the change in sensitivity of
smooth muscle cells to the substance cannot be ruled out.
The reason why 0.3 mM TEA significantly increased resting

tension in basilar artery of SHR but not that of WKY could
be explained in a similar manner as suggested for the carotid
artery (Asano et al., 1993). The difference in Ca-channel
activity in WKY and SHR vascular smooth muscle cells has
been speculated upon (Asano et al., 1986). Since Ca2"-influx
at rest through L-type Ca channels in vascular smooth mus-
cle cells in SHR may be larger than those in WKY, the
activity of Ca2"-dependent K+ channels may also be higher
in SHR than WKY as indicated by the 'Rb-efflux rate. The
block of Ca2"-dependent K+ channels by TEA may result in
membrane depolarization and more Ca2"-influx in SHR.
The response to low concentrations of 5-HT in SHR

basilar arteries was significantly augmented by 0.3 mM TEA,
whereas the maximal response was not affected. Higher con-
centrations of TEA were required to augment the response to
5-HT in WKY. The result may be intepreted as follows. The
release of an EDHF-like substance in SHR is small and not
sufficient to reduce the maximal contractile response to 5-HT
but can attenuate submaximal responses. The sensitivity to
TEA, therefore, appears to be higher in SHR than in WKY.
Similar observations have been made in other vasculature of
hypertensive rats (Fujii et al., 1992; Van de Voorde et al.,
1992).
Consistent with previous observations, the present study

also indicates that the release of NO from endothelium in
response to ACh may be greatly reduced in SHR basilar
arteries. Interestingly, treatment with L-NOARG alone did
not affect the 5-HT-induced contraction in WKY basilar
arteries but significantly augmented those from SHR. The
augmentation by L-NOARG in WKY was observed only in
the presence of TEA. Although this result was unexpected, it
may suggest that the relaxation mechanism, including the
synthesis and the release of an EDHF-like substance in the
SHR endothelium, is more seriously impaired than that of
NO.

In conclusion, the endothelium of rat basilar artery exerts
an attenuating influence on the responsiveness of smooth
muscle to 5-HT. The major mechanism for this is not the
release of NO or cyclo-oxygenase products, but may be an
activation of K+ channels, possibly Ca2+-dependent K+
channels. The attenuation was significantly smaller in SHR
than in WKY. The decreased attenuation in SHR may be
explained by the inability of endothelium to release an
EDHF-like substance but not by augmented release of
EDCF.
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son for her critical reading of the manuscript.
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