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1 Treatment of rat mesangial cells with interleukin 18 (IL-1B) or tumour necrosis factor & (TNFa) has
been shown to induce a macrophage-type of nitric oxide (NO) synthase. Here we report that adenosine
3":5'-cyclic monophosphate (cyclic AMP) is another mediator that triggers induction of NO synthase in
mesangial cells.

2 Incubation of mesangial cells with the B-adrenoceptor agonist, salbutamol, forskolin or cholera
toxin, which all activate adenylate cyclase and increase intracellular cyclic AMP concentration, increased
nitrite formation in a dose-dependent manner. Likewise, the addition of the membrane-permeable cyclic
AMP analogue, N°, 0-2’-dibutyryladenosine 3’,5’-phosphate (Bt,cyclic AMP) or the phosphodiesterase
inhibitor, 3-isobutyl-1-methylxanthine enhanced NO synthase activity in a dose-dependent manner.
3 There was a lag period of about 8 h before a significantly enhanced secretion of nitrite could be
detected upon exposure of cells to forskolin and for maximal stimulation, forskolin had to be present
during the whole incubation period.

4 Treatment of mesangial cells with actinomycin D, cycloheximide or dexamethasone completely
suppressed forskolin-stimulated NO-synthase activity, thus demonstrating that transcription and protein
synthesis are necessary for nitrite formation.

5 Bt, cyclic AMP, the most potent inducer of nitrite production, increased NO synthase mRNA levels
in mesangial cells in a time- and dose-dependent fashion. Dexamethasone completely inhibited the
increase of NO synthase mRNA in response to Bt, cyclic AMP.

6 Combination of Bt, cyclic AMP and IL-18 or TNFa revealed a strong synergy in terms of nitrite
formation. Time-course studies indicated that cyclic AMP needed to be increased during the whole
period of IL-1B stimulation for maximal nitrite production.

7 These observations suggest that cyclic AMP controls NO synthase expression in mesangial cells.
Furthermore, the signalling cascades triggered by IL-18 and TNFa synergize with the cyclic AMP

pathway to stimulate NO synthase activity.
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Introduction

The generation of nitric oxide (NO) from L-arginine by NO
synthase provides a multipurpose messenger molecule respon-
sible for blood vessel relaxation, modulation of synaptic
transmission and tumouricidal and bactericidal activities of
macrophages (Moncada et al., 1991; Nathan, 1992). Molec-
ular cloning and sequencing analyses revealed the existence
of at least three main types of NO synthase isoforms (Na-
than, 1992). In 1991, Bredt er al. were the first to report the
molecular cloning of the brain NO synthase. Lamas et al.
(1992) reported on the molecular cloning and characteriza-
tion of a distinct NO synthase isoform from endothelial cells.
The brain and endothelial enzymes are 60% identical at the
amino acid level. Both enzymes are constitutively expressed
and become activated by hormone-stimulated increase in in-
tracellular calcium. A third type of NO synthase has been
cloned from macrophages and proved to be approximately
50% identical to the brain and endothelial enzymes, respec-
tively (Xie et al., 1992; Lyons et al., 1992). In contrast to the
brain and endothelial enzymes, the macrophage type of NO
synthase is not constitutively expressed, but is induced by
bacterial endotoxin and y-interferon, and is calcium insen-
sitive.

Glomerular mesangial cells are a specialized type of vas-
cular smooth muscle cells and take part in the regulation of
the glomerular filtration rate (Pfeilschifter, 1989). These cells
respond to endothelial-derived NO with increased levels of
intracellular guanosine 3":5'-cyclic monophosphate (cyclic
GMP) (Shultz et al., 1990; Marsden et al., 1990). We and
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others have shown that cytokines, such as interleukin 1 (IL-
1) or tumour necrosis factor & (TNFa) induce a macrophage-
type of NO synthase in mesangial cells with subsequent
elevation of cellular cyclic GMP concentrations (Pfeilschifter
& Schwarzenbach, 1990; Marsden & Ballermann, 1990; Pfeil-
schifter et al.,, 1992). The excessive formation of NO and
cyclic GMP in mesangial cells not only alters contractile
responses of the cells (Pfeilschifter ez al., 1992), but may also
cause tissue injury and thus contribute to the pathogenesis of
certain forms of glomerulonephritis (Pfeilschifter ez al., 1993).
The present paper presents data demonstrating that adeno-
sine 3":5'-cyclic monophosphate (cyclic AMP) up-regulates
NO synthase expression and subsequent nitrite formation in
mesangial cells. Moreover, IL-18 and TNFa synergize with
cyclic AMP to trigger NO synthase activity, suggesting that
two distinct signalling pathways control inducible NO syn-
thase expression in mesangial cells.

Methods

Cell culture

Rat glomerular mesangial cells were cultured as described
previously (Pfeilschifter & Vosbeck, 1991). In a second step,
single cells were cloned by limited dilution using 96-micro-
well plates. Clones with apparent mesangial cell morphology
were used for further processing. The cells exhibited the
typical stellate morphology. Moreover, there was positive
staining for the intermediate filaments desmin and vimentin,
which are considered to be specific for myogenic cells (Travo



2 H. MUHL et al.

et al., 1982), positive staining for Thy 1.1 antigen, negative
staining for factor VIII-related antigen and cytokeratin exclu-
ded endothelial and epithelial contaminations, respectively.
The generation of inositol trisphosphate upon activation of
the angiotensin II AT, receptor was used as a functional
criterion for characterizing the cloned cell line. The cells were
grown in RPMI 1640 supplemented with 10% foetal calf
serum, penicillin (100 uml~!), streptomycin (100 pg ml~!)
and bovine insulin at 0.66 uml~! (Sigma). For the experi-
ments, passages 9—16 were used. Confluent mesangial cells in
24-well plates were incubated with the indicated concentra-
tions of compounds in Dulbecco’s modified Eagle’s medium
(DMEM) without phenol red containing 0.1 mg ml~! of bo-
vine serum albumin for 24 h. Thereafter, the medium was
removed for determination of nitrite concentration. Cell pro-
tein determination was performed according to the method
of Lowry et al. (1951) with bovine serum albumin (Sigma) as
standard. For isolation of cellular RNA, cells were cultured
in 150 mm diameter dishes.

Nitrite analysis

Nitrite production by rat glomerular mesangial cells was
measured as a read-out for NO synthase activity as described
previously (Green et al., 1982). Confluent mesangial cells in
24-well plates were washed twice with PBS and incubated in
DMEM without phenol red and supplemented with 0.1 mg
ml~! of fatty acid-free bovine serum albumin, with or with-
out agents for the indicated time periods. Thereafter, the
medium was withdrawn and centrifuged for 10 min at 6000
r.p.m. in an Eppendorf-lab centrifuge. Nitrite was measured
by mixing 150 pl of the supernatant with an equal volume of
Griess reagent. The absorbance at 550 mm was measured and
the nitrite concentration was determined from a calibration
curve with sodium nitrite standards.

Preparation of cytosol and measurement of
L-[*H ]-citrulline formation

Mesangial cells were grown on 100 mm diameter dishes and
washed twice with phosphate-buffered saline (PBS). The cells
were removed from the culture dishes with a cell scraper and
resuspended in HEPES buffer (15 mM, pH 7.4; leupeptin,
antipain, pepstatin A (each 10 mg1~'), PMSF (172.4 mg1-!).
After sonification (3 X 10 s; MSE) the homogenate was cen-
trifuged for 1 h at 4°C at 100,000 g. Protein content of the
cytosol (supernatant) was determined (Bio-Rad assay kit)
and assayed for NOS-activity. The conversion of L-arginine
to L-citrulline was assayed as reported previously (Fors-
termann et al., 1992; Goreau et al., 1993) with minor modi-
fications.

Cytosolic samples (200 pl) were incubated for 30 min at
37°C with L-[’H]-arginine (2 puM; 0.1 uCi), dithiothreitol (10
mM), NADPH (0.2 mM), FAD (50 um), (6R)-5,6,7,8-tetrahy-
dro-L-biopterin dihydrochloride (0.2 mM) in a final volume of
220 ul. Some experiments were done in the absence of the
cofactors and in the presence of N°-monomethyl-L-arginine
(L-NMMA, 400 pMm). The reaction was stopped by heating to
90°C for 2min. After addition of sodium citrate (20 mM;
pH 2.2; total volume 230 pl) and centrifugation, 2ml of a
buffer containing EDTA (2 mM), sodium acetate (20 mM;
pH 5,5), L-citrulline (0.1 mM) was added. The mixture was
loaded on to a strongly acidic cation-exchange column (Bio-
Rad AG 50W-X8, Na*-form). The flow-through and the
eluate (2 ml of water) were collected and mixed with 8 ml of
scintillator (Ultima-Gold, Packard). *H was quantified in a
B-counter.

Cyclic AMP determination

Confluent cells in 35 mm diameter dishes were exposed to the
different agents for the indicated time periods, washed twice
with ice-cold 50 mM Tris/HCI (pH 7.4), 16 mM 2-mercapto-

ethanol and 8 mM theophylline, then scraped off the dish in
0.5ml of the above buffer. The reaction was stopped by
adding 50 pmol HCI. The cells were disrupted by sonication
(10X 1s at 20 W) and neutralized with 50 pmol NaOH
before aliquots were used to determine cellular cyclic AMP
concentrations using a cyclic AMP-binding assay as des-
cribed by Brown et al. (1972).

Statistical analysis

Statistical analysis was performed by one way analysis of
variance (ANOVA). For multiple comparisons with the same
control group, the limit of significance was divided by the
number of comparisons according to Bonferroni.

Northern blot analysis

Confluent mesangial cells were cultured in 150 mm diameter
culture dishes. For stimulation, cells were washed twice with
PBS and incubated in DMEM without phenol red, supp-
lemented with 0.1 mgkg™' or fatty acid-free bovine serum
albumin (Sigma), with or without agents for the indicated
time periods. Cells were washed twice with PBS and
harvested with a rubber policeman. After centrifugation for
10 min at 1000 r.p.m. in a Heraeus sepatec lab centrifuge the
supernatant was removed and the pellet frozen in liquid
nitrogen and stored until isolation of RNA. Total cellular
RNA was extracted from the cell pellets by the guanidinium
thiocyanate/caesiumchloride method (Sambrook et al., 1989).
Samples of 20 pg RNA were separated on 0.8% agarose gels
containing 0.66 M formaldehyde prior to transfer to gene
screen membranes (New England Nuclear). After baking at
80°C for 2h and prehybridization for 4 h, the filters were
hybridized for 16— 18 h to a 3?P-labelled Sma I cDNA insert
from pMac-NOS (Lyons et al., 1992). To correct for varia-
tions in RNA amount, the NOS-probe was stripped with
boiling 0.1 X SSPE/1% SDS and the blots were rehybridized
to the 3?P-labelled BamHI/Sall cDNA insert from clone pEX
6 coding for B-actin. DNA-Probes (&2 x 10°c.p.m. ml~})
were radioactively labelled with a [*P}-dATP by random
priming (Boehringer-Mannheim). Hybridization reactions
were performed in 50% (v/v) Formamide, 5 X SSPE, 10 X
Denhardt’s solution, 0.5% (w/v) SDS and 250 pug ml~' sal-
mon sperm DNA. Filters were washed three times in 2 X
SSPE, 0.1% SDS at room temperature for 30 min, and then
in 2 X SSPE, 2% SDS at 65°C for 30 min. Filters were
exposed for 6-48h to Kodak X-Omat XAR-film using
intensifying screens.
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Figure 1 Time-course of forskolin-stimulated nitrite formation in
mesangial cells. Confluent cells were stimulated with forskolin (10
uM, O) or vehicle (A) for the indicated time periods. Thereafter, the
medium was removed and used for nitrite determination. Results are
means £ s.d. for four experiments. In some experiments forskolin
was removed after 8 or 16 h and nitrite production was determined
after a total incubation period of 24 h (¢, dashed line), data are
indicated as means of two experiments.



Chemicals

Recombinant human IL-18 and salbutamol were generously
supplied by Dr Klaus Vosbeck and Dr Irmgard Wiesenberg,
Ciba-Geigy Ltd., Basel, Switzerland; recombinant human
TNFa was from Boehringer, Mannheim, Germany; forskolin
was purchased from Calbiochem, Lucerne, Switzerland; chol-
era toxin, Bt, cCAMP, dexamethasone, actinomycin D and
cycloheximide were from Sigma, Buchs, Switzerland. The
cDNA clone pMac-Nos, coding for the inducible macro-
phage NO synthase was kindly provided by Dr J. Cunning-
ham, Boston, MA, U.S.A.; the cDNA clone pEX6, coding
for human B-actin, was a gift from Dr U. Aebi, Basel,
Switzerland, nylon membranes (Gene Screen) were purchased
from DuPont de Nemours International, Regensdorf, Switzer-
land; [**P}-dATP (specific activity 300 Ci mmol~!) was from
Amersham, Diibendorf; Switzerland; cell culture media and
nutrients were from Gibco BRL, Basel, Switzerland and all
other chemicals were either from Merck, Darmstadt, Ger-
many or Fluka, Buchs, Switzerland.

Results

Cyclic AM P mediates nitrite formation in mesangial
cells

Glomerular mesangial cells were incubated in the absence or
presence of forskolin and cell culture supernatants were
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Figure 2 Dose-response curve of forskolin-stimulated nitrite forma-
tion in mesangial cells. Confluent cells were incubated for 24 h with
the indicated concentrations of forskolin. Thereafter, the medium
was removed and used for nitrite determination. Results were means
+s.d. for four experiments.
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Figure 3 Time-course of forskolin-stimulated cyclic AMP levels in
mesangial cells. Confluent cells were exposed to forskolin (10 um) for
the indicated time periods, then washed twice with ice-cold Tris
buffer. Cells were scraped off the dish and disrupted by sonication.
Cellular cyclic AMP concentrations were determined as described in
the Methods section. Results are means * s.d. for four experiments.
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assayed for nitrite production, the stable endproduct of NO
formation. Figure 1 demonstrates that after a period of
approximately 8 h there was a significant and time-dependent
increase in nitrite concentration in the culture supernatant.
This response to forskolin was dose-dependent, with a thres-
hold at 0.1 uM forskolin, and increased still further in the
concentration-range tested, as shown in Figure 2. For maxi-
mal stimulation, forskolin had to be present during the whole
incubation period (Figure 1) suggesting that a sustained in-
crease in cyclic AMP is necessary for maximal NO synthase
induction. In the presence of 10 uM forskolin, cyclic AMP
levels in mesangial cells were increased 14 fold during the
first hour and remained at an elevated concentration during
at least 24 h of incubation (Figure 3).

The diterpene forskolin is known to activate adenylate
cyclase by direct stimulation of the catalytic subunit of the
enzyme (Seamon & Daly, 1986). The 1,9-dideoxy derivative
of forskolin, which is unable to activate the cyclase (Seamon
& Daly, 1986), did not increase nitrite generation (data not
shown). This result indicates that it was not a nonspecific
effect of forskolin that causes the enhanced nitrite production
by mesangial cells. We therefore considered the hypothesis
that an activation of adenylate cyclase and an increase of
intracellular cyclic AMP may be responsible for the observed
stimulation of NO formation by mesangial cells. In the next
step we investigated the effects of the B-adrenoceptor agonist,
salbutamol and cholera toxin, two compounds that activate
adenylate cyclase system by different mechanisms, on nitrite
formation. Salbutamol binds to B-adrenoceptor on the cell
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Figure 4 Dose-response curve of salbutamol-stimulated nitrite for-
mation in mesangial cells. Confluent cells were incubated for 24 h
with the indicated concentrations of salbutamol. Thereafter, the
medium was removed and used for nitrite determination. Results
were means * s.d. for four experiments.
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Figure 5 Dose-response curve of cholera toxin-stimulated nitrite
formation in mesangial cells. Confluent cells were incubated for 24 h
with the indicated concentrations of cholera toxin. Thereafter, the
medium was removed and used for nitrite determination. Results
were means * s.d. for four experiments.
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surface of mesangial cells (Pfeilschifter er al., 1991) and
activates adenylate cyclase via the stimulatory G-protein, Gs.
Cholera toxin causes ADP-ribosylation of Gs, thus altering
this G-protein to a state of permanent activation, leading to
the subsequent stimulation of the catalytic moiety of adeny-
late cyclase. As shown in Figure 4 for salbutamol and in
Figure 5 for cholera toxin, both agents enhanced nitrite
production in a dose-dependent manner. In a further app-
roach we used the membrane-permeant analogue of cyclic
AMP, Bt, cyclic AMP, to elevate the intracellular concentra-
tion of cyclic AMP directly. The data in Figure 6 clearly
demonstrate that Bt, cyclic AMP dose-dependently increased
nitrite synthesis by mesangial cells. In addition, the phos-
phodiesterase inhibitor 3-isobutyl-1-methylxanthine (which
increases cyclic AMP by inhibiting the enzyme that degrades
it) also enhanced nitrite production and a combination
of 3-isobutyl-1-methylxanthine and forskolin resulted in an
additive response (Table 1). N°-monomethyl-L-arginine (L-
NMMA) was a potent inhibitor of cyclic AMP-stimulated
nitrite synthesis and completely abolished forskolin-, cholera
toxin- and Bt, cyclc AMP-induced nitrite production (Table
1). In an alternative approach we have determined NO syn-
thase activity by monitoring the conversion of L-’H]-arginine
to L-[*H]-citrulline. As shown in Table 2, incubation of mes-
angial cells with Bt, cyclic AMP for 16 h dose-dependently
increased NO synthase activity in the cytosolic fractions of
the cells, thus confirming our data obtained by nitrite anal-
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Figure 6 Dose-response curve of Bt, cyclic AMP-stimulated nitrite
formation in mesangial cells. Confluent cells were incubated for 24 h
with the indicated concentrations of Bt, cyclic AMP. Thereafter, the
medium was removed and used for nitrite determination. Results
were means * s.d. for four experiments.

Table 1 Inhibition of cyclic AMP-induced nitrite pro-
duction by NS-monomethyl-L-arginine (L-NMMA)

Addition Nitrite (nmol mg~! of protein)
Control 45122
L-NMMA 5.6t3.1
Forskolin 38.4+3.0*
IBMX 11019
Forskolin + IBMX 51.0 £ 6.2**
Forskolin + NMMA 45+24
Cholera toxin 60.0 £ 10.5**
Cholera toxin + NMMA 86123
Bt, cyclic AMP 206.4 £ 28.5%*
Bt, cyclic AMP + NMMA 126+ 34

Confluent mesangial cells were incubated for 24 h with vehi-
cle (control), L-NMMA (1 mM), forskolin (10puMm), 3-
isobutyl-1-methylxanthine (IBMX; 0.5mm), cholera toxin
(500 ng ml~'), Bt, cyclic AMP (5mM) or combinations of
the cyclic AMP-activators plus L-NMMA or IBMX.
Thereafter, the medium was removed and used for nitrite
determination. Results are means * s.d. of four experiments.
Significant differences from control: *P <0.05; **P <0.01
and ***P<0.001; ANOVA.

ysis. Furthermore, L-NMMA prevented Bt, cyclic AMP-in-
duced L-[’H)-citrulline formation (Table 2), thus ensuring
that citrulline production is related to NO synthase activity.

Actinomycin D, cycloheximide and dexamethasone
abolish nitrite synthesis

Addition of actinomycin D (1 uM) or cycloheximide (10 um),
at the time of stimulation, completely suppressed forskolin
(10 upm)-induced formation of nitrite by mesangial cells (Tab-
le 3). These results together with the lag period of onset of
nitrite production, indicate that RNA synthesis and protein
synthesis are necessary for observed nitrite formation. More-
over, dexamethasone, which has been shown to suppress
selectively the activity of the inducible NO synthase, but not
the constitutitive NO synthase (Radomski ez al., 1990; Pfeils-
chifter & Schwarzenbach, 1990; Pfeilschifter, 1991a), com-
pletely prevented nitrite production in response to forskolin
stimulation (Table 3), thus suggesting that cyclic AMP trig-
gers the expression of a macrophage-type of NO synthase in
mesangial cells. None of the compounds used affected via-
bility of the cells as measured with the MTT test, a sensitive
dye exclusion test (Mosmann, 1983).

Cyclic AMP increases NO synthase mRNA levels

Northern blot analysis using a cDNA probe for the inducible
mouse macrophage NO synthase revealed a dose-dependent
up-regulation of NO synthase steady-state mRNA levels
upon stimulation with Bt, cyclic AMP (Figure 7). The NO
synthase mRNA was present as a single band of approx-
imately 4.5 kb. In unstimulated cells there was no detectable
NO synthase mRNA. To study the time course of NO syn-
thase mRNA induction following stimulation with Bt, cyclic
AMP, mesangial cells were incubated with 5mM Bt, cyclc
AMP for 4-24h. As shown in Figure 8 increases in NO
synthase mRNA levels can already be detected after 4 h of
Bt, cyclic AMP stimulation and a maximal level of NO
synthase mRNA is seen after 12 h stimulation (Figure 8).
The increase of NO synthase mRNA seen after Bt, cyclic
AMP stimulation is comparable to the level observed after
stimulation of mesangial cells with IL-18 (Figure 9), a pro-
inflammatory cytokine shown to increase potently expression
of NO synthase mRNA in mesangial cells (Miihl er al.,
1993). Furthermore, addition of dexamethasone completely
suppressed the Bt, cyclic AMP-triggered increase in NO syn-
thase mRNA expression (Figure 9).

Table 2 Dose-dependence of Bt, cyclic AMP-stimulated
citrulline formation in mesangial cells

[?H]-citrulline

Addition (% of total radioactivity)
Control 0.4310.10

Bt, cyclic AMP (0.5 mMm) 2411053

Bt, cyclic AMP (1 mm) 5.05 1 1.72**

Bt, cyclic AMP (5 mMm) 7.75 £ 0.91%**

Bt, cyclic AMP (5 mM) + L-NMMA
(0.5 mm)

0.68 = 0.17tt+

Confluent cells were incubated for 16 h with the indicated
concentrations of Bt, cyclic AMP. Thereafter cells were
homogenized and a cytosolic fraction was used to determine
L-PH]-citrulline formation from L-[*H]-arginine in the
absence or presence of L-NMMA as described in the
Methods section. Results are means*sd. for four
experiments. Significant differences from control: **P <0.01
and ***P <(0.001, ANOVA. Significant differences from
corresponding Bt, cyclic AMP stimulation in the absence of
inhibitor: 1P <<0.001, ANOVA.



Cyclic AMP synergistically interacts with cytokines to
stimulate nitrite production

The proinflammatory cytokines, IL-18 and TNFa, have been
reported to induce a macrophage-type of NO synthase in
mesangial cells (Pfeilschifter & Schwarzenbach, 1990; Pfeils-
chifter et al., 1992). We therefore were interested to discover
whether the cyclic AMP signalling cascade interacts with the
IL-1B and TNFa-triggered signalling pathway to stimulate
NO synthase activity in mesangial cells. Figure 10 shows that
cytokines and Bt, cyclic AMP interact in a synergistic fashion
to stimulate nitrite generation by mesangial cells. In order to
obtain information on the time course of this interaction,
cells were incubated with interleukin 1B for 24 h and for-
skolin was added for different periods during this stimula-
tion. The data in Figures 11 and 12 show that for maximal
potentiation of nitrite production, forskolin needs to be pre-
sent during the whole incubation period, suggesting that a
sustained increase in cellular cyclic AMP concentration is
necessary for maximal augmentation of NO synthase expres-

Table 3 Effects of actinomycin D, cycloheximide and
dexamethasone on forskolin-stimulated nitrite formation in
mesangial cells

Addition Nitrite (nmol mg~=! of protein)
Control 44130

Forskolin 35.8  7.4%**
Forskolin + actinomycin D 5.6 1.0ttt
Forskolin + Cycloheximide 7.7+ 5.0ttt
Forskolin + dexamethasone 5.9 £2.21+%

Confluent cells were incubated for 24 h with vehicle
(control), forskolin alone (10 uM), or in combination with
actinomycin D (1 uM), cycloheximide (10puM) or
dexamethasone (10 uM). Thereafter, the medium was

removed and used for nitrite determination. Results are
means + s.d. for four experiments. Significant differences
from control: ***P <0.001, ANOVA. Significant differences
(without

from  forskolin  stimulation inhibitors):

t11P<0.001; ANOVA.
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Figure 7 Dose-dependence of Bt, cyclic AMP-stimulated NO syn-
thase mRNA accumulation in mesangial cells. Confluent cells were
incubated with vehicle (control), or Bt, cyclic AMP 0.5 mMm (2), | mm
(3), SmM (4) and 10 mM (5) for 24 h. Total cellular RNA (20 pg)
was successively hybridized to *P-labelled NO synthase and 28S
ribosomal RNA probes as described in the Methods section.
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sion. Furthermore, the data in Figure 12 clearly demonstrate
that short-term elevation of cyclic AMP just prior to the end
of the stimulation period (20—24 h) is not sufficient to poten-
tiate cytokine-induced NO synthase. These results also argue

O 4h 12h 24h

28S —

18S—

28S—

Figure 8 Time-course of induction of NO synthase mRNA in
mesangial cells following stimulation with Bt, cyclic AMP. Confluent
cells were incubated with Bt, cyclic AMP (5 mMm) for the indicated
time periods. Total cellular RNA (20 pg) was successively hybridized
to 3?P-labelled NO synthase and 28S ribosomal RNA probes as
described in the Methods section.
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Figure 9 Comparison of Bt, cyclic AMP- and IL-1B stimulated NO
synthase mRNA accumulation and inhibition by dexamethasone.
Confluent mesangial cells were incubated with vehicle (control) (1),
IL-18 (1 nM) (2), Bt, cyclic AMP (5mMm) (3), or Bt, cyclic AMP
(5 mMm) plus dexamethasone (1 uM) (4) for 12 h. Total cellular RNA
(20 ug) was successively hybridized to 32P-labelled NO synthase and
28S ribosomal RNA probes as described in the Methods section.
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Figure 10 Synergistic stimulation of nitrite formation in mesangial
cells by cytokines and Bt, cyclic AMP. Confluent cells were stim-
ulated for 24 h with the indicated concentrations of Bt, cyclic AMP
alone (O) or together with IL-1B (500 pM, A) or TNFa (1 nM, ©).
Thereafter, the medium was removed and used for nitrite determina-
tion. Results are means of four experiments; s.d. ranged from 5 to
35%.
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Figure 11 Time-dependence of the synergistic induction of NO syn-
thase by IL-1pB and forskolin. Mesangial cells were incubated for 24 h
with vehicle (Con), forskolin, (Fk, 10 um) IL-1B (2 nM) or IL-18 plus
forskolin (IL-1B + Fk). The indicated time points refer to the pres-
ence of forskolin in the stimulation medium (forskolin was added at
time point 0). Cells were washed after the indicated time and incuba-
tion was continued in the presence of IL-1B alone up to a total
incubation time of 24 h. Thereafter, the medium was removed and
used for nitrite determination. Results are the sum of nitrite pro-
duced over the 24 h stimulation period and are expressed as means
+s.d. of four experiments.
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Figure 12 Critical time period for the synergistic induction of NO
synthase by IL-1B and forskolin. Mesangial cells were incubated for
24 h with vehicle (Con), IL-18 (2 nM) or IL-1B plus forskolin (Fk,
10 uM). The indicated time periods refer to the presence of forskolin
in the stimulation medium (IL-1B was added at time point 0 and was

present throughout the 24 h incubation period). Thereafter, the

medium was removed and used for nitrite determination. Results are
the sum of nitrite produced over the 24 h stimulation period and are
expressed as means * s.d. of four experiments.

against a role for protein kinase A-mediated covalent modifi-
cations of the cytokine-induced NO synthase in the observed
potentiation of nitrite production. In summary, these data
indicate that IL-1p and TNFa use signalling pathways diff-
erent from the adenylate cyclase system in order to stimulate
NO synthase in mesangial cells.

Discussion

In many vascular beds in vitro, including the kidney, a role
for NO in the control of arteriolar resistance has been pro-
posed (Liischer et al., 1991). The contractile mesangial cell is
a major determinant in the regulation of glomerular filtration
rate. In coincubation experiments, it has been shown that
NO release from glomerular endothelial cells increases cyclic
GMP within mesangial cells and thereby inhibits angiotensin
II-induced mesangial cell contraction (Shultz et al., 1990;
Marsden et al., 1990). Therefore, NO generated by the const-
itutive endothelial NO synthase may be an important signall-
ing molecule in the cross-communication between glomerular
cells, contributing to normal glomerular physiology. More-
over, we and others have demonstrated that proinflammatory
cytokines such as IL-1B or TNFa and bacterial lipopolysac-
charide induce a macrophage-type of NO synthase in mesan-
gial cells with subsequent elevation of cellular cyclic GMP
concentrations (Pfeilschifter & Schwarzenbach, 1990; Mars-
den & Ballermann, 1990; Pfeilschifter et al., 1992). It seems
quite possible that the excessive production of NO may
provide mesangial cells with properties that make them par-
tially act as macrophages and thus contribute to tissue injury
observed in certain forms of glomerulonephritis (Pfeilschifter
et al., 1993; Cattell & Cook, 1993). The latter hypothesis
gains support from recent observations showing that anti-
inflammatory steroids (Pfeilschifter & Schwarzenbach 1990;
Pfeilschifter, 1991a), transforming growth factors of the B-
type (Marsden & Ballermann, 1990; Pfeilschifter & Vosbeck,
1991; Pfeilschifter et al., 1992), platelet-derived growth factor
(Pfeilschifter, 1991b) and the immunosuppressive drug cyclo-
sporin A (Miihl et al., 1993) potently antagonize cytokine-
induced NO synthase induction in mesangial cells. The
inhibition of cytokine induction of NO synthase may be one
aspect of the beneficial action of glucocorticoids and cyclo-
sporin A seen in certain renal diseases.

Cytokines such as IL-1, TNFa, y-interferon or bacterial
lipopolysaccharide have been shown to induce NO synthase
in a huge variety of different cell types including mac-
rophages, smooth muscle cells, hepatocytes, astrocytes and
endothelial cells (for review see Moncada er al., 1991; Nathan,
1992). Recently, it has been reported that the cytokine-stim-
ulated nitrite formation in rat liver macrophages (Kupffer
cells) and in brain endothelial cells is potentiated by cyclic
AMP (Gaillard et al., 1992; Durieu-Trautmann et al., 1993).
However, to our knowledge, this is the first demonstration
that cyclic AMP is able to induce NO synthase expression on
its own and that it synergistically interacts with IL-1B and
TNFa in this respect. Several lines of evidence argue in
favour of this suggestion: (1) Elevation of intracellular cyclic
AMP levels by stimulation with salbutamol at the receptor
level, with cholera toxin at the G-protein level and with
forskolin at the level of the catalytic subunit of adenylate
cyclase, is always accompanied by an enhanced release of
nitrite by mesangial cells. (2) Direct elevation of intracellular
cyclic AMP by membrane-permeable analogues of cyclic
AMP (Bt, cyclic AMP) causes nitrite synthesis. (3) Cytosolic
fractions of Bt, cyclic AMP-treated cells display increased
production of [*H]-citrulline from [*H]-arginine, a reaction
catalyzed by NO synthase. (4) Bt, cyclic AMP increases
mRNA steady state levels for inducible NO synthesis in
mesangial cells. (5) Bt, cyclic AMP synergistically augments
IL-18 or TNFa-induced nitrite production. The signalling
mechanisms by which IL-1 and TNFa exert their effects on
target cells are still largely unknown. The strong synergy



between cytokines and cyclic AMP suggests that there exist
at least two distinct activation mechanisms for the induction
of NO synthase, one is activated by cyclic AMP and the
other is triggered by IL-1 or TNF and uses a signalling
pathway different from the adenylate cyclase cascade. This is
fully compatible with our previous studies on cytokine- and
cyclic AMP-stimulated expression of group II phospholipase
A, in mesangial cells (Pfeilschifter er al., 1991; Miihl et al.,
1992).

Further studies will be required to provide insights into the
mechanisms of cyclic AMP-stimulated NO synthase gene
activation. From the potent inhibitory action of actinomycin
D (Figure 7) and the lag period of several hours before the
onset of NO synthase activity (Figure 1), a transcriptional
activation of NO synthase expression seems to be a very
likely explanation for the observed data. However, nuclear
run-on experiments will be necessary to assess directly rates
of transcription of the NO synthase gene. An alternative
explanation would be a post-transcriptional stabilization of a
putatively unstable NO synthase mRNA by cyclic AMP or
cyclic AMP-dependent protein kinase. In this connection it is
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Toxic inhibition of smooth muscle contractility by
plant-derived sesquiterpenes caused by their chemically reactive
a-methylenebutyrolactone functions

Alastair J.B. Hay, *Matthias Hamburger, *K. Hostettmann & 'J.R.S. Hoult

Pharmacology Group, King’s College London, Manresa Road, London SW3 6LX and *Ecole de Pharmacie, University of
Lausanne, CH-1015 Lausanne-Dorigny, Switzerland

1 Previous studies have shown that extracts of feverfew (Tanacetum parthenium) and parthenolide, a
sesquiterpene a-methylenebutyrolactone obtained from it, inhibit smooth muscle contractility in a
time-dependent, non-specific and irreversible manner.

2 The hypothesis that this toxic effect is due specifically to the presence in the sesquiterpene lactone of
the potentially reactive a-methylene function was tested on rabbit isolated aortic ring preparations. This
was done (a) by comparing the effects of two plant-derived sesquiterpene lactones purified from yellow
star thistle (Centaurea solstitialis): cynaropicrin (an a-methylenebutyrolactone) and solstitialin 13-acetate
(lacking the a-methylene function), and (b) by chemically inactivating the a-methylene functions in
cynaropicrin and parthenolide by reaction with cysteine.

3 The results show that the characteristic smooth muscle inhibitory profile is demonstrated by the two
a-methylenebutyrolactones (parthenolide and cynaropicrin), but not by the compound lacking this
functional group (solstitialin 13-acetate), or by those previously active compounds in which it has been
inactivated with cysteine.

4 Thus the a-methylene function is critical for this aspect of the toxic pharmacological profile of the
sesquiterpene butyrolactones, which are natural products widely distributed in the Compositae family of

flowering plants.

Keywords: Smooth muscle; irreversible antagonism; natural products; sesquiterpene lactones; feverfew; yellow star thistle;

Compositae/Asteraceae; sulphydryl groups

Introduction

Feverfew (Tanacetum parthenium, Compositae, alternatively
known as Asteraceae) is a garden plant which is widely used
in the UK for self-medication of arthritis and migraine but
the pharmacological basis for its claimed effects is not known
(Berry, 1984; Editorial, Lancet 1985). Recent studies showed
that extracts of fresh leaves contain sesquiterpene o-
methylenebutyrolactones such as parthenolide which cause
irreversible, time-dependent and non-specific inhibition of
aortic smooth muscle contractility (Barsby et al., 1992; 1993).
In contrast, extracts of dried powdered leaves available from
health food shops do not inhibit aortic contractility and do
not contain a-methylenebutyrolactones (Barsby et al., 1993).

In order to understand the molecular mechanisms underly-
ing the inhibition of smooth muscle contractility, it is neces-
sary to establish which chemical groups in the sesquiterpene
a-methylenebutyrolactones are responsible. The exocyclic a-
methylene function is capable of reacting with thiols such as
cysteine residues of amino acids, thereby forming Michael
adducts (Rodriguez et al., 1976; Berry, 1984; Groenewegen et
al., 1986). The hypothesis that this may be responsible for the
toxic actions of certain sesquiterpene lactones can be tested
by comparing compounds of closely similar structure but
which differ in the presence or absence of a-methylene-
butyrolactone functional groups.

We have therefore studied the effects on rabbit aortic rings
of two other plant-derived sesquiterpene lactones which have
been purified from yellow star thistle (Centaurea solstitialis).
cynaropicrin (an a-methylenebutyrolactone) and solstitialin
13-acetate (lacking the a-methylene function). We have also
investigated the consequences of chemically inactivating the
a-methylene functions in cynaropicrin and parthenolide by
reaction with cysteine. Yellow star thistle is a member of a

! Author for correspondence.

genus known to be especially rich in sesquiterpene lactones,
and many have now been identified (Rodriguez et al., 1976;
Herz, 1977), some of which may cause the toxicity of various
species of Compositae to livestock (Rodriguez et al., 1976).

Methods

Rings of 2 mm thickness were carefully cut from the thoracic
segment of the aorta taken from male New Zealand White
rabbits (2.0-3.0 kg) and suspended for isometric recording
under a load of 2g in 3ml tissue baths containing well-
oxygenated Krebs solution as described earlier (Barsby et al.,
1992). Contractions were induced by the addition of 107 M
phenylephrine or 40 mM KCI.

Parthenolide was isolated from 7. parthenium and charac-
terized as described (Dolman et al., 1992), and was dissolved
in methanol for biological testing. Cynaropicrin and sol-
stitialin 13-acetate were isolated from C. solstitialis and char-
acterized as reported previously (Wang et al., 1991); they
were dissolved in dimethylsulphoxide (DMSO) for biological
testing. As before, these compounds were characterized by 'H
and C nuclear magnetic resonance (n.m.r.) and the purity
was greater than 97% by thin layer chromatography (t.Lc.).

The structures of the three sesquiterpene lactones are
shown in Figure 1. For some experiments, parthenolide and
cynaropicrin were dissolved at 25 mgml~' in methanol or
DMSO containing 100 mg ml~! cysteine and allowed to react
overnight before testing. Parallel stocks were prepared with-
out cysteine. To establish whether indeed satisfactory addi-
tion of cysteine to the a-methylene function had occurred,
chemical high performance liquid chromatography (h.p.l.c.)
analysis of the product of the reaction with parthenolide was
performed (amounts of cynaropicrin-cysteine  were
insufficient). This was done using the procedure described by
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Dolman et al. (1992) in which the adducts formed from the
reaction of 5-10mg samples of the parthenolide or
parthenolide-cysteine with excess 9-thiomethylanthracene in
chloroform are quantified using a 10 pum pPorasil column
eluted at 3 ml min~! with 55% chloroform—-45% hexane and
the detector set at 0.08 sensitivity, 369 nm.

Results

Representative records of the responses of the aortic rings to
application of phenylephrine are shown in Figure 2. Addition
of parthenolide or cynaropicrin at a final bath concentration
of 100 ug ml~' caused a slow and prolonged decline in ten-
sion of the rings, whereas addition of solstitialin 13-acetate
or the equivalent volumes of the vehicles (methanol or
DMSO) did not (Figure 2). After repeated washout of the
drugs and an extended recovery period of 30—90 min, further
tests with phenylephrine were made. No responses were
obtained in tissues treated with parthenolide or cynaropicrin,
whereas full responsiveness was retained after the other
treatments (Figure 2). Similar results were obtained using
potassium chloride to induce contractions, although traces
are not shown here.

Cynaropicrin and parthenolide were treated with cysteine
as described in Methods. Addition of these chemically
modified sesquiterpene lactones to aortic rings did not have

0
(6]
(0]
Parthenolide

OH

Cynaropicrin

Solstitialin 13-acetate

Figure 1 Structures of the three sesquiterpene lactones.
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Figure 2 Effects of sesquiterpene lactones on the contractile func-
tion of rabbit aortic rings. Panels (a) to (g) show the effects of the
addition of (a) methanol, (b) dimethylsulphoxide, (c) parthenolide,
(d) parthenolide reacted with cysteine, (e) solstitialin 13-acetate, (f)
cynaropicrin, (g) cynaropicrin reacted with cysteine. Addition of
10-¢ M phenylephrine was at A and washout was at V. The lactones
or vehicle were added once at @, after plateau contractions were
attained. Similar results were obtained in tests on » other rings, as
shown in Table 1.
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Figure 3 Elution profiles from chemical-h.p.l.c. assay of par-
thenolide before and after reaction with cysteine. Panel (a) shows
parthenolide, (b) is from a sample of parthenolide after treating with
cysteine. Peak (i) is excess 9-thiomethylanthracene, peak (ii) is the
parthenolide 9-thiomethylanthracene adduct, peak (iii) is a reagent
impurity. Full scale deflection is 0.08 absorbance units at 369 nm.
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Table 1 Inhibition of contractility of rabbit aortic rings by sesquiterpene lactones: effect of lack of a-methylenebutyrolactone

functions or their inactivation by cysteine

Loss of tone in rings
precontracted with
phenylephrine (mg min~*)

Test substancet

Methanol vehicle 4925
Methanol + cysteine 0909
DMSO vehicle 105+ 3.8
DMSO + cysteine 248+6.7
Parthenolide 132.7 £20.7*
Parthenolide + cysteine 140+ 53
Cynaropicrin 84,7+ 8.0*
Cynaropicrin + cysteine 7.3%3.1
Solstitialin 13-acetate 91146

% inhibition of
subsequently applied
phenylephrine

Number
of tests

-32%57
-17%6.1
-58%37

32139

98.2+1.3*
40142

94.8 + 2.0*
-4.0%27

-92%4.0

A N0 AN AW w

tRings were set up in 3 ml baths as described and contractions to phenylephrine and KCl obtained until reproducible. The rings were
then contracted with 10~ M phenylephrine. Then 5 min later (at which time the response had reached a plateau) 12 pl of vehicle or test
substance (final concentration 100 pug ml~') was added and allowed to remain in contact with the phenylephrine-contracted tissue for
30 min. The rate of change of tension of the rings (loss of tone) is shown in column 2. The preparations were then washed thoroughly
to remove agonist and inhibitor, and allowed to rest for 30-90 min. The agonist was then retested, and the magnitude of the
subsequent response related to the previous value (shown in column 3). Values are means £ s.e.mean for tests on the numbers of
different ring preparations shown in column 4. *Indicates statistically significant difference from corresponding vehicle control and
from corresponding cysteine treatment by Student’s unpaired ¢ test, P<0.01.

any effect on agonist-induced tone, and did not alter subse-
quent agonist responsiveness after washout (Figure 2). Thus
reaction with cysteine abolished the inhibitory activity of
these two lactones on the aortic rings. Chemical-h.p.l.c. assay
was used in the case of the parthenolide-cysteine adduct to
check that the reactive a-methylene function had been
removed. Figure 3 shows that the characteristic peak due to
the presence of an adduct formed by reaction of 9-
thiomethylanthracene with the free a-methylene function of
parthenolide is no longer found if the parthenolide had been
treated with cysteine.

The combined data for this series of experiments are col-
lected in Table 1.

Discussion

These experiments provide strong evidence that the smooth
muscle inhibitory effects of parthenolide and other ses-
quiterpene a-methylenebutyrolactones are due to the
chemically reactive a-methylenebutyrolactone function. Its
neutralization with cysteine abolishes inhibitory activity.
Moreover, solstitialin 13-acetate, which does not contain the
a-methylene function is not effective, whereas the closely
related lactone, cynaropicrin, is fully inhibitory.

Clearly, these plant-derived substances are toxic to smooth
muscle, because their application at 100 pgml~! (about
400 uM) produces irreversible loss of tone and subsequent
inability to contract to agonists. We have found that washing
the rings for up to 15h does not lead to any return of
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Comparison of two new inhibitors of catechol O-methylation
on striatal dopamine metabolism: a microdialysis study in rats

M. Tornwall, *S. Kaakkola, P. Tuomainen, tA. Kask & P.T. Ménnist6

Department of Pharmacology and Toxicology, P.O. Box 8 (Siltavuorenpenger 10, Helsinki), 00014 University of Helsinki,
Finland; *Department of Neurology, University of Helsinki, Finland and tDepartment of Pharmacology, University of Tartu,

Estonia

1 Effects of two new inhibitors of catechol O-methylation (CGP 28014 and entacapone; 30 mg kg™!,
i.p.) were compared by means of brain microdialysis in rats treated with L-3,4-dihydroxyphenylalanine
(L-dopa)/carbidopa (50/50 mg kg~!, i.p., respectively) or saline.

2 In saline-treated rats, CGP 28014 maximally (max) increased striatal dopamine and 3,4-dihydroxy-
phenylacetic acid (DOPAC) effluxes by 41% and 49%, respectively, whereas homovanillic acid (HVA)
levels were decreased by 71%.

3 In the presence of L-dopa/carbidopa, a peripherally active inhibitor of catechol O-methyltransferase
(COMT) entacapone had a short-lasting increasing effect on L-dopa efflux. Compared to the effects of
L-dopa/carbidopa alone 3-O-methyldopa (3-OMD) levels were effectively reduced (max 79%) by
entacapone, but not by CGP 28014.

4 Entacapone, in contrast to CGP 28014, increased striatal dopamine efflux (max 492% of that after
L-dopa/carbidopa alone). Also DOPAC levels were increased by entacapone (255% at 180 min), but not
significantly by CGP 28014 (159% at 180 min).

§ Both compounds initially decreased HVA efflux. The effect of CGP 18014 was longer-lasting. By the
end of the measurement, entacapone even increased HVA levels (max 259%).

6 Our results demonstrate that entacapone is a peripheral COMT inhibitor and support the view that

CGP 18014 is mainly a centrally acting inhibitor of O-methylation.
Keywords: COMT inhibition; microdialysis; L-dopa; 3-OMD; dopamine metabolism; entacapone; CGP 28014

Introduction

The most potent inhibitors of catechol O-methyltransferase
(COMT; EC 2.1.1.6) presently available are nitrocatechols
(e.g., nitecapone, entacapone and tolcapone). ICs, and K;
values of these substances for liver and brain COMT are in
the low nanomolar range (Backstrom et al., 1989; Borgulya
et al., 1989; Nissinen et al., 1992). Nitecapone and entaca-
pone are considered as mainly peripherally active drugs.
Characteristically, they prevent 3-O-methyldopa (3-OMD)
formation from L-3,4-dihydroxyphenylalanine (L-dopa), with-
out affecting the levels of centrally formed metabolites of
dopamine, e.g. 3-methoxytyramine (3-MT) and homovanillic
acid (HVA) (Mannist6 et al.,, 1990; 1992a; Nissinen et al.,
1992; Kaakkola & Wurtman, 1993). Tolcapone is active both
in the periphery and in the brain (Maj et al., 1990; Ziircher et
al., 1990; Minnistdo et al., 1992a; Kaakkola & Wurtman,
1993) reducing the levels of the corresponding metabolites of
both L-dopa and dopamine.

Waldmeier and co-workers (1990a) introduced CGP 28014,
which appeared to be a poor inhibitor of striatal COMT
enzyme in vitro with an ICsy value in the millimolar range.
Nevertheless, CGP 28014 reduces 3-MT and HVA levels in
rat striatal and hypothalamic homogenates (Waldmeier et al.,
1990a; Minnistdo et al., 1992b; Tornwall et al., 1993), al-
though not as effectively as the same dose of tolcapone
(Minnisté er al., 1992a; Tornwall et al., 1993).

Controversial results have been reported about the effect of
CGP 28014 on peripheral 3-OMD formation. Waldmeier et
al. (1990b) reported a clear decrease in 3-OMD levels from
30 min to 6h after addition of 30 mgkg~! of CGP 28014
(p.0.) on 50 mg kg~! of L-dopa without dopa decarboxylase
inhibition. Ménnisté er al. (1992a) noted no significant de-
crease in striatal and hypothalamic 3-OMD levels at 1 h after
addition of 10 or 30 mg kg~' of CGP 28014 (i.p.) in L-dopa/

! Author for correspondence.

carbidopa (50/50 mg kg~!, respectively)-treated rats. At 3 h,
however, 3-OMD levels were reduced. No dose-related de-
crease in 3-OMD levels after CGP 28014 has been observed
in L-dopa treated healthy volunteers (Bieck e al., 1990).

In this study, we compared the effects of CGP 28014 and
peripherally acting entacapone on brain dopamine metabo-
lism by means of brain microdialysis in L-dopa/carbidopa
and saline-treated rats. The levels of 5-hydroxyindole acetic
acid (5-HIAA) efflux was also studied, since in previous
studies, CGP 28014, at doses of 1 to 10 mg kg~!, has some-
times raised the tissue levels of striatal 5-HIAA and tryp-
tophan (Waldmeier et al., 1990a).

Methods

Animals

Male Wistar rats (Wist/Kuo, 280-350 g; from the colony of
Department of Pharmacology and Toxicology, University of
Helsinki) were housed 4 per cage at 21 £ 1°C in 12 h light
and dark cycles (light on 07 h 00 min). Water and food were
available ad libitum.

Surgery and brain dialysis

The rats were anaesthetized with intraperitoneally (i.p.) given
a-chloralose and urethane (50 and 500 mg kg~!, respectively
diluted in isotonic saline). Further anaesthesia was provided
if needed. Body temperature was maintained at 37°C with a
homeothermic blanket unit (Harvard apparatus Ltd., Eden-
bridge, Kent, England).

Each rat was placed in a Kopf stereotaxic apparatus, the
skull was exposed and a dialysis probe was implanted
through a burr hole with the tip extending 6.5 mm below the
dura. Concentric custom-constructed probes (Parry er al.,
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1990), 210 pm in outer diameter, 4 mm of exposed membrane
were used. The probe was perfused with artificial CSF solu-
tion (composition, mM: Na* 147, K* 3.5, Ca?* 1.0, Mg?*
1.2, CI- 129, PO/~ 1.0 and HCO, 25, gassed with O,/CO,
(95/5%) to pH 7.35) at a flow rate of 1 pulmin~! (the effect
of CGP 28014 alone) or 2 pl min~! (other experiments), using
a CMA microperfusion pump (Carnegie Medicin, Solna,
Sweden). To allow recovery from the surgical procedure
and to obtain stable dialysate dopamine levels first samples
for determinations were collected after 120 min wash-out
period. Dialysate samples were then collected for 20 min
periods in vials containing 5pl (1 pl min~' flow) or 10 pl
(ulmin~! flow) of 0.5M perchloric acid to minimize
decomposition.

To assess the variability between probes, in vitro recoveries
of the amines were studied in room temperature at a per-
fusion rate of 1 or 2 pl min~'. Probes were placed in a beaker
containing 10 ng ml~! solutions of amines or metabolites of
interest. Relative recoveries were as follows (mean * s.e.
mean; n=4) for flow of 1 ulmin~!: L-dopa, 11.4 £ 2.2%;
3-OMD, 14.3 * 3.4%; dopamine, 12.9 * 1.6%; 3,4-dihydrox-
yphenylacetic acid (DOPAC), 18.3%1.9%; HVA, 233+
3.1%; S-HIAA, 14.4+£3.1% and for flow of 2 pl min~': L-
dopa, 5.1 £0.1%; 3-OMD, 9.0+ 0.7%; dopamine, 6.5%
0.5%; DOPAC, 7.4+ 0.3%; HVA, 1441 1.1%; 5-HIAA,
10.8 £ 1.0%.

All drugs were injected i.p. after a 1-h (3 X 20 min) base-
line period. CGP 28014 (30 mgkg~!), entacapone (30 mg
kg™') and carbidopa (50 mg kg~') were administered 40 min
before L-dopa methylester (50 mg kg~') after which further
samples were collected for 400 min. When CGP 28014 was
given without L-dopa and carbidopa, samples were collected
for 280 min after CGP 28014 (30 mg kg~') or saline injection.
All doses refer to acids or bases.

Biochemical analysis

The concentrations of L-dopa, 3-OMD, dopamine, DOPAC,
HVA, and 5-HIAA were analyzed from dialysate samples by
high performance liquid chromatography (h.p.l.c.) with elec-
trochemical detection. The system consisted of an isocratic
Waters model 6000A pump with dual SSI suppressors in
series, a Waters 712 WISP autoinjector (Waters Assoc., Mil-
ford, MA, U.S.A.) and a Hewlett Packard 3396a recording
integrator (Palo Alto, CA, U.S.A.). An analytical cell 5011 of
an ESA 5100A coulometric detector (ESA Inc., Bedford,
MA, US.A) set at +0.10 V/—0.30 V with a conditioning
cell 5021 set at + 0.50 V were used. The column used was
LiChrospher 100 RP-18 (5 um) (E. Merck, Darmstadt, Ger-
many). The mobile phase contained 10% methanol in 0.1 M
phosphate buffer, 20 mM citric acid, 0.15mM EDTA and
2.2 mM octanesulphonic acid at pH 2.7. The flow rate of a
mobile phase was 0.9 ml min~' and injection volume 20 pl.
The detection limits for the compounds were as follows
(pmol 20 pl~'): dopamine, 0.01; DOPAC, 0.02; HVA, 0.02;
L-dopa, 0.02; 3-OMD, 0.1; 5-HIAA, 0.02.

Drugs and chemicals

Carbidopa (Orion Pharmaceutica, Espoo, Finland) was sus-
pended in 5% gum arabic. Levodopa methylester hydrochlor-
ide (L-dopa) was from Sigma Chemical Company, MO,
U.S.A. CGP 28014 (N- (2-pyridone-6-yl)-N’, N'-di-n-propyl-
formamidine) and entacapone [OR-611; N,N-diethyl-2-cyano-
3-(3,4-dihydroxy-5-nitrophenyl) acrylamide; batch 105] were
synthesized in Orion Pharmaceutica, Espoo, Finland by Ms
Aino Pippuri, M. Sci. The purity of the compound was
checked by thin layer chromatography (t.l.c.) and nuclear
magnetic resonance (n.m.r.) and was always better than 99%.
CGP 28014 and entacapone were dissolved in a single drop
of Polysorbate 80 (European Pharmacopoeia, vol. III) and
then diluted with 0.9% NacCl in distilled water.

The standards for h.p.lc. analysis and octanesulphonic

acid were purchased from Sigma Chemical Company (St.
Louis, MO, U.S.A.). Other chemicals were analytical grade
and were obtained from Merck (Darmstadt, Germany).

Statistics

The mean of three baseline samples was calculated for each
rat and the successive data were given as a percentage of this
baseline (100%) value to reduce animal-to-animal variety. In
case of L-dopa and 3-OMD, only absolute values (pmol
20 min~'), not corrected for probe recovery, were used since
the baselines for these substances were undetectable. Arith-
metic mean, s.d. and s.e.mean of each group were then
calculated. The data was analyzed by analysis of variances
for repeated measures (ANOVA) using a Systat statistical
software (Wilkinson, 1990). Pairwise comparisons of means
at different time points were made with the Tukey-Kramer
method.

Results

Effect of CGP 28014 (30 mg kg~') alone on striatal
extracellular levels of endogenous dopamine, DOPAC,
HVA and 5-HIAA

Basal concentrations of the amines were as follows (mean *
s.e.mean; pmol 20 min~!; n=12): dopamine, 0.048 X 0.006;
DOPAC, 36.2%29; HVA, 24.1*1.7; 5-HIAA 6.610.5
(Figure 1). Basal levels of L-dopa and 3-OMD were undetec-
table.

In saline-treated rats, dopamine efflux remained stable dur-
ing the 280 min dialysis time, whereas moderate decline was
observed in the levels of DOPAC (ANOVA: F=19.5; P<
0.05), HVA (F=33.0; P<0.05) and 5-HIAA (F=58.3;
P<0.05) (Figure 1).

CGP 28014 increased striatal dopamine efflux (ANOVA:
F=9.7; P<0.05). In detailed comparison at separate time
points, dopamine efflux was increased from 40 min onwards
(Figure 1). CGP 28014 increased striatal dopamine efflux
maximally by 41% (at 200 min) when compared to saline-
treated rats.

Administration of CGP 28014 increased DOPAC efflux
(ANOVA: F=18.2; P<0.01) from 40 min onwards (Figure
1). The maximal increase of DOPAC levels was 49% (at
120 min).

HVA efflux was decreased (ANOVA: F= 153.0; P <0.001)
from 20 min onwards by CGP 28014 (Figure 1). The max-
imal decrease in HVA levels occurred at 100 min (71%).

Dialysate 5-HIAA levels were not affected by CGP 28014
treatment (Figure 1).

Effects of L-dopa/carbidopa on striatal extracellular
levels of L-dopa, 3-OMD, dopamine, DOPAC and HV A

Compared to baseline levels, L-dopa/carbidopa (50/50 mg
kg~!) treatment alone increased striatal L-dopa (ANOVA:
F=13.9; P<0.01), 3-OMD (F=12.5; P<0.01), DOPAC
(F=19; P<0.05) and HVA (F=11.0; P<0.05) effluxes
(Figures 2 and 3). L-Dopa and 3-OMD levels were detectable
from 60 min and 40 min onwards, respectively. Basal concen-
trations were as follows (mean * s.e.mean; pmol 20 min~!;
n=17-23): dopamine, 0.054 + 0.005; DOPAC, 20.9  3.0;
HVA, 155+2.2.

Effect of CGP 28014 (30 mg kg~') on striatal
extracellular levels of L-dopa, 3-OMD, dopamine,
DOPAC and HV A in L-dopa/carbidopa

(50/50 mg kg~!) treated rats

Addition of CGP 28014 to L-dopa/carbidopa treatment did
not modify striatal L-dopa, 3-OMD or dopamine efflux
(Figures 2 and 3). Additional CGP 28014 elevated DOPAC
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Figure 2 The effect of CGP 28014 (30 mg kg, i.p., W), entacapone

(30mgkg', i.p., ¥) or saline (O) on striatal efflux of L-dopa (a) and

¢ 3-O-methyldopa (3-OMD) (b) in L-dopa/carbidopa (50/50 mgkg™'
200 1 i.p., respectively) treated rats. CGP 28014, entacapone or saline and
carbidopa were given 40 min before L-dopa. Dialysis samples were
collected for 20-min periods and assayed by h.p.l.c. with electro-
150 - chemical detection. Data are mean * s.e.mean (n = 5-8). The basal
concentrations for the amines were undetectable, thus the results are
given as absolute values (pmol 20 min~') without correction for
probe recovery. Detailed statistics by Tukey-Kramer method are as
100 1 follows: *P<<0.05, **P<0.01 vs. L-dopa/carbidopa-treated rats,
°P<0.05, *P<0.01 vs. L-dopa/carbidopa + CGP 28014-treated rats.
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* %%
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N * 3 2 E 3 i E R levels slightly, but not significantly above those induced by

L-dopa/carbidopa alone (Figure 3).

T T r At 40, 60, 80 and 100 min, CGP 28014 decreased striatal
0 60 120 180 240 HVA efflux (P<0.001, P<0.001, P<0.01 and P<0.05,
respectively). The maximal decreasing effect of CGP 28014
on HVA levels occurred at 100 min, when HVA levels were
48% of those induced by L-dopa/carbidopa alone. From
200‘1’ 240 min onwards, HVA efflux was even slightly, but not
significantly, increased by CGP 28014 compared to L-dopa/
carbidopa treatment alone (Figure 3).
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Figure 1 The effect of CGP 28014 (30 mgkg~', i.p., M) or saline
(O) on the striatal efflux of dopamine (a), 3,4-dihydroxyphenylacetic
50 1 acid (DOPAC) (b) homovanillic acid (HVA) (c) and 5-hydroxyindole
acetic acid (5-HIAA) (d). Dialysis samples were collected for 20-min
periods and assayed by h.p.l.c. with electrochemical detection. Data
0- are given as percentages of the mean of three baseline values
— ——— —— (mean * s.e.mean; n = 6). For basal concentrations of the amines see
0 60 120 180 240 text. Dashed lines indicate the 100% baseline. Detailed statistics by

Tukey’s test are as follows: *P <0.05, **P < 0.01, ***P <0.001 vs.

Time (min) saline-treated rats.
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Figure 3 The effect of CGP 28014 (30 mg kg™, i.p., W), entacapone
(30 mg kg™, i.p., V) or saline (O) on striatal efflux of dopamine (a),
3,4-dihydroxyphenylacetic acid (DOPAC) (b) and homovanillic acid
(HVA (c) levels in L-dopa/carbidopa (50/50 mgkg~' i.p., respec-
tively) treated rats. CGP 28014, entacapone or saline and carbidopa
were given 40 min before L-dopa. Dialysis samples were collected for
20-min periods and assayed by h.p.l.c. with electrochemical detec-
tion. Data are given as percentages of the mean of three basal levels
(mean * s.e.mean; n = 5-9). For basal concentrations of the amines
see text. Dashed lines indicate the 100% baseline. Detailed statistics
by Tukey-Kramer method are as follows: *P<<0.05, **P<0.01;
***+Pp<0.001 vs. L-dopa/carbidopa-treated rats, °P<0.05 vs.
L-dopa/carbidopa + CGP 28014-treated rats.

The effect of entacapone (30 mg kg=') on striatal
extracellular levels of L-dopa, 3-OMD, dopamine,
DOPAC and HV A in L-dopa/carbidopa

(50/50 mg kg=!) treated rats

Addition of entacapone (30 mgkg~!) to the L-dopa/carbi-
dopa treatment increased striatal L-dopa efflux significantly
at 60 min (P<<0.05), when compared to that after CGP
28014 and L-dopa/carbidopa (Figure 2).

Entacapone lowered 3-OMD levels from 120 min onwards
(ANOVA: F=15.3; P<0.05). Maximal decrease (79%) in
3-OMD levels was observed at 140 min and 160 min (Figure
2).

Entacapone increased dopamine efflux at 100 min (425%
of those after L-dopa/carbidopa alone; P<0.05) and 120 min
(298%; P<<0.05). At these time points, the increase in
dopamine was significant also compared to that after L-dopa/
carbidopa and CGP 28014 (Figure 3).

L-Dopa/carbidopa-induced DOPAC levels were elevated
from 80 min onwards by additional entacapone (ANOVA:
F=42; P<0.05). Between 260 min and 320 min the en-
hancement was significant (P <<0.05) also when compared to
the DOPAC levels after L-dopa/carbidopa and CGP 28014
(Figure 3).

At 40 min and 60 min, entacapone decreased striatal HVA
efflux (P<<0.05 and P<<0.001, respectively), which was fol-
lowed by gradual increase (Figure 3). From 340 min HVA
efflux was increased compared to that after L-dopa/carbidopa
alone (max 259%, P <<0.05).

Discussion

The effects of nitrocatechol-type COMT inhibitors on basal
efflux of endogenous dopamine have been quite modest
(Brannan et al., 1992; Kaakkola & Wurtman, 1992). In
contrast, to our knowledge this is the first time that a com-
pound proposed to have central inhibitory activity on cate-
chol O-methylation (by CGP 28014) elevates significantly
striatal basal dopamine efflux. Increased DOPAC and de-
creased HVA effluxes after CGP 28014 in the absence of
L-dopa/carbidopa treatment, evidently reflect diminished con-
version of DOPAC to HVA. The results are in accordance
with previous studies, where CGP 28014 increased DOPAC
and decreased HVA levels also in the striatal tissue (Wald-
meier et al., 1990a).

In the presence of L-dopa/carbidopa treatment, the short-
lasting increasing effect of entacapone on striatal L-dopa
efflux is in accordance with earlier studies (Méannist6 et al.,
1992a). Increased central availability of L-dopa is obviously a
consequence of decreased peripheral metabolism of the drug
either by dopa decarboxylase or COMT. Thus, the lack of
effect of CGP 28014 on L-dopa efflux favours the poor
peripheral COMT-inhibiting property of the drug.

The above explanation is further supported by the lack of
decreasing effect of CGP 28014 on the efflux of striatal 3-
OMD. 3-OMD is a COMT-induced metabolite of L-dopa,
that equilibrates quite easily between the periphery and the
brain (Mannisté et al, 1992b). Most of the 3-OMD is
formed outside the brain, which view was also presently
supported by lowered brain 3-OMD levels after peripheral
COMT inhibition by entacapone. The earlier controversial
results about the effects of CGP 28014 on peripheral 3-OMD
formation may be related to the presence or absence of an
inhibitor of dopa decarboxylase. CGP 28014 lowered 3-OMD
levels only when dopa decarboxylase was intact and the
conversion of excess L-dopa to dopamine was possible. When
dopa decarboxylase is inhibited, most of the L-dopa is
metabolized to 3-OMD by COMT. This manifest COMT
activity is evidently not inhibited by CGP 28014 or inhibition
occurs very slowly (Minnist et al., 1992a).

The inhibition of peripheral COMT (e.g. by entacapone) is
apparently enough to increase the efficacy of L-dopa on brain
dopamine concentrations (Brannan et al., 1992; Ménnistd et
al., 1992a; Kaakkola & Wurtman, 1993). This has been
reflected also in the behavioural studies in rats and mice
(Etemadzadeh et al., 1989; Tornwall et al., 1992). However,
recent results by Kaakkola and Wurtman (1993) suggest that
central inhibition of COMT (e.g. by tolcapone) can further
potentiate the effect of exogenous L-dopa on brain dopamine
efflux. Indeed, centrally active COMT inhibitor (Ro 41-0960),
but not entacapone, has increased the L-dopa-induced loco-
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motor activity in nomifensine and clorgyline pretreated rats
(Toérnwall et al., 1992). Thus, it seems peculiar that centrally
active CGP 28014 could not further increase L-dopa/carbi-
dopa-induced dopamine efflux.

Some recent results from our laboratory may throw light
on the situation. At doses 50/50 mg kg~!, L-dopa/carbidopa
combination decreased spontaneously motility in rats and
mice (Tornwall ez al., 1992; Lang & Minnist, unpublished
results). Di Chiara ez al. (1976) have postulated that L-dopa-
induced decreased motility is mediated mainly at the
presynaptic level (via autoreceptor stimulation). Interestingly,
in our recent study, we used pimozide to stimulate presynap-
tic endogenous dopamine synthesis and metabolism without
causing any obvious increase in dopamine release. In these
circumstances, CGP 28014 did not decrease striatal 3-MT
formation whereas tolcapone was still effective (Térnwall et
al., 1993). However, CGP 28014 was as effective as tolcapone
in reducing 3-MT levels after amphetamine, a substance that
evidently increases dopamine in the synaptic cleft. Thus,
there may be a possibility that dopamine formed by
presynaptic dopaminergic neurones from exogenous L-dopa,
utilizes COMT-containing metabolic routes that cannot be
reached by CGP 28014.

In L-dopa-treated rats, DOPAC levels were relatively resis-
tant to the effects of CGP 28014 compared to the effects of
entacapone. Similar effects have been observed in studies on
brain homogenates (Ménnistd er al., 1992a). The modest
DOPAC increasing effect of CGP 28014 may have two exp-
lanations: (1) CGP 28014 may inhibit the access of dopamine
into monoamine oxidase-B (MAO-B) containing cells
(Minnistd et al., 1992a) and/or (2) unaltered central entry of
L-dopa does not allow dopamine elevation (by dopa decar-
boxylase) and successive DOPAC (by MAO) formation.

CGP 28014, when given without L-dopa/carbidopa, sup-
pressed effectively HVA levels for the whole time of dialysis
(4 h 40 min), whereas HVA levels in L-dopa/carbidopa-trea-
ted rats were decreased for a shorter time period (3h 20
min). Using the same doses and routes of administration of
CGP 28014, L-dopa and carbidopa, Minnisté et al. (1992a)
found decreased striatal tissue HVA levels both at 1h and
3 h after the triple treatment. However, this effect was not as
strong as that of tolcapone. In the absence of exogenous
L-dopa, Waldmeier er al. (1990a) found that striatal tissue
HVA levels 4-6 h after administration of 20 mg kg=' (i.p.) of
CGP 28014 were only 70—-80% of the controls indicating a
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Tacrine-induced increase in the release of spontaneous high
quantal content events in Torpedo electric organ
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1 The anticholinesterases, tacrine (100 uM) and physostigmine (60 uM) had different effects on the
amplitude distribution and kinetics of miniature endplate currents (m.e.p.cs) recorded extracellularly

from the electric organ of Torpedo marmorata.

2 Tacrine increased the ratio of giant miniatures (larger than 4 mV of amplitude) to more than 20% of
recorded spontaneous events. In the presence of physostigmine such events represented only 4%.

3 Both tacrine and physostigmine increased the rise time and the decay phase of normal-sized m.e.p.cs
when compared to control conditions. Both effects were significantly greater for tacrine.

4 We have tested the specificity of the tacrine effect on ectoenzyme activities associated with plasma
membranes of these pure cholinergic nerve endings. Tacrine does not act unspecifically on every
ectoenzyme, because it is not able to block the ectoapyrase activity even at a concentration 100 fold
greater than that required to inhibit 94% of AChE.

5 We conclude that the differential effects of tacrine and physostigmine can be explained in terms of
undetermined presynaptic actions of tacrine, while comparable effects of the two compounds can be
explained through a shared anticholinesterase activity.

Keywords: Tacrine; physostigmine; miniature endplate currents; Torpedo; acetylcholine; acetylcholinesterase; apyrase; quantal

transmitter release; Alzheimer’s disease

Introduction

Alzheimer’s disease produces a loss of cholinergic neurones
in the nucleus basalis of Meynert. To increase the levels of
acetylcholine, clinical trials have been carried out with acetyl-
cholinesterase blockers. Physostigmine and tacrine (9-amino-
1,2,3,4-tetrahydroacridine) block acetylcholinesterases in the
central nervous system. Physostigmine produces a brief
improvement in cognitive function, due to its short half-life.
The use of the longer-acting tacrine has positive results,
primarily in long-term trials (Kumar & Becker, 1989).

The strategy of using physostigmine or tacrine to enhance
cholinergic transmission is based on the ability of acetyl-
cholinesterases to prolong the postsynaptic action of acetyl-
choline (ACh). In the central nervous system the direct
measurement, at the synaptic level, of ACh release and the
mean life of ACh molecules is difficult. An alternative experi-
mental model is the vertebrate neuromuscular junction with
which the quantal nature of ACh release was established.
Tacrine stimulates neurosecretion at mammalian motor end-
plates (Thesleff ez al., 1990) and prolongs the decay phase of
miniature endplate potentials (Braga er al., 1991).

Variations in clinical efficacy of tacrine and physostigmine
may be related less to their acetylcholinesterase antagonism
than to their interactions with other systems such as pre-
synaptic actions or cholinoceptors. Tacrine is in fact struc-
turally related to the Na* channel blocker, 9-aminoacridine
(Yamamoto & Yeh, 1984) and to the K* channel blocker,
4-aminopyridine (Yeh et al., 1976, Wurtman et al., 1991).
Also some ligand-gated channels and receptors such as those
for 5-hydroxytryptamine and adenosine are in some systems
sensitive to block by tacrine (Drukarch et al., 1987; Shutske
et al., 1989).

Electric organs of Elasmobranchs are embryologically
derived from the skeletal muscle and have a great number of
motor nerve endings, indeed there are huge amounts of
acetylcholinesterases. Tacrine is also able to block acetyl-
cholinesterase activity in the ray electric organ (Wu & Yang,

! Author for correspondence.

1989). Our goal is to explore the effects of tacrine and
physostigmine on the spontaneous quantal release of acetyl-
choline from the electric organ of Torpedo.

Methods

Torpedo marmorata specimens were caught at the Catalan
mediterranean coast and maintained alive in artificial sea
water. Fish were anaesthetized with tricaine (Sigma, St Louis,
MO, U.S.A.) before surgical excision of electric organs.
Fragments were immediately immersed in Torpedo
physiological saline solution. The composition of this solu-
tion was (in mM): NaCl 280, KCl 3, CaCl, 3.4, MgCl, 1.8,
glucose 5.5, urea 300 and sucrose 100, HEPES/NaOH-buffer
6.8, pH adjusted to 7.0 with NaHCO;. From 5 to 10 prisms
of the electric organ were cross-sectioned with a scalpel blade
and thin sections (1 mm) were placed in a plexiglass record-
ing chamber coated with a sylgard bottom.

Spontaneous release of ACh was recorded with focal extra-
cellular low-resistance microelectrodes (Katz & Miledi, 1977),
as adapted to the electric organ by Soria (1983) and Muller
& Dunant (1987). The method allows long-term recording
with little damage to the cells.

Electrodes were made in three steps using a Mecanex
horizontal puller, employing borosilicate capillaries (Clark
Electromedical Instruments). Electrode tips were fire-polished
in a home-made microforge. Recording electrodes having tip
diameters around 10 micrometers were filled with physio-
logical solution with a resistance of about 400 KQ.

Spontaneous miniature endplate currents (m.e.p.cs), re-
corded as potential changes of a focal electrode plugged into
a high impedance amplifier (P16, Grass), were monitored on
a Tektronix 5110 oscilloscope and recorded in parallel on a
VCR tape recorder (Biologic). Analysis of signals was done
by means of the pClamp 5.5.1 software, Axon Instruments
Inc., and a TL-1 labmaster digitizing interface and event
detector (Axon Ins.). Data in ASCII form were exported to
Sigmaplot 4.0.
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Results are presented in mean  s.e.mean. Differences
between means were tested by Student’s ¢ test. Differences
between distribution functions were evaluated by the Kolmo-
gorov-Smirnov (K-S) test.

Torpedo electric organ synaptosomes were obtained by
differential centrifugation following the method described by
Morel et al. (1977). The acetylcholinesterase activity was
measured according to Ellman et al. (1961). Ectoapyrase
activity was measured as described by Sarkis & Salto (1991),
and phosphate formation was determined according to Lan-
zetta et al. (1979).

All recordings were made at room temperature (20-23°C).

1,2,3,4-Tetrahydro-9-aminoacridine (tacrine), and physo-
stigmine (eserine-salicylate) were purchased from Sigma, St.
Louis, MO, U.S.A. All other reagents used and tricaine were
of synthesis grade.

Results

In the present work we show that tacrine (100 uM) efficiently
inhibited the acetylcholinesterase (AChE) activity associated
with isolated presynaptic plasma membranes of cholinergic
nerve terminals of Torpedo marmorata electric organ (Mas-
soulie et al., 1991). As in the same preparation, Sarkis &
Salté (1991) reported the presence of another ectoenzyme
which catalyzed the hydrolysis of ATP that is co-released
with ACh during the stimulation of cholinergic synaptic
vesicles, it was of interest to determine if tacrine at high
concentration (100 uM) was able to modify the ectonucleo-
tidase activity associated with nerve terminals. Tacrine does
not act unspecifically on every ectoenzyme, because whereas
at the concentration of 1pM it blocks AChE activity fully
(remaining activity is 2.4 X 3.0%, n=4), it is not able to
block the apyrase activity even at a concentration 100 fold
higher (remaining activity after application of tacrine 100 uM
is 93.9 £ 4.8%, n=4).

We focused the rest of our study on the spontaneous
electrical activity of cholinergic nerve terminals in slices of
Torpedo electric organ. Because we were looking for effects
other than purely anticholinesterase action, the effects of
tacrine on m.e.p.cs have been compared with the effects
induced by a strong AChE inhibitor, physostigmine, at a
similar concentration (60 uM). The amplitude and kinetics of
the spontaneous events were modified by the action of these
compounds (Figure 1).

The mean amplitude of miniature endplate currents in
control conditions was 1.66 * 0.04 mV (449 m.e.p.cs, number
of experiments (n) = 3). Tacrine (100 uM) increased this value
to 2.54 £ 0.10 mV (420 m.e.p.cs, P<0.05, n = 3) and physo-
stigmine (60 uM) to 1.80 £ 0.05mV (455 m.e.p.cs, P<0.05,
n=3).

Histogram plots comparing the amplitude distribution of
m.e.p.cs (see Van der Kloot, 1991) in the three experimental
conditions, are shown in Figure 2a. With tacrine the
appearance of a population of large size m.e.p.cs can be
noted clearly. In control conditions only 0.7% of the m.e.p.cs
had amplitudes greater than 4 mV. Tacrine resulted in a big
increase in this kind of spontaneous event which represented
21% of the total recorded. In contrast, after physostigmine
treatment such big m.e.p.cs only represented 4.5%. Because
these giant m.e.p.cs had no brakes on their rising phases, we
discarded the possibility that they arose from the simul-
taneous release of two or more quanta.

As tested by the K-S statistics, the distribution function of
m.e.p.c. amplitudes recorded in presence of tacrine 100 um
was different from controls (P<0.001) and from m.e.p.cs
recorded in the presence of physostigmine 60 uM (P <0.001).
In contrast, m.e.p.c. amplitude distribution recorded after
application of physostigmine is not different from that in
control conditions.

The mean value of the rise time of m.e.p.cs in a non-
treated preparation was 0.42 £ 0.06 ms, while in physostig-
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Figure 1 Superimposed oscilloscope tracings showing spontaneous
m.e.p.cs recorded in Torpedo marmorata electric organ: (a) an un-
treated control electric organ shows normal-sized, fast-rising and
fast-decaying m.e.p.cs; (b) application of tacrine (100 um) leads to
the appearance of giant m.e.p.cs, and to a general increase of rise
time and decay time constants; (c) in the presence of physostigmine
(60 uM) spontaneous events have prolonged rising times and decay-
ing time constants when compared with controls, but the frequency
of slow-rising and giant m.e.p.cs is low in comparison with (b).

mine solution it was 0.79 £ 0.02 ms and in the presence of
tacrine, 1.28 £ 0.03 ms. The differences are significant in all
cases at the P<<0.05 level. Histogram plots are shown in
Figure 2b. Tacrine and physostigmine caused an increase in
the frequency of slow-rising m.e.p.cs. In the distribution
functions, differences between control and tacrine or physo-
stigmine data are significant at the P <<0.001 level. The effect
was more potent for tacrine, because m.e.p.cs distribution
after addition of tacrine shifts significantly to prolonged rise
times when compared with physostigmine (P<<0.001, K-S
statistics).

The mean half decay of m.e.p.cs was 0.36 £ 0.01 ms in
control m.e.p.cs, while after physostigmine treatment it was
1.67 £ 0.05ms, after tacrine it was 2.24  0.05ms. These
differences are significant (P<<0.05). Control and tacrine
data are different (P <<0.001) when comparing the frequency
distribution of the half decay time constants of m.e.p.cs.
Control and physostigmine are also different at P <0.001.
Differences between tacrine and physostigmine are significant
at a lower level (P<<0.05, K-S statistics). Half decay histo-
grams are shown in Figure 2c.

The increases in both time constants affected apparently
normal-sized m.e.p.cs, because when we excluded giant
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Figure 2 Histograms showing the effects of tacrine and physostigmine on m.e.p.cs size and kinetics. (a) M.e.p.cs amplitudes; (b)
m.e.p.cs rise time constants and (c) m.e.p.cs half decay time constants. Non-treated condition: filled histogram bars. Tacrine
(100 uM): thick histogram outline. Physostigmine (60 uM): discontinuous histogram outline. Tacrine treatment induces clearly an
increase in the number of m.e.p.cs larger than 4 mV and also a shift towards prolonged time constants. All histogram plots have a
Normal distribution as tested by the Kolmogorov-Smirnov test. n =3 different experiments.

Table 1 Mean values (% s.e.mean) of m.e.p.cs measurements and the correlation coefficients between paired measurements

Control Tacrine Physostigmine
(100 pm) (60 pum)
Mean amplitude (mV) 1.66 * 0.04? 2.54 £ 0.10'2 1.80 £ 0.05'
Mean rise time (ms) 0.42 * 0.06 1.28 £ 0.03'2 0.79 % 0.02!
Mean half decay (ms) 0.36 + 0.012 2.24 £ 0.05'2 1.67 £ 0.05"
Amplitude vs. rise time r=0.185 r=0.271 r=-0.148
Amplitude vs. half decay r=0.153 r=0.142 r=-0.168

'Different from control at P<<0.05
Different from physostigmine at P<0.05

Note negative r values in physostigmine treatment, that could account for a molecular action different from tacrine. n = 3 different

experiments.

m.e.p.cs (larger than 4 mV) from the measurements the given
mean values did not change significantly.

Correlation coefficients between the parameters, amplitude
and rise time or amplitude and half-decay, were slightly
positive for m.e.p.cs recorded in untreated tissue or after
bathing with tacrine. On the contrary, physostigmine treat-
ment led to a slightly negative correlation between the paired
measurements (Table 1).

Discussion

It is well known that tacrine has anticholinesterase activity
(Freeman & Dawson, 1991, for review). We have confirmed
this property in the electric organ by means of enzymatic
activity determination and through the observation of the
slower decay phase of m.e.p.cs. Prolonged rise times and
decay phases of m.e.p.cs have been reported in relation to
different anticholinesterase agents in the neuromuscular junc-
tion (Magleby & Stevens, 1972; Kordas, 1977; Fiekers, 1985).
We have determined that the action of tacrine is not un-
specific upon any ectoenzyme, since apyrase activity is not
modified.

Tacrine, in contrast to physostigmine, has another effect
on quantal ACh release, increasing the proportion of giant
and slow-rising m.e.p.cs. Diverse treatments like 4-amino-
quinoline (Molg6é & Thesleff, 1982), clostridial toxins (Sellin
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Regulation of aromatic L-amino acid decarboxylase in rat
striatal synaptosomes: effects of dopamine receptor agonists
and antagonists
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1 In this study we investigated the effects of dopamine receptor agonists and antagonists on rat striatal
synaptosomal aromatic L-amino acid decarboxylase (AADC) activity.

2 The results show that 10-°-10~"M cis-flupenthixol increased the striatal synaptosomal AADC
activity (by 25% to 57%) in a time-dependent manner. SCH 23390 and remoxipride alone had little or
no effect on striatal synaptosomal AADC activity, but in combination they increased AADC activity by
20%, suggesting that the increases in striatal synaptosomal AADC activity occurred only after blockade
of both dopamine D, and D, receptors.

3 Treatment with (+)-amphetamine and (%)-2-(N-phenylethyl-N-propyl)amino-5-hydroxytetralin
hydrochloride ((£)-PPHT) produced a reduction of striatal synaptosomal AADC activity in a
concentration- and time-dependent manner. SKF 38393 and (—)-quinpirole, however, exhibited no effect
on striatal synaptosomal AADC activity, suggesting that only the mixed dopamine receptor agonists can
reduce the AADC activity. Incubation with apomorphine at a concentration of 10~*M inhibited the
AADC activity by 74% and this inhibition cannot be antagonized by SCH 23390, remoxipride or
cis-flupenthixol, suggesting that apomorphine-induced inhibition of striatal synaptosomal AADC
activity was not mediated by dopamine receptors.

4 cis-Flupenthixol can reverse the reduction of AADC activity induced by (+)-amphetamine and
(£)-PPHT. The inhibition of AADC activity elicited by (+)-PPHT also can be reversed by SCH 23390
and remoxipride.

5 The inhibition of striatal synaptosomal AADC activity induced by (+)-PPHT is calcium-dependent
and protein kinase C may play a role in the regulation of striatal AADC activity.

6 These studies show that striatal synaptosomal AADC activity is regulated by dopamine receptors
and indicate that in vitro dopamine D; and D, receptors have a synergistic effect in this regulation.

© Macmillan Press Ltd, 1994
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Introduction

Aromatic L-amino acid decarboxylase (E.C. 4.1.1.28, AADC)
is the enzyme which catalyzes the decarboxylation of L-
phenylalanine to form 2-phenylethylamine (PE) and it is
considered to have a regulatory role in the synthesis of this
amine (Saavedra, 1974). AADC is also required for the for-
mation of the catecholamines and 5-hydroxytryptamine (5-
HT), but in these cases it is not rate limiting (Brodie et al.,
1962). Since brain AADC is thought not to be saturated with
substrates and to be relatively nonselective (Bowsher &
Henry, 1986), the regulation of the enzyme has not been
intensively studied. There is now evidence, however, that
some physiological conditions and some treatments can
change AADC activity in vivo. In the rat retina, AADC
activity increases in response to light (Hadjiconstantinou et
al., 1988) and these changes were mediated by dopamine D,
receptors (Rossetti et al., 1990). The change in AADC
activity was associated with de novo synthesis of the protein
(Hadjiconstantinou et al., 1988). Both dopamine D, and D,
receptor blockers such as SCH 23390, haloperidol and sul-
piride increase striatal AADC activity in control mice and in
mice treated with N-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine (MPTP) (Hadjiconstantinou er al., 1993). Using
molecular biology methods, it was recently found that the
AADC mRNA level of rat brain was increased after chronic
treatment with the neuroleptics, haloperidol and loxapine
(Buckland er al., 1992a), which also produced an increase in

! Author for correspondence.

D,, D, and D; dopamine receptor mRNA level (Buckland et
al., 1992b). These findings suggest that AADC activity may
be modulated by dopamine receptors.

Previous studies from this laboratory have shown that the
administration of dopamine D, or D,-like receptor blockers
produced dose-dependent increases in AADC activity in
striatal and mesolimbic areas in the rat (Zhu et al., 1992).
The dopamine receptor blockade increased the V., but did
not affect the K, of the enzyme. The use of a protein
synthesis inhibitor suggested that at least within 1h after
drug treatment, de novo protein synthesis was not responsible
for the increases in AADC (Zhu et al., 1993). AADC activity
was reduced by the administration of the dopamine receptor
agonist, bromocriptine (Zhu et al., 1993). Moreover, there is
an interaction between some dopamine receptor antagonists
on the striatal AADC activity after joint administration of
these compounds (Zhu et al., 1993). These data suggest that
in vivo AADC is a modulated enzyme.

AADC has been considered to be predominantly located in
the soluble fraction of both kidney extracts (Lovenberg et al.,
1962) and rat brain (Sims et al., 1973). There are reports,
however, that a substantial proportion (50% or more) of
AADC may be associated with membranes (Rodriguez de
Lores Arnaiz & De Robertis, 1964; Sims et al., 1973). Subse-
quently, Gardner & Richards (1981) have reported that 35%
of AADC is associated with the synaptosomal pool. In the
present study we have investigated the effects of some
dopamine receptor agonists and antagonists on AADC
activity in rat striatal synaptosomes and the possible
mechanism in the AADC regulation.
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Methods

Animals

Male Wistar rats (Charles River Canada, Montreal, Quebec),
weighing 230-250 g at the time of experimentation, were
used. The animals were housed in hanging wire cages with
free access to food and water on a 12h light/dark cycle
(lights on at 06 h 00 min) at a temperature of 19-21°C.

Preparation of synaptosomes

Synaptosomal-enriched fractions were prepared from stria-
tum by differential and Ficoll-sucrose density gradient cen-
trifugation as described by Cotman (1974) and Wood et al.
(1979) and modified in our laboratory. Rats were killed by
decapitation and brains were removed and immediately
placed in ice-cold saline followed by dissection on ice to
remove striata. Striata of three rats were homogenized in
0.32 M sucrose (1%, w/v), using 10 up and down strokes at
900 r.p.m. in a glass-Teflon homogenizer (clearance 0.25
mm). The homogenate was centrifuged at 1,000 g for 5 min
and the separated supernatant was again centrifuged at
15,000 g for 12 min. The pellet was collected and resuspended
in 0.32 M sucrose and then applied to a Ficoll-sucrose density
gradient, consisting of 4, 6 and 13% (w/v) Ficoll in 0.32M
sucrose. After centrifugation at 63,580 g for 45min, the
synaptosomal-enriched fraction was collected from the
6-13% interface. The particulate fraction thus obtained was
resuspended in 4 volumes of 0.32M sucrose and spun at
50,000 g for 20 min. The resultant pellet was resuspended in
the medium to be used for incubation.

Incubation of synaptosomes with drugs

The synaptosomal pellet was resuspended in Somjens saline
(in mM: NaCl 123, KCl 3.51, NaH,PO, 1, MgSO, 0.8,
NaHCO,; 26, CaCl, 1.2 and D-glucose 11, pH 7.35 and
saturated with 95% O,/5% CO,) (Magoski & Walz, 1992).
For the calcium-free experiments, Ca* was omitted from the
medium. For the incubation, 200 ul of the synaptosome
preparation was mixed with 600 ul of oxygenated Somjens
saline in the presence of different concentrations of drugs
(dissolved in 200 ul water) in a total volume of 1 ml. The
control group received 200 pl of water instead of drugs. All
samples before incubation were undertaken at 0°C in an ice
bath. After shaking, the samples were transferred to a water
bath of 37°C and incubated for 1h. The reaction was ter-
minated by returning the samples to the ice bath following
which the samples were immediately centrifuged (4°C) at
40,000 g for 20 min. The pellets were then resuspended in
0.01 M sodium phosphate buffer, and stored overnight at
—70°C for AADC and protein assay.

Aromatic L-amino acid decarboxylase assay

AADC activity was assayed by a modification of the method
of Nagatsu et al. (1979) and Okuno & Fujisawa (1983).
The assay was based on the enzymatic conversion of L-
3,4-dihydroxyphenylalanine (L-DOPA) to dopamine with
measurement of dopamine by high performance liquid
chromatography with electro-chemical detection (h.p.l.c.-e.c.):
50 pl of the incubation suspension were used for the assay.
The assay mixture, containing sodium phosphate buffer
50 mM, pH 7.2, L-DOPA 0.04 mM (D-DOPA for estimation
of blank values), ascorbic acid 0.17 mM, pyridoxal-5-
phosphate 0.01 mM, pargyline 0.1 mM, 2-mercaptoethanol
1 mM, EDTA 0.1mM and enzyme in a total volume of
400 pl, was incubated at 37°C for 20 min and the reaction
was terminated by addition of 600 pl ice cold perchloric acid
(0.1 M) containing isoprenaline as an internal standard. The
mixture was transferred to a small conical polypropylene test
tube, centrifuged again (3,000 r.p.m. for 10 min) and 50 pl of

supernatant used for h.p.l.c. assay. Protein concentration was
determined (Lowry et al., 1951) with bovine serum albumin
used as the standard and the enzyme activity was expressed
as nmol of dopamine 20 min~' mg~! of protein at 37°C.

Drugs for incubation with synaptosomes

Drugs used in this study were obtained from following
sources: (—)-quinpirole HCl, SCH 23390 (R(+ )-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro- 1H-3-benzaze-
pine hydrochloride), (+)-PPHT hydrochloride ((%)-2-(N-
phenylethyl- N-propyl)amino-5-hydroxytetralin hydrochloride),
SKF 38393 (1-phenyl-2,3,4,5-tetrahydro-(1 H)-3-benzazepine-
7,8-diol hydrochloride), H-7 HCl ((1-(5-isoquinolinesul-
phonyl)-2-methylpiperazine) and PDBu (phorbol 12,13-di-
butyrate), Research Biochemicals Inc. (Natick, MA, U.S.A.);
apomorphine hydrochloride, Sigma Chemical Co. (St. Louis,
MO, U.S.A)); (+)-amphetamine sulphate, Smith, Kline and
French Laboratories (Philadelphia, PA, U.S.A.). The follow-
ing compounds were generous gifts: remoxipride [S-3-bromo-
N-(1-ethyl-2-pyrrolidinyl)methyl-2,6-dimethoxybenzamide hyd-
rochloride monohydrate], Astra Pharma Inc. (Mississauga,
Ontario); cis- and trans-flupenthixol, H. Lundbeck & Co.
(Kobenhavn-Valby, Denmark). Solutions were freshly pre-
pared in nanopure water.

Statistical methods

Data were analysed by one- and two-way analysis of variance
(ANOVA) (Winer, 1971) and the Newman-Keuls tests for
multiple comparisons, depending on the experimental design.
Statistical analyses were performed on a Macintosh Micro-
computer using the CLR ANOVA programme (Clearlake
Research, Houston, TX, U.S.A)).

Results

The effects of dopamine receptor antagonists on AADC
activity in striatal synaptosomes

cis-Flupenthixol The concentration-response curve for act-
ivation of striatal synaptosomal AADC by cis-flupenthixol is
presented in Figure la. The results show that 10~° and
10-"M of cis-flupenthixol increased AADC activity by 56%
and 57% above control values, respectively (Fg,s=35.8,
P<0.001). Incubation with higher concentrations of cis-
flupenthixol produced a lower (with 10~°M) or no increase
(with 10~*M) in AADC activity (Figure 1a).

The time course of cis-flupenthixol (10~® M) activation of
AADC activity in striatal synaptosomes shows that at 30 min
of incubation AADC activity has been increased (37%) and
that maximal activation (47%) occurred after 1 h of incuba-
tion. By 2 h of incubation, however, this compound reduced
AADC activity by 40% below the control value (Figure 1b).
This reduction in AADC activity observed with longer
exposures to cis-flupenthixol (Figure 1b) agrees with the
result of lower effects produced by higher doses (Figure 1a).

SCH 23390 and remoxipride Unlike cis-flupenthixol, both
SCH 23390 and remoxipride had no effects on striatal synap-
tosomal AADC activity when they were separately incubated
with synaptosomal preparations (Figure 2a,b), nor was any
inhibition in AADC observed with doses as high as 10~*M.
When 10~%M of each of these compounds was incubated
together with striatal synaptosomes, they increased synap-
tosomal AADC activity by 20% above control value
(Fs26 = 5.02, P<0.01, Figure 2c). This was the only dose
combination found to increase the AADC activity; other
lower dose (10-° M) or higher doses (up to 10~*M) did not
change its activity (Figure 2c).
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The effects of dopamine receptor agonists on AADC
activity in striatal synaptosomes

( + )-Amphetamine The incubation of different concentra-
tions of (+)-amphetamine with striatal synaptosomes for 1 h
produced a reduction in AADC activity. The effects were
observed with concentrations of 10-7M-10"*M of (+)-
amphetamine and the reductions ranged from 29 to 35% of
their respective controls (Fgq = 3.26; P<<0.05, Figure 3a).
The time-course of the effect of (+)-amphetamine was
studied with a concentration of 10-*M and showed that by
1 h of incubation the AADC activity was 26% of controls
and further reductions were observed by 2 h of incubation
(F33 = 13.2, P<0.001; Figure 3b). The results indicate that
(+)-amphetamine inhibits striatal synaptosomal AADC in
both a concentration- and time-dependent manner.

(% )-PPHT Incubation of striatal synaptosomes with (%)-
PPHT at concentrations of 10-* M to 10~"M produced a
concentration-dependent reduction in AADC activity. The
reductions were 37%, 36%, 31% and 30% with respect to
their respective controls (Fgq4 = 3.3, P<<0.01) (Figure 3a).

Like (+)-amphetamine, (1)-PPHT (10-° M) also inhibited
striatal synaptosomal AADC activity in a time-dependent
manner (Figure 3b). This effect, however, was observed at an
earlier time than that of (+)-amphetamine, reaching sig-
nificance 30 min after incubation with values of 20% below
control (F; ;o = 8.27, P<<0.01).

SKF 38393 and (— )-quinpirole The concentration-response
curves for SKF 38393 and (-)-quinpirole were measured
after 1 h of incubation. The experiment indicated that neither
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Figure 1 Dose-response effects (a) and time course (b) of cis-
flupenthixol on AADC activity (nmol of dopamine mg~' protein,
20 min~') in the rat striatal synaptosomes. The incubation time for
dose-course was 1 h. The concentration of cis-flupenthixol used in
the time-course was 10~ M. The values in each experimental group
were obtained from 6-8 samples. Data are mean * s.e.mean.
Significance was determined by one way ANOVA and Newman-
Keuls test: *P <0.05; **P <0.01, compared with the control group
(C group).

SKF 38393 nor (—)-quinpirole (added in concentrations ran-
ging from 10~° to 10~*M) changed the AADC activity in
striatal synaptosomes (Fg3 = 1.69, for SKF 38393; Fys; =
0.9, for (—)-quinpirole; data not shown), suggesting that
selective dopamine D, or D,-like receptor agonist does not
affect AADC activity in striatal synaptosomes.

Apomorphine The concentration-response of apomorphine
in rat striatal synaptosomes was determined after 1 h incuba-
tion. The AADC activity of controls was 5.18 £ 0.19 nmol
dopamine mg~' of protein, 20 min~!. Addition of 10~° to
107°M of apomorphine produced no changes in synap-
tosomal AADC activity. AADC activity was inhibited by
apomorphine at a dose of 107*M to values of 1.34 nmol
dopamine mg~! of protein, 20 min~' (reduced by 74%,
Fg4 = 21.85, P<0.001; data not shown). The time course
indicated that incubation with 10~* M apomorphine produced
a reduction in AADC activity that was observed within
30 min (with reductions from 6.18 to 4.36 nmol dopamine

AADC activity
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Remoxipride (log m)
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Figure 2 Dose-response effects of SCH 23390 (a), remoxipride (b)
and their combination (c) on AADC activity (nmol dopamine mg~'
protein, 20 min~') in the rat striatal synaptosomes. The incubation
time was 1 h. The values in each experimental group were obtained
from 6 samples. Data are means + s.e.mean. Significance was deter-
mined by one-way ANOVA and Newman-Keuls test: **P<<0.01,
compared with the control group (C).
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mg~"! of protein, 20 min~!, 30% below controls). The AADC
inhibition increased with time and by 2h of incubation,
almost all AADC activity (reaching values of 0.39 nmol
dopamine mg~! of protein, 20min~') was inhibited
(Fs2s =94.5, P<0.001; data not shown). Treatment with
SCH 23390, remoxipride or cis-flupenthixol did not reverse
the inhibition of AADC activity induced by 10~*M of
apomorphine (data not shown). The findings suggested that
the inhibition of AADC activity produced by apomorphine
(10-*M) in striatal synaptosomes is unspecific or acts by a
different mechanism.

The reversal of dopamine receptor agonist-mediated
reduction in AADC activity by dopamine receptor
blockers

Exposure of synaptosomes to cis-flupenthixol abolished the
(+)-amphetamine- or (+)-PPHT-induced reduction in AADC
activity. The results showed that 10~° and 10~*M of cis-
flupenthixol can effectively antagonize the effects of (+)-
amphetamine (10-°M) on striatal synaptosomal AADC
activity (Figure 4a). In another experiment, the action of
(£)-PPHT (10~°M) was antagonized by 10~°-10"%M of
cis-flupenthixol (Figure 4b).
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Figure 3 Dose-response effects (a) and time course (b) of (+)-
amphetamine (@) and (1)-PPHT (O) on AADC activity (nmol of
dopamine mg~' protein, 20 min~') in the rat striatal synaptosomes.
The incubation time for dose-course was 1 h. The concentrations of
(+)-amphetamine and (%)-PPHT used in the time-course were
10-3 M. The values in each experimental group were obtained from
10 samples. Data are mean * s.e.mean. Significance was determined
by one way ANOVA and Newman-Keuls test: *}P<0.05;
**++P <0.01, compared with the control group (C and 0 groups).

Moreover, when SCH 23390 (10-*M) or remoxipride
(10~%-10-*M) was incubated alone with 10~*M of (%)-
PPHT and striatal synaptosomes, both counteracted the
inhibition of AADC activity elicited by (+)-PPHT (Figure
5a,b).

The effects of calcium on AADC activity in striatal
synaptosomes

Somjens saline contains 1.2 mM calcium. Striatal synap-
tosomes were incubated with modified Somjens solution con-
taining no calcium, low calcium (0.6 mM) and high calcium
(24mM). The effects of calcium on (%)-PPHT-induced
inhibition of synaptosomal AADC activity were investigated
and the results were analysed by two-way ANOVA. Incuba-
tion of striatal synaptosomes in Somjens solution in the
absence of calcium or with lower (0.6 mM) calcium concen-
trations had no effect on synaptosomal AADC activity, com-
pared to synaptosomes incubated in normal Somjens saline
(1.2 mM calcium). The increase in calcium content of Som-
jens saline (2.4 mM) increased AADC activity by 41%
(F34 = 37.77, P<0.001) (Figure 6).

(%)-PPHT significantly reduced AADC activity in normal
(1.2 mM calcium) medium as described above (F)4 = 16.52,
P<0.001), but had no effects on synaptosomal AADC
activity in calcium-free and lower calcium medium (0.6 mMm)
(Figure 6). In the higher calcium (2.4 mM) medium, incuba-
tion with (£)-PPHT counteracted the increase in AADC
activity (Figure 6). These results indicate that (% )-PPHT-
induced inhibition of AADC activity was calcium-dependent.
There was a significant interaction between calcium and (%)-
PPHT treatment (F34 = 5.72, P<<0.001).
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Figure 4 The antagonism by cis-flupenthixol of (+)-amphetamine
(Amph) (a) and ()-PPHT (b)-induced inhibition of AADC activity
(nmol of dopamine mg=' protein, 20 min~') in rat striatal synap-
tosomes. The incubation time was 1h. The concentration of (+)-
amphetamine and (£)-PPHT used in the experiments was 10~5M.
The values in each experimental group were obtained from 6 sam-
ples. Data are means  s.e.mean. Significance was determined by
one-way ANOVA and Newman-Keuls test: *P<<0.05; **P<0.01,
compared with the Amph and ()-PPHT group, respectively.
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Synaptosomal AADC activity after stimulation or
inhibition of protein kinase C

Striatal synaptosomal preparations were incubated with H-7
or PDBu, which respectively inhibit or activate protein kinase
C activity. Activation of protein kinase C with PDBu alone

AADC activity

SCH 23390 (log m)

*

AADC activity

- - =T T
[ PPHT -8 -7 -6 -5 -4
Remoxipride (log m)

Figure 5 The antagonism by SCH 23390 (a) and remoxipride (b) of
(%)-PPHT-induced inhibition of AADC activity (nmol of dopamine
mg~! protein, 20 min~"') in rat striatal synaptosomes. The incubation
time was 1h. The concentration of (t)-PPHT used in the
experiments was 10~ M. The values in each experimental group were
obtained from 6 samples. Data are means * s.e.mean. Significance
was determined by one-way ANOVA and Newman-Keuls test:
*P<0.05; **P<0.01, compared with the (+)-PPHT group.
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Figure 6 The effects of different calcium concentrations on AADC
activity (nmol of dopamine mg~' protein, 20 min~') in the presence
(@) and absence (O) of (£)-PPHT (10-°M) in striatal synap-
tosomes. The incubation time was 1h. The values in each group
were obtained from 6 samples. Data are means t s.e.mean.
Significance was determined by two-way ANOVA and Newman-
Keuls test: *P<0.05; **P <0.01, compared with the no-(+)-PPHT-
1.2 mM group. t1P < 0.01, compared with the no-(+)-PPHT-2.4 mM
group.

significantly inhibited synaptosomal AADC activity at con-
centrations of 1076-10""M (Fs, =3.68, P<<0.05, Figure
7b). H-7 alone had no effect on AADC activity (Fg = 1.72,
P<0.015, Figure 7a), but 10-°M H-7 attenuated the inhibi-
tion of synaptosomal AADC activity produced by 107°M
PDBu (F,; =17.47, P<0.05, as determined by two-way
ANOVA).

Following a two-way experimental design, the addition of
10->M of (%)-PPHT alone reduced the synaptosomal
AADC activity (F o= 43.93, P<0.001) (Figure 7d). Treat-
ment with 10~*M H-7 neither affected AADC activity
(Fy,0=1.05, P<0.33), nor interfered with the inhibitory
action of (X)-PPHT on synaptosomal AADC activity
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Figure 7 Dose-response effects of H-7 (a), PDBu (b) and combina-
tions of H-7 and PDBu (c, open columns represent control group;
hatched columns represent H-7), H-7 and (%)-PPHT (d, open col-
umns represent control group; hatched columns represent (t)-
PPHT) on AADC activity (nmol dopamine mg~' of protein,
20 min~') in the rat striatal synaptosomes. The concentrations of
H-7, PDBu and (*)-PPHT in (c) and (d) experiments were 10~¢,
10-% and 10-° M respectively. Data are means * s.e.mean (bars) from
9 samples. Statistical significances are determined by one-way
ANOVA and Newman-Keuls test (a,b) or two-way ANOVA (c,d).
*P<0.05, **P<0.01, compared with control group (c and d)
groups.



28 M.-Y. ZHU et al.

(F10= 0.1, P<0.75). This finding suggests that inhibition of
synaptosomal AADC by (%)-PPHT is not related to protein
kinase C.

Discussion

This study has shown that treatment of rat striatal synapto-
somes with the direct dopamine receptor agonist, (£ )-PPHT
and the indirect dopamine receptor agonist, (+)-amphet-
amine, inhibits AADC activity in rat striatal synaptosomes in
a concentration- and time-dependent manner (Figure 3). A
mixed dopamine receptor antagonist such as cis-flupenthixol
not only increased AADC activity (Figure 1), but also
reversed the inhibition of AADC produced by either (+)-
amphetamine or (+)-PPHT (Figure 4). The dopamine D,
receptor antagonist, SCH 23390 and the dopamine D, recep-
tor antagonist, remoxipride alone had no effect on the
synaptosomal AADC activity (Figure 2a,b), but when simul-
taneously administered, they increased the AADC activity
(Figure 2c). Furthermore, both antagonized the (% )-PPHT-
induced inhibition of AADC activity (Figure 5). These results
extend our previous findings in vivo (Zhu et al., 1992; 1993),
and reveal that in rat striatal synaptosomes AADC is
regulated by dopamine D,-like and D,-like receptors.

Both AADC and tyrosine hydroxylase are involved in the
synthesis of dopamine. It is well known that apomorphine
can act directly and indirectly on tyrosine hydroxylase. High
concentrations of apomorphine (10-*M) produced a com-
plete inhibition of tyrosine hydroxylase activity in a striatal
enzyme preparation (Hurata & Shibata, 1991), striatal slices
(Delanoy & Dunn, 1982) or in synaptosomal preparations
(Christiansen & Squires, 1974), and DOPA producing cell
lines (Briutigram et al., 1982). In most cases the inhibition of
tyrosine hydroxylase caused by apomorphine can be com-
pletely antagonized by haloperidol and other neuroleptics in
vivo (Kehr er al., 1972; Walters & Roth, 1976, Westerink &
Horn, 1979). The mechanism of the direct action of apomor-
phine on tyrosine hydroxylase is believed to be due to the
catechol structure present in the apomorphine molecule,
which competes for the pterin cofactor (Goldstein ez al.,
1970; Birtan & Bustos, 1982). In this study we observed that
a high concentration of apomorphine inhibited the striatal
synaptosomal AADC activity and this inhibition was not
mediated by dopamine receptors, since it was not reversed by
dopamine receptor antagonists. In the control experiment we
found that apomorphine (10~*M) had no direct effect on
freely presented AADC activity (Zhu, 1993) so it is most
likely that apomorphine is having an effect by an unspecific
action.

Since it was first reported that both dopamine D, and D,
receptor agonists were required to reverse the hypokinesia
produced by reserpine in mice (Gershanik et al., 1983),
evidence has been accumulated suggesting that there is an
interaction between dopamine D; and D, receptors. It has
been proposed that this interaction possesses both synergistic
or opposing effects (Clark & White, 1987). Most of the
evidence about synergistic effects, however, was obtained
from behavioural (Gershanik et al., 1983; Rosengarten et al.,
1986), electrophysiological (White & Wang, 1986) and
clinical studies (Lieberman et al., 1981). Furthermore, the
investigations were limited to the nucleus accumbens (White
& Wang, 1986), globus pallidus (Carlson ez al., 1986; Walters
et al., 1987) and substantia nigra (Weick & Walters, 1987),
and few investigations were done in the striatum (Stoof &
Kebabian, 1981; 1984).

Although (£)-PPHT is considered as a selective dopamine
D,-like receptor agonist (Seeman et al., 1985; Seiler et al.,
1986), there is evidence that when its concentration is over
10-% M, it can act on dopamine D, high and low affinity sites
(Berry, 1993). In the present study, it was found that among
the dopamine receptor agonists, only nonselective agonists
such as (+)-amphetamine and (*)-PPHT produced inhibi-

tion of striatal synaptosomal AADC activity (Figure 3),
while no effects were observed with either the dopamine
D,-like receptor agonist, SKF 38393 or the dopamine D,-like
receptor agonist, (—)-quinpirole. Furthermore, only a mixed
dopamine D, and D,-like receptor antagonist such as cis-
flupenthixol increased the striatal synaptosomal AADC
activity (Figure 1). Blockade of dopamine D, receptors by
SCH 23390 or dopamine D, receptors by remoxipride pro-
duced no changes in striatal synaptosomal AADC activity
(Figure 2a,b). It was interesting to find that the combination
of SCH 23390 and remoxipride dramatically increased the
AADC activity (Figure 2c). The results clearly demonstrate
that the activation and inhibition of AADC activity in
striatal synaptosomes requires the participation of both
dopamine D, and D, receptors. This is the first time that a
biochemically synergistic interaction between dopamine D,
and D, receptors in striatal synaptosomes has been reported.

The synergistic action of dopamine D,/D, receptors has
been interpreted as dopamine D, receptor activation enabling
the functional expression of dopamine D, receptor stimula-
tion (Clark & White, 1987). There has been a report that
dopamine D, and D, receptor synergism at the level of a
single cell may also occur via activation of the arachidonic
acid cascade (Piomelli ez al., 1991). At present, however, the
mechanism of the regulation of striatal AADC by dopamine
receptors remains unknown. Since the administration of (+)-
amphetamine inhibited striatal synaptosomal AADC activity
(Figure 3), and in vivo acute and chronic administration of
reserpine, which depletes endogenous dopamine storage
(Bertler, 1961), increased the striatal AADC activity (Zhu,
1993), endogenous dopamine may act as a negative feedback
for striatal AADC. Similar results were recently observed by
Hadjiconstantinou et al. (1993). This finding that in striatal
synaptosomes dopamine D, and D, receptors appear to be
synergistic with respect to AADC activity may possess
important clinical significance. Administration of a selective
and potent dopamine D,-like receptor agonist with a
dopamine D,-like receptor agonist may lead to therapeutic
improvement in the treatment of Parkinsons’s disease.
Recently, apomorphine has been investigated as a rescue
therapy for Parkinson’s disease; it was administered sub-
cutaneously and sublingually to reverse ‘off’ periods occurr-
ing during oral L-DOPA therapy (Deffond et al., 1993), and
as a continual therapy, delivered subcutaneously by mini-
pump (Frankel et al., 1990).

In vivo the dopamine D,-like receptor antagonist, SCH
23390 and the dopamine D,like receptor antagonist,
pimozide, as well as remoxipride alone increased the AADC
activity in rat striatum (Zhu et al, 1992; 1993). Synap-
tosomal preparations showed no increase in AADC activity
after selective blockade of dopamine D, or D, receptors
(Figure 2a,b). These differences may be due to the different
experimental conditions, and the regulation of striatal synap-
tosomal AADC activity may be more specific than in in vivo
brain tissues. In the intact animal, the dopaminergic nigro-
striatal neurones have perikarya in the substantia nigra with
their terminals in the striatum. The substantia nigra is an
important action site for dopamine receptor antagonists.
Also, dopamine receptors may be localized on dendrites,
terminals, or glial cells adjacent to dopaminergic terminals
(Creese, 1987). All these factors may affect the appearance of
action of dopamine receptor antagonists in vivo. In contrast,
in synaptosomes nerve terminals in sufficiently dilute suspen-
sion may be considered as an isolated structure where
interactions with other brain regions do not exist.

The inhibition of striatal synaptosomal AADC activity
induced by (+)-amphetamine and (%)-PPHT can be re-
versed by the mixed dopamine D; and D,-like receptor
antagonist cis-flupenthixol (Figure 4). Although SCH 23390
and remoxipride alone had no effect on AADC activity
(Figure 2a,b), they can reverse the inhibition of AADC
activity induced by (£)-PPHT (Figure 5). These findings
suggest that the changes in striatal synaptosomal AADC
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activity by (+)-amphetamine and (Z)-PPHT may be re-
ceptor-mediated. Although the precise mechanism to explain
this regulation has not been identified, one interesting finding
is that the absence of calcium or the presence of a lower than
normal concentration of calcium has no effect on the synap-
tosomal AADC activity, but it does prevent the inhibition of
AADC activity by (+)-PPHT (Figure 6). On the other hand,
higher concentrations of calcium increased the AADC
activity, but did not block the inhibition of AADC activity
induced by (%)-PPHT. This suggests that the regulation of
striatal synaptosomal AADC by dopamine receptors is
calcium-dependent. At present, it may be speculated that
stimulation or blockade of dopamine receptors in striatal
synaptosomes by dopamine receptor agonists or antagonists
produced a change in the second messenger system, which in
turn caused other changes like phosphorylation and led to
the changes in AADC activity.

Other experiments were conducted to examine whether
phosphorylation was involved in the regulation of AADC via
dopamine receptors. The results show that PDBu, a phorbol
ester which selectively activates protein kinase C (Castagna et
al., 1982), significantly reduced synaptosomal AADC activity
(Figure 7b). This reduction in AADC activity was prevented
by the simultaneous administration of H-7, a protein kinase
inhibitor (Hidaka et al., 1984) (Figure 7c), although H-7
alone did not influence the AADC activity (Figure 7a). This
suggests that protein kinase may participate in the regulation
of striatal AADC in vitro, which is supported by the finding
that AADC regulation requires the presence of calcium
(Figure 6), since activation of protein kinase C is dependent
on calcium (Nishizuka, 1986). However, when H-7 was co-
administered with the dopamine receptor agonist (+)-PPHT,
H-7 could not prevent the reduction of synaptosomal AADC
activity produced by (%)-PPHT (Figure 7d). This latter
experiment indicates that although protein kinase C may
participate in the regulation of AADC, it may not be related
to the regulation of AADC by dopamine receptors. Other
neurotransmitters or compounds, which act on protein kinase
C via their second messenger system, may therefore regulate
AADC activity.

Our previous papers (Zhu et al., 1992; 1993) indicated that
at least within 1 h after administration of dopamine receptor
antagonist the change of striatal AADC is not due to de novo
protein synthesis. Other investigators demonstrated that 3 or
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Chloride secretion in response to guanylin in colonic epithelia
from normal and transgenic cystic fibrosis mice
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1 Guanylin, a 15 amino acid endogenous gut peptide, increased the short circuit current (SCC) in the
epithelium of the mouse colon, but only when applied to the apical and not the basolateral surface.

2 By use of selective blockers of epithelial ion transport and modification of the bathing solution, it
was concluded that guanylin increased electrogenic chloride secretion but also had a minor effect on
electrogenic sodium absorption. In addition there were small residual currents which remained un-
resolved.

3 The threshold concentration of guanylin causing a SCC increase was less than 50 nM, but at
concentrations 40 times greater no indication of a maximally effective concentration was found.

4 Two guanylin isomers with the same amino acid sequence but with the disulphide bridges joined in
an alternate fashion showed no activity. Thus only guanylin with the greatest structural homology to
heat stable enterotoxin (STa) showed biological activity.

5 The action of guanylin was virtually eliminated in colonic epithelia from transgenic cystic fibrosis
(CF) mice. As these animals lack the chloride channel coded by the CF gene sequence, it is likely that
the final effector process in murine colonic epithelia involves the CFTR (cystic fibrosis transmembrane
conductance regulator) chloride channel.

6 Opportunistic infections of the gut generating STa lead to diarrhoeal conditions via an action of the
toxin on apical guanylin receptors. Thus, as discussed, the CF heterozygote may have a genetic

advantage in this circumstance.

Keywords: Guanylin; chloride secretion; sodium absorption; epithelia (colonic); cystic fibrosis; heat stable enterotoxin

Introduction

Guanylin is a recently discovered peptide of 15 amino acids
isolated from the rat small intestine (Currie et al., 1992).
Since the mRNA for the peptide is most abundant in the
colon (Weigand et al, 1992) we decided to examine the
effects of the peptide on the epithelium of this organ. The
peptide is of interest because of structural homology with
heat stable enterotoxin (STa) which is produced by E. coli
and is responsible for some forms of secretory diarrhoea. The
structure of guanylin in relation to the structure of STa is
shown in Figure 1. Guanylin can displace radiolabelled STa
from binding sites in cultured epithelial cells, two populations
of binding sites being detectable (Forte er al., 1993). The
peptide causes electrogenic chloride secretion in monolayers
of Ty epithelial cells and increases guanosine 3':5'-cyclic
monophosphate (cyclic GMP) content. STa and presumably
guanylin are considered to activate GC-C, a plasma mem-
brane form of guanylyl cyclase (Wong & Garbers, 1992; Li &
Goy, 1993). This paper gives details of the effects of guanylin
on murine colonic epithelium, this species being chosen so
that a comparison could be made of the effects of the peptide
on both the normal epithelium and that from transgenic
cystic fibrosis (CF) animals. It is known that intestinal
epithelia from CF mice fail to show chloride secretion in
response to agents which elevate adenosine 3":5'-cyclic mono-
phosphate (cyclic AMP) (Ratcliff et al., 1993). The CF gene
codes for a protein, CFTR, which behaves as a small conduc-
tance epithelial chloride channel (for a review, see Cuthbert,
1992). It is this channel which fails to function properly in
CF so that if chloride secretion is normal in CF tissues
exposed to guanylin then the peptide might have some appli-
cation in treatment. Alternatively if chloride secretion is

! Author for correspondence.

deficient in CF colons treated with guanylin then it is prob-
able that the final effector mechanism in the secretory process
is the CFTR chloride channel. CF heterozygotes (carriers)
producing fewer channel molecules may therefore withstand
better the opportunistic infections by organisms generating
STa. A second objective of this study was to examine the
relative activities of the two other possible guanylin isomers
which while possessing the same amino acid sequence differed
in the way the disulphide bridges are joined.

Methods

Animals and tissues

Embryonic stem cells carrying a disruptive mutation in exon
10 of the cftr locus were injected into C57B1/6 host blasto-
cytsts to derive chimeric animals. Heterozygote F, animals
were intercrossed to generate homozygous CF offspring, the
genotypes of the F, offspring being ascertained by Southern
blot analysis (Ratcliff ez al., 1993). CF and wild type mice
were treated in identical fashion. Mice were killed by expo-
sure to 100% CO, and the large intestine removed in its
entirety and small lengths around 0.5 cm long were cut from
the distal colon starting at about 1cm from the anal end.
Maximally four pieces were taken from mice weighing 25-30
g. Each piece was opened longitudinally and the muscle
layers dissected away under a microscope. The tissues were
mounted in Ussing chambers with a 20 mm? window using
Parafilm washers to cushion the tissue. Transepithelial poten-
tials were monitored by fine polythene tubes filled with Krebs
Henseleit solution (KHS) which ended within a mm of the
tissue surface. These tubes led, via a 3M KCI solution and
calomel cells to the input stage of a voltage clamp (WPI
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Figure 1 Structure of STa and three guanylin peptides showing the
position of the disulphide bonds. The single letter amino acid code is
used to define the peptide sequence.

Dual Voltage Clamp). Current was passed via Ag/AgCl elec-
trodes and gel filled tubes containing 3M KCI to current
ports in the chambers far removed from the tissue. Each side
of the tissue was bathed in 20 ml KHS solution maintained
at 37°C and gassed with 95% 0,/5% CO,.

In a few instances preparations were made from the
murine ileal epithelium at its mid region. Exactly the same
procedure was used as for the colon.

Solutions

The KHS solution used had the following composition (mMm):
NaCl 118, KC14.7, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, Na-
HCO; 25 and glucose 11.1. This solution had a pH of 7.4
when gassed with 95% 0,/5% CO, at 37°C. In some ex-
periments modified bathing solutions were used. When chlor-
ide was replaced by gluconate the following changes were
made: NaCl was replaced with Na gluconate, KCl and CaCl,
with the sulphate salts except a ten fold excess of the calcium
salt was used to maintain sufficient ionised calcium in the
presence of gluconate (Boron & Boulpaep, 1983). When it
was necessary to remove all permeable anions, the same
substitutions were made as above except that NaCl and
NaHCO; were replaced with Na isethionate. In this circum-
stance it was not necessary to add excess calcium. The pH of
this solution was controlled with Tris buffer, 10 mM, pH 7.4
and the solution was gassed with pure O,.

Preparation of peptides

The guanylin isomers were prepared by solid phase peptide
synthesis using a Novabiochem Crystal continuous flow syn-
thesizer and the Fmoc strategy. Pairs of cysteine residues
were orthogonally protected with trityl (Trt) or acetami-
domethyl (acm) protecting groups. Cleavage of the assembled
sequences from the solid phase with trifluoroacetic acid
(TFA) gave the bis-acm dithiol tetra cysteine peptides. Air
oxidation of the thiol groups yielded the first disulphide
bridge. Oxidation of the bis-acm disulphide with iodine in
acetic acid formed the second disulphide bridge. Peptides
were purified by h.p.l.c. using a Dynamax C,; column in
acetronitrile-water containing 0.1% TFA, and were charac-
terized by amino acid analysis and liquid secondary ion mass
spectra (LSIMS).

Materials

Drugs were obtained from the following sources: niflumic
acid and amiloride from Sigma Chemical Co., Poole, Dorset;
frusemide from Hoechst, Hounslow and acetazolamide from
Lederle Laboratories, Gosport, Hants. All other chemicals
used were of reagent grade.

Results

Characteristics of the responses to guanylin

Guanylin caused a rapid increase in the SCC of mouse colon
epithelium in vitro which was maintained as long as the
peptide was present (up to 1h). This action of the peptide
was reversible, so that repeated responses could be obtained.
In this study we allowed 90 min between consecutive applica-
tions of peptide to ensure all the peptide was removed and
the epithelium had returned to a steady state. Under these
conditions, a 50% reduction in the size of the responses was
seen up to 4.5 h, but in some individual tissues no diminution
occurred at all.

A series of experiments, all performed with guanylin 1 uMm
is shown in Figure 2 to illustrate the main characteristics of
the responses to the peptide. Addition of the peptide to both
surfaces of the epithelium produced no greater response than
with apical application alone, while basolateral addition was
without effect (Figure 2a). Amiloride, the epithelial sodium
channel blocker, produced a minor reduction in SCC when
applied during the plateau response to guanylin but produced
no effect when added before the peptide. Frusemide, the
NaK2Cl cotransport inhibitor, reduced the response to guan-
ylin when added before the peptide and reduced the SCC
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Figure 2 Effects of guanylin on SCC in mouse colon. At each
unlabelled symbol guanylin, 1 pM, was added to the apical bathing
solution of a mouse colonic epithelium, area 20 mm?, with an inter-
val of 90 min between each addition with washing between. In (a)
and (b) the horizontal lines indicate the value of zero SCC. The
mean basal SCC values for the two preparations shown in (c) were
1.9 pA (upper) and 0.5 pA (lower). In (a) the symbols A, B, A+ B
indicate when guanylin was added to the apical, basolateral or both
solutions. In (b) amiloride (Amil), 100 uM, was added to the apical
bathing solution at the times indicated. Similarly Frus indicates when
frusemide, 1 mM, was applied basolaterally. In (c) the upper and
lower sets of records are from two adjacent pieces of epithelium. In
the response labelled Nif, niflumic acid 100 um, was present in the
apical bathing solution 15 min before guanylin was added, while D
indicates when an equivalent amount of solvent (DMSO) had been
added 15 min before the peptide.




when applied during the plateau phase of the response
(Figure 2b). However, the response to frusemide was not
impressive, a substantial residual current remaining. Finally,
the chloride channel blocker, niflumic acid, attenuated the
response to guanylin when applied apically, while the solvent
for this agent was without effect on the response (Figure 2c).
Niflumic acid had a minor effect on basal SCC, but no
greater than the effect of an equivalent amount of dimethyl-
sulphoxide (DMSO) in which it was dissolved. Niflumic acid
also inhibited the effect of the known chloride secretagogue,
lysylbradykinin, on the mouse colon epithelium.

Nature of the transported ions(s)

In two sets of experiments chloride ions were replaced by
impermeable anions (gluconate and isethionate) either with
or without simultaneous removal of bicarbonate. When chlo-
ride was substituted with gluconate in the continued presence
of bicarbonate responses to guanylin, 1 uM, were unimpaired.
Acetazolamide and amiloride both caused minor reductions
of SCC during the plateau response to guanylin However,
amiloride had no effect on the basal current in the absence of
guanylin (Figure 3a)

In the second series, both chloride and bicarbonate were
replaced by isethionate and the bathing solution buffered to
pH 7.4 with Tris. In this situation the responses to guanylin
were reduced to about 30% of the control value in chloride
containing solution. Nevertheless, there was still a distinct
increase in current, which could not have been due to
chloride secretion (Figure 3b).

In the four experiments illustrated in Figure 3, amiloride
caused inhibition of the SCC indicating that some part, at
least, of the response in chloride-free solutions was due to
electrogenic sodium transport, since when amiloride was
added before guanylin there was no rapid fall in SCC,
indicating that sodium transport was not active in the ab-
sence of the peptide.

Further experiments were limited by the availability of the
peptide but taking the findings of this and the previous
section together it is possible to be definitive about the nature
of the effects of guanylin on ion transport as discussed later.

Concentration-response relationship to guanylin

The maintenance of the plateau response in the presence of
guanylin made it possible to determine a concentration-
response relationship by cumulative addition to the apical
bathing solution. A partial concentration-response relation-
ship is given in Figure 4 with no indication that the maximal
effect had been reached, indeed the curve is steepening at the
maximum concentration used (2 uM). Lack of peptide prev-
ented further additions at higher concentrations. The thres-
hold concentration for the SCC effect was less than 50 nM.

Response of mouse ileal epithelium

As guanylin was first isolated from the rat small intestine
(Currie et al., 1992) it might be presumed to have some
epithelial function at that site. Therefore guanylin, 1 uM, was
applied apically, every 90 min to stripped ileal preparations.
The results are shown in Figure 5 for three separate ileal
preparations subjected to this protocol. Responsiveness dec-
lined considerably at the second exposure to the peptide but
more importantly the responses to guanylin were not main-
tained, the SCC often returning to baseline values within a
few minutes in the continued presence of the peptide (data
not shown). We have not taken any steps in this study to
prevent the degradation of the peptide when applied to tis-
sues and it is possible that activity in the ileum may have
been enhanced if such precautions had been taken. Never-
theless an endogenously released peptide would not have
such protection physiologically, although nothing is yet
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Figure 3 SCC responses in mouse colon epithelium to guanylin. At
each unlabelled symbol guanylin, 1puM, was added to the apical
bathing solution. Responses were repeated at 90 min intervals. In (a)
both preparations were from the same mouse while in (b) separate
epithelia from two mice were used. During the middle response of
each set of three responses the bathing solution was modified. In (a)
chloride was replaced with gluconate with bicarbonate still present,
while in (b) the chloride and bicarbonate were replaced by isethio-
nate. Acet indicates when acetazolamide, 450 uM, was present in
both bathing solutions, while Amil indicates the addition of amilo-
ride, 100 uM, to the apical solution.
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Figure 4 SCC increases in response to guanylin at different concen-

trations on murine colonic epithelia. Each point shows the mean
value £ s.e.mean for three separate preparations.
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known of its metabolism. It is evident that guanylin’s activity
is less impressive on the murine ileum than the colon.

Effects of guanylin in CF mouse colon epithelium

CF mouse colon epithelium was prepared in the same way as
for normal colons and exposed to guanylin, 1 uM, on the
apical side every 90 min with washing between each applica-
tion. The responses of normal epithelia and those from CF
transgenic mice were compared and the data are given in
Figure 6. They show that there is a highly significant (P <
0.005, Student’s ¢ test) reduction in the response of CF
tissues at all time points. In normal colons the mean value of
the control responses was about 50% of its initial value at
4.5h in this series, although as stated earlier some control
tissues show no decrement in the responses to guanylin over
6 h. The residual responses in CF tissues were small making
them difficult to investigate systematically. The initial app-
roach was to examine if the residual guanylin response in CF
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Figure 5 Illustrates the SCC responses of three separate murine ileal
epithelial tissues (each 20 mm?) to guanylin, 1puM, applied every
90 min with washing between.
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Figure 6 SCC responses in normal and CF murine colonic epithelia
to guanylin, 1 pM, every 90 min with washing between; (O0) normal
tissues, with mean values * s.e. and the number of observations for
each value shown; (O) mean +s.e. for CF tissues, each for five
observations; (A) mean responses in two CF tissues in the presence
of amiloride, 100 pMm.

colon was sensitive to amiloride, but this entailed a more
detailed study of the mouse colon to amiloride. With a
maximally effective concentration (100 uM) not all colons
showed a response. In normal colons the amiloride-sensitive
SCC was 4.8 + 1.2 pA cm~? (mean * s.e.mean) (34 observa-
tions, 16 animals, 76% responders) whereas in CF colons the
values were 3.5 1.0 pA cm~? (38 observations, 16 animals,
76% responders). To examine specifically the nature of guan-
ylin/amiloride interactions in CF colons, four preparations
were exposed to guanylin every 90 min for 4.5 h with wash-
ing in between. For two tissues, amiloride was present when
guanylin was added, while in the other two it was present
only after the response to guanylin had developed. The first
two responses of each tissue are shown in Figure 7. In the
top trace amiloride removed SCC equivalent to the whole of
the current generated by guanylin, while the bottom trace
with an identical format showed no response to amiloride. In
the middle traces it is shown that amiloride sometimes
affected the basal current whereas in others it had no effect.
Thus guanylin can still cause a minor SCC increase even in
the presence of amiloride in CF colons (Figure 6).

Activity of guanylin analogues

Guanylin isomers in which the amino-acid backbone was
conserved but with different disulphide bridges were syn-
thesized (see Figure 1). Throughout the study so far we have
used only guanylin 1 (referred to throughout as guanylin),
the isomer with the closest analogy to heat stable enterotoxin
(STa). In two experiments, the relative activities of guanylin
2 and guanylin 3 were compared to that of guanylin. No
activity of guanylin 2 or 3 was detected, either as an agonist
or antagonist of the effects of guanylin, given the constraint
that limited amounts of material were available.

Figure 8 gives an example of the type of experiment car-
ried out, in this instance with guanylin 3. Paired colonic

Distal

10 min

Figure 7 Responses to guanylin, 1 pM, and amiloride, 100 pM, both
applied apically in four CF colonic epithelia all derived from the
same mouse and designated by G and A respectively. Each pair of
responses was obtained consecutively 90 min apart. The most distal
tissue is represented by the upper pair of traces, the other three
pieces were adjacent and consecutively more proximal. Note in some
tissues amiloride was given before guanylin and in others afterwards
and that the calibration for the lower two tissues is different from the

upper pair.
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Figure 8 SCC responses to two guanylin analogues, guanylin (G1)
and G3. The concentrations applied to the apical surface of colonic
epithelia, in pM, are indicated by the symbol for the peptide used.
Two adjacent pieces of epithelia were used. In one (a) G1 was
applied first and then, 90 min later, G3 followed by G1. In the other
(b) the tissue was exposed to G3 then G1 and 90 min later to Gl.
Note G3 neither affected SCC alone nor inhibited the action of G1.

preparations from adjacent sections of the gut were used in a
crossover test. One preparation received guanylin and the
other guanylin 3, then to the preparation that received
guanylin 3 the active peptide was added 10 min later in the
continued presence of the inactive peptide. After washing the
tissues the protocol was repeated 90 min later but changing
the tissue which was exposed first to the inactive peptide. It is
apparent that guanylin 3 has no effect on SCC at a concen-
tration of 5 uM, neither does it markedly affect the action of
guanylin at this concentration. Similarly with guanylin 2
(1 pM) there was no indication that this peptide had either
agonist or antagonist activity at the level of the guanylin
receptor(s). While it was not possible to use significantly
higher concentrations of guanylins 2 or 3, any action they
might have is insignificant when given that the threshold for
the guanylin effects is <50 nM.

Discussion

The direction of the SCC responses to guanylin, the partial
inhibition of the responses by frusemide and niflumic acid,
indicating the involvement of the NaK2Cl-transporter and
chloride channels respectively, suggest that the peptide in-
creases chloride secretion in the mouse colon. The hypothesis
confirms an expectation by analogy with the well known
anion-secretory activity of heat stable enterotoxin (STa)
(Field et al., 1978) with which guanylin has a partial struc-
tural homology. STa, generated in vivo by opportunistic
bacterial infections of the gut, acts only from the apical side
of the epithelium, as does guanylin. Furthermore, Tg, mon-
olayers (a human tumour-derived cell line with the charac-
teristics of colonic epithelial crypt cells) also show chloride
secretion with guanylin but only when applied apically (Forte
et al., 1993). The mouse colon is distinctly more complex
than Tg, monolayers because in addition to anion secretory
crypt cells the surface cells are presumed to be absorptive, by
analogy with other species.

The mouse colon appears to have intermediate properties
to that of the rabbit and the rat. The former always shows an
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amiloride sensitive SCC while the latter only demonstrates
this after treatment with mineralocorticoids (Will er al.,
1981). Five examples are given (Figures 2 and 3) showing an
effect of amiloride during the plateau response to guanylin,
yet in each example the sodium transport blocker had no
effect in the absence of the peptide, suggesting that the latter
itself stimulated electrogenic sodium absorption. As with nor-
mal colons, only some CF preparations showed amiloride-
sensitivity in the basal state. In the presence of amiloride,
guanylin was still able to elicit a small SCC increase of a
similar size to that seen in its absence. The small size of these
currents make investigation difficult and furthermore, amilo-
ride addition may polarize the epithelium in a way which
alters the ionic gradient for other small, unresolved currents.
In summary the evidence is that guanylin stimulates sodium
absorption as well as chloride secretion in normal mouse
colon but the evidence that the former is still present in CF
colon is equivocal.

In the absence of chloride, but with bicarbonate present,
the response to guanylin was not modified. Acetazolamide
produced only a minor reduction in SCC in this situation,
perhaps not an unexpected result since the solutions were
gassed with 5% CO, and the hydration of CO, within the
cells probably remained high. In some species (rabbit) the
colonic epithelium can secrete bicarbonate, especially in the
absence of chloride (Grasl & Turnheim, 1984) and it seems
probable that the same is true for the mouse. Bicarbonate
ions may be secreted through chloride channels or residual
intracellular chloride may be recycled across the apical mem-
brane in parallel with a chloride bicarbonate exchanger.
When both chloride and bicarbonate were replaced by ise-
thionate the response to guanylin was reduced to around
30% of the control values. Part of the residual response
seems to be due to sodium absorption, but in some individ-
ual tissues there remained a significant current which is unex-
plained. It is notable that frusemide never gave complete
inhibition of the guanylin SCC response, while it did so in
Tgs monolayers (Forte et al., 1993) again indicating the
presence of some unresolved current(s). This is what might be
expected since Tg, monolayers consist exclusively of crypt
cells.

The location of guanylin receptors in gut epithelium is
unknown but if they occur in both crypt and surface cells it
may be that the chloride secretory effect arises in the latter,
while the effect on sodium transport is mediated by an action
on surface epithelial cells. In the rat GC-C mRNA is ex-
pressed in the crypt epithelium but to a lesser exent in surface
epithelial cells, while guanylin mRNA is expressed strongly in

.surface cells and in the upper 20% of the crypts (Li & Goy,

1993). Nevertheless taking all the present evidence together it
indicates that guanylin causes chloride secretion in the mouse
colon and that under some conditions bicarbonate may be
secreted in place of chloride. Also there is strong evidence
that guanylin can cause electrogenic sodium absorption but
these two transporting activities do not necessarily arise from
stimulation of the same epithelial cells.

The inability of guanylins 2 and 3 to produce any discerni-
ble effect on SCC suggests that the restriction of the peptide
conformation by the disulphide bridges as in guanylin and
STa are crucial for biological activity.

Of particular interest is the finding that the action of
guanylin is virtually eliminated in the colonic epithelium
from CF transgenic mice. This indicates that agents acting
via the guanylin receptor to increase cyclic GMP levels are
not likely to be useful agents in the treatment of CF. How-
ever it is known that cGK (cyclic GMP-dependent protein
kinase) can phosphorylate CFTR, the protein coded for by
the CF gene, in vitro. Yet cyclic GMP is unable to increase
chloride conductance in human cultured airway epithelium
(Berger et al., 1993). CFTR contains seven serines which can
be phosphorylated but it is not necessary that all of these are
modified in order to activate the chloride channel (Cheng et
al., 1991) so cGK may phosphorylate only non crucial sites.
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There has a been a report that cyclic GMP stimulates
chloride secretion in normal but not CF human intestinal
epithelia but also that the intestine contains a different
isoform of ¢cGK, which may be capable of activating CFTR
(de Jonge er al., 1989; O’Loughlin ez al., 1991). CFTR not
only acts as a chloride channel but its expression in cells has
a permissive effect on other channels, for example the ORDIC
(outwardly rectifying depolarization induced channel) chan-
nels fail to be activated by protein kinase A (PKA) in the
absence of CFTR (Egan et al., 1992). Thus there are three
possible explanations of the failure of guanylin to activate
chloride secretion in murine CF colon.

The first, and most likely, is the absence of CFTR which is
normally activated by an intestinal form of cGK. Alterna-
tively it is possible that cyclic GMP is able to activate PKA
(Forte et al., 1992) which in a native tissue would activate
CFTR. Finally, but highly improbable, is the possibility that
guanylin activates a non-CFTR channel which needs CFTR
permissively to be activated.

There has been a great deal of speculation as to why the
CF gene has not been eliminated by natural selection and the
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Electrophysiological effects of S 16257, a novel sino-atrial node
modulator, on rabbit and guinea-pig cardiac preparations:

comparison with UL-FS 49

!Catherine Thollon, Christine Cambarrat, Jo€l Vian, Jean-Frangois Prost, Jean Louis Peglion

& Jean Paul Vilaine

Division Pathologies Cardiaques et Vasculaires, Institut de Recherches Servier, 11, rue des Moulineaux, 92150 Suresnes, France

1 S 16257 is a new bradycardic agent. Its electropharmacological profile has been compared to that of
the known bradycardic compound UL-FS 49 (Zatebradine). Intracellular recordings of action potentials
(APs) were performed with conventional glass microelectrodes.

2 In the rabbit isolated sino-atrial node (SAN) tissue, S 16257 and UL-FS 49 (1 uM, 3 uM and 10 pM)
were equipotent in slowing spontaneous APs firing predominantly by decreasing the rate of diastolic
depolarization (at 3 puM, —23.8+3.9% and — 27.9 * 2.6%, respectively). For the two compounds a
maximal effect was obtained at 3 uM. In these preparations, action potential duration at 50% of total
repolarization (APDs;) was more affected by UL-FS 49 than S 16257 at any concentration tested (at
3pM, +89229% and +29.1 £3.7% for S 16257 and UL-FS 49, respectively; P < 0.01).

3 To estimate the direct effects on AP duration, driven cardiac preparations were exposed to these
agents. In guinea-pig papillary muscles, paced at a frequency of 1 Hz, increasing concentrations of
S 16257 or UL-FS49 (0.1 to 10 uM, 30 min exposure for each concentration) slightly prolonged AP
repolarization. This prolongation was more marked for UL-FS49 (at 1pMm, +6.1£0.6% and
+11.2* 1.3% elevation of APDs,, for S 16257 and UL-FS 49, respectively).

4 Application of UL-FS 49 (3 uM) to rabbit Purkinje fibres, triggered at a frequency of 0.25 Hz,
induced a marked prolongation of APDsy and APDy, (+ 149.4 + 51.2% and + 86.0 £ 15.4%, respec-
tively). S 16257 (3 uM) induced only a weak prolongation of AP (+ 14.1 £ 5.0% and + 14.8 £ 3.3% for
APDs, and APDy,, respectively) significantly smaller than in the case of UL-FS 49.

5§ These results show that S 16257 slows the rate of spontaneous AP firing in isolated SAN mainly by a
reduction of the diastolic depolarization of the cells, which suggests an inhibition of the pace-maker
current (f). S 16257 and UL-FS 49 are equipotent in their bradycardic effect but S 16257 is more specific
as it induces less increase in myocardial repolarization time.

Keywords: S 16257; UL-FS 49; specific bradycardic agent; action potential; sino-atrial node; Purkinje fibres; papillary muscles

Introduction

Mpyocardial ischaemia, whatever may be its clinical expres-
sion, always results from an imbalance between oxygen sup-
ply and demand. This imbalance may lead to irreversible
myocardial damage. As heart rate is one of the major deter-
minants of myocardial oxygen consumption (Laurent et al.,
1956; Sonnenblick er al., 1968), agents able to reduce sinus
heart rate are of major interest for the treatment of ischaemic
heart diseases. This can be achieved with B-adrenoceptor
antagonists or some calcium channel blockers; however, these
agents may exert concomitant negative inotropic and hypo-
tensive effects (Opie, 1989; Kern et al., 1989), potentially
deleterious during ischaemia. Recently the pharmacological
properties of a novel class of substances, specific bradycardic
agents (SBAs), have been described (Kobinger & Lillie,
1987). Such agents induce sinus bradycardia at concentra-
tions that are devoid of additional haemodynamic effects
(Krumpl ez al., 1986; 1988; Franke et al., 1987; Raberger et
al., 1987a; Van Woerkens et al., 1992). SBAs have been
shown to act by reducing the oxygen demand of the heart
and by increasing the diastolic period which induces an
elevation of the subendocardial blood flow (Harron et al.,
1982; Raberger et al., 1987b; Indolfi er al., 1989). One of the
most potent SBAs described so far, UL-FS 49 (Zatebradine),
has been reported to slow the action potentials (APs) firing
of the pacemaker cells, via an inhibition of the hyperpolariza-
tion activated /; current (Van Bogaert & Gothals, 1987; 1992;
Van Bogaert et al., 1990).

! Author for correspondence.

In the present paper, we describe the electropharmacolog-
ical profile, in isolated cardiac preparations, of a new sinus
node inhibitor, S 16257 (7,8-dimethoxy 3-{3-{[(1S)-(4,5-dimeth-
oxybenzocyclobutan-1-yl) methyl] methylamino}propyl} 1,3,4,
5-tetrahydro-2 H-benzazepin 2-one). The effects of S 16257
are compared to those of UL-FS 49, on sinoatrial node cells,
papillary muscles and Purkinje fibres.

Methods

Isolated cardiac preparations

Governmental and institutional guidelines for the care and
the use of animals were followed at all times.

Male New Zealand White rabbits and Hartley guinea-pigs
were stunned by a blow on the head. After exanguination,
hearts were rapidly removed and placed in an oxygenated
Tyrode solution at 4°C. The cardiac preparations were ex-
cised from the right ventricle (papillary muscle or Purkinje
fibre) or right atrium (sinus node tissue) and mounted in a
tissue bath (3.5ml). The isolated preparations were super-
fused with oxygenated Tyrode solution at a constant flow
rate (Smlmin~!). The temperature was kept at 36°C % 0.5.

For guinea-pig papillary muscle, the mural end of the
preparation was pinned to the base of the experimental
chamber and the tendinous end was connected to a Gould
UC2 force transducer via a fine silk thread to record the
isometric tension. The muscles were carefully stretched until
the peak of the length-tension relationship was reached. Rab-
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bit sino-atrial node tissue and Purkinje fibre were carefully
pinned to the base of the experimental chamber.

Electrical recordings

The papillary muscles and the Purkinje fibres were stimulated
at a basal frequency of 1 Hz with rectangular pulses of 2 ms
duration, twice threshold intensity, applied through two
platinum electrodes. The stimuli were delivered to the stimu-
lating electrodes from a Grass S88 stimulator through a
Digitimer Ds2 stimulus isolation unit. All the preparations
were equilibrated with the solution for at least 2 h before
starting the study.

Transmembrane potentials were recorded with convention-
al glass microelectrodes filled with 3 M KCl (tip resistance of
18-22 MQ) and connected to a high input impedance Bio-
logic VF180A amplifier. The membrane potential was dis-
played on a Tektronix 2230 digital storage oscilloscope.
Membrane potential and isometric force (for papillary mus-
cles) were continuously recorded on a Gould RS3400 pen
chart recorder. Storage and analysis of both signals were also
performed with specific software (Clovis, CLOD Sarl), instal-
led on a personal computer, equipped with a 12 bit analog-dig-
ital DASS50 converter. All experimental results were obtained
from continuous impalements of single cells throughout the
whole experiment.

Experimental protocol

Each sino-atrial node preparation was exposed to S 16257 or
UL-FS 49 at one fixed concentration, for 40 min. Then a
60 min wash out of the drug was performed. The concentra-
tions tested for both substances were 1 uM, 3 uM and 10 uMm.

Papillary muscles were exposed to cumulative concentra-
tions of S 16257 or UL-FS49 in the following sequence:
0.1 pM, 0.3 pM, 1 uM, 3puM and 10 pM, 30 min exposure for
each concentration.

After reducing the rate of pacing from 1 Hz to 0.25 Hz,
Purkinje fibres were exposed to S 16257 or UL-FS 49, at
3 pM, for 40 min. Then a wash-out of the drug was performed
(minimum of 1 h), but in some preparations no reversibility
was obtained, even after 2 h of wash-out. Then the prepara-
tions were exposed to S 16257 or UL-FS49 at 10 uM for
40 min.

Drugs and solutions

The control Tyrode solution contained the following (in
mM): NaCl 130, KC15.6, CaCl,2.15 and 1.8 for guinea-pig
and rabbit preparations, respectively, NaH,PO, 0.6, NaHCO;
20, MgCl, 1.1 and glucose 11. The pH of the Tyrode solution
was 7.4 after bubbling with O,/CO, (95:5, v/v).

UL-FS 49 (7,8-dimethoxy 3-(3-{[2-(3,4-dimethoxyphenyl)-
ethyljmethylamino}-propyl} 1,3,4,5-tetrahydro-2H-benzazepin
2-one dihydrochloride) and S 16257 (7,8-dimethoxy 3-{3-(]
(15)-(4, 5-dimethoxybenzocyclobutan-1-yl) methyl] methyl-
amino} propyl}1,3,4,5-tetrahydro-2 H-benzazepin 2-one hydro-
chloride) were synthesized in the Institute. Both molecules as
a powder were initially dissolved in distilled water (0.1 mM).
Further dilutions were carried out in Tyrode solution.

Statistical analysis

Values are expressed as means * s.e.mean. Statistical signifi-
cance was evaluated by a two-way analysis of variance with
repeated measures. One way complementary analysis fol-
lowed by a Newman-Keuls test was performed at fixed times
of superfusion (or at fixed concentrations for papillary mus-
cles). Differences were considered significant for P < 0.05.
Five to 11 experiments were performed for each group.

Results

Bradycardic effects of S 16257 and UL-FS 49 on rabbit
SAN preparations

Superfusion of rabbit isolated sino atrial node preparations
with 816257 induced a reduction of spontaneous action
potentials (APs) firing. A maximal bradycardic effect was
obtained after a 40 min exposure to 3 uM, for both agents
(—238%+39% and —27.9%2.6%, for S16257 and UL-
FS 49, respectively). As shown in Figure 1, during applica-
tion of S16257, the reduction of APs firing was of same
order of magnitude as that induced by UL-FS 49, at any
concentration tested (for example, —12.3%£52% and
— 8.6+ 1.3% after a 40 min exposure to 1 uM S 16257 and
UL-FS 49, respectively).

Reduction of the diastolic depolarization rate by S 16257
and UL-FS 49, in rabbit SAN preparations

As shown in Table 1 and Figure 2, the bradycardic effect of
S 16257 was predominantly mediated by a reduction in the
rate of diastolic depolarization, thus increasing the cycle

AP frequency (% pre-drug)

AP frequency (% pre-drug)

L I T S

AP frequency (% pre-drug)

T T T T
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Time (min)

Figure 1 Reduction of spontaneous action potentials (APs) firing in
rabbit sino-atrial node during a 40 min exposure to S 16257 (O) or
UL-FS 49 (W). Bradycardic agents were applied at 1 um (a), 3 pum (b)
and 10puM (c). Data are expressed as means * s.e.means for n
preparations. Values are expressed as a percentage of the initial rate
just before application of the drugs. (@) Drug-free experiments
(same control group for a, b and c). *P <0.05; **P <0.01: signi-
ficance of differences from drug-free superfusate. ¥ P < 0.05; ¥*P <
0.01: significance of differences between the two treated-groups.
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Table 1 Comparative effects of S 16257 and UL-FS 49 on action potential parameters of rabbit pace-maker cells
DDR (mVs~') MDP (- mV) Thr Pot (— mV)
Pre-drug A 40 min Pre-drug A 40 min Pre-drug A 40 min
Drug-free
(n=12) 54.5+8.6 0308 70.3%1.2 -03%1.6 602+ 1.9 0.1%14
S 16257
1puM (n=6) 67.919.1 —21.2+£3.6** 68.0+2.7 —-13%40 553%35 08+4.0
3uM (n=6) 53.8+5.0 —36.1 £ 1.8** 71.5%2.6 1.0£1.1 60.2+3.5 6.5+ 2.1*
10puM (n=8) 83.0+11.0 — 4271 5.1%* 66.3% 1.4 -15%16 57013 1.6+1.8
UL-FS 49
1puM (n=6) 76.0 £ 11.6 —32.1 £3.9**t 708t 1.1 08+23 56.2+3.8 42+33
3pM (n=6) 722+ 159 —46.5 £ 7.3%*¢ 69.3+2.2 1.0£23 55.7+24 75+ 1.4*
10pM (n=17) 78.0x13.5 -10.7 £ 12.7tt 67.4+2.0 -50%15 57722 -31%23
Bradycardic agents were applied at 1 uM, 3 uM or 10 uM, for 40 min. Data are expressed as means * s.e.mean for n preparations.
DDR: diastolic depolarization rate; MDP: maximal diastolic potential; Thr Pot: threshold potential.
*P<0.05;, **P<0.01: significance of differences from drug-free superfusate.
1P <<0.05; t1P<0.01: significance of differences between the two treated groups.
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Figure 2 Representative recordings of spontaneous action potentials
(APs) during a 40 min exposure of rabbit sinus node preparations to
$ 16257 (a) and UL-FS 49 (b) at 3 um. Arrows show APs after the
40 min exposure to bradycardic agents. The other traces are the
respective baseline APs before drug application.

length of the beating preparations. The slope of the diastolic
depolarization phase was reduced from 67.9%9.1 to
467t 5.6mVs-! and from 760t 11.6 to 439t 11.2mV
s~! for S 16257 (1 uM) and UL-FS 49 (1 pM), respectively. At
the higher concentration, an increase of diastolic depolariza-
tion rate (DDR) was observed with UL-FS 49. This reduc-
tion in DDR occurred without any significant change in
maximal diastolic potential. Threshold potential was slightly
modified, as shown in Table 1: 6.5+ 2.1mV and 7.5 1.4
mV more negative after a 40 min exposure to S 16257 (3 um)
and UL-FS 49 (3 um), respectively.

APDsq (% pre-drug)

Time (min)

Figure 3 Prolongation of spontaneous action potential duration at
50% of repolarization (APDj,) in rabbit sino-atrial node, during a
40 min exposure to S 16257 (O) or UL-FS49 (). Bradycardic
agents were applied at 1 um (a), 3uM (b) and 10 uM (c). Data are
expressed as mean t s.e.mean for n preparations. Data are expressed
as the percentage of the initial value just before application of the
drugs. (@) Drug-free experiments (same control group for a, b and
). (**,**)P <0.01: significance of differences from drug-free super-
fusate profile and between the two treated-groups profile. *P < 0.05;
**P < 0.01: significance of differences from drug-free superfusate at
fixed times. ¥*P <0.05; **P <0.01: significance of differences bet-
ween the two treated-groups at fixed times.
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Figure 4 Comparative effects of S 16257 and UL-FS 49 on action potentials (APs) of guinea-pig papillary muscles. Concentrations
of bradycardic agents were applied cumulatively (from 0.1 uM to 10 pum, 30 min exposure for each concentration). Representative
recordings of APs after a 30 min exposure to UL-FS 49 (top panels) and S 16257 (bottom panels) at 0.1 pM (a), 0.3 pM (b), 1 uMm
(c), 3uM (d) and 10 um (e). Arrows show APs after the 30 min exposure to bradycardic agents. The other traces are the respective

baseline APs before drug application.

Prolongation of AP repolarization by S 16257 and
UL-FS 49, in rabbit SAN preparations

As shown in Figures 2 and 3, AP duration measured at 50%
repolarization (APDs,) was augmented dose-dependently dur-
ing application of the bradycardic agents. This AP prolongat-
ion was more pronounced with UL-FS 49 at any concentration
tested. For example, during superfusion with 3 uM S 16257
and UL-FS 49, increases of APDs, of 8.9 +2.9% and 29.1
3.7% respectively, were observed.

Prolongation of AP duration by S 16257 and UL-FS 49,
in guinea-pig papillary muscles

To eliminate the contribution of changes in frequency in AP
prolongation, increasing concentrations of S 16257 and UL-
FS 49 were applied to driven guinea-pig papillary muscles
(from 0.1 to 10 puM, 30 min exposure for each concentration).
During the application of these compounds, no modification
of AP amplitude, resting potential and dV/dt,,., in com-
parison with drug-free experiments, were noted (control
values for drug-free experiments: 122.4+ 0.8 mV, — 84.1 %
0.3mV and 21421 10.1 Vs~!, for the three parameters,
respectively). All AP duration parameters were increased
significantly. As illustrated in Figure 4, this augmentation of
the repolarization time was maximal during exposure to 3 uM
(elevations of APDy, of + 9.0 £0.9% and + 13.0 £ 1.1% for
S 16257 and UL-FS 49, respectively). From 0.3 to 3 uM, this
effect was more pronounced during UL-FS 49 exposure (P <
0.01). In control conditions, during hours of perifusion a run
down of the isometric tension was observed (from 187.7
27.0mg to 128.4 X 20.0 mg after 150 min perifusion). This
reduction was less pronounced during application of UL-
FS49 (0.3 and 1 pM) and 1pM S 16257 (no difference be-
tween the two treated groups).

Prolongation of AP duration by S 16257 and UL-FS 49,
in rabbit Purkinje fibres

Rabbit Purkinje fibres, paced at a low rate (0.25 Hz), were
exposed to 3 uM S 16257 or UL-FS 49 solutions, for closer
examination of the effect of the bradycardic agents on AP
duration. As shown in Figure 5, APDs, and APDy, of these
preparations were markedly augmented by UL-FS 49 (3 um).
S 16257 had only a weak effect on AP repolarization time.
The time needed for recovery when the drug was washed out
was related to the effect on APD observed during applica-
tion. In some preparations exposed to UL-FS 49, no rever-
sibility was observed, even after 2 h of wash out. Application
of an increased concentration (10 uM), after wash out of the
drug (3 uM), induced a more marked prolongation of AP, as
shown in Figure 6.

Discussion

The present paper describes the electropharmacological pro-
file of a new specific bradycardic agent, S 16257. The results
show that S 16257 reduced the spontaneous action potentials
(APs) firing of the pacemaker cells to the same extent as the
well known SBA, UL-FS 49. There are four ways of reducing
the heart sinus rate: (a) by prolonging AP repolarization
time; (b) by reducing maximal diastolic potential (more elec-
tronegative potential); (c) by shifting the threshold potential
to a more positive level; and (d) by slowing the rate of
diastolic depolarization. Experiments performed in rabbit
sinoatrial node (SAN) preparations showed that S 16257, as
UL-FS 49, acted mainly by reducing the slope of diastolic
depolarization, without significant change in maximal dias-
tolic potential. Although the threshold potential was slightly
modified by both drugs (potential more electronegative in
some preparations), this variation could not account for the
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Figure 5 Prolongation of action potential duration at 50% (a) and
90% (b) of repolarization (APDs, and APDy,, respectively) in rabbit
Purkinje fibres, during a 40 min exposure to S 16257 (O) or UL-
FS 49 (M). Bradycardic agents were applied at 3 uM. Data are
expressed as mean * s.e.mean for n preparations. Data are expressed
as the percentage of the initial value just before application of the
drugs. (*#)P<0.01: significance of differences between the two
treated-groups profiles. *P <0.05; **P < 0.01; ***P <0.001: sig-
nificance of differences between the two treated-groups at fixed times.
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Figure 6 Comparative effects of S 16257 and UL-FS 49 on action
potentials (APs) of rabbit Purkinje fibres. Representative recordings
of APs after a 40 min exposure to S 16257 (top panels) and UL-
FS 49 (bottom panels) at 3 uM (a, left panels) and at 10 um (b, right
panels), in two preparations. Arrows show APs after the 40 min
exposure to bradycardic agents. The other traces are the respective
baseline APs just before drug application (control and wash-out of
3uM for (a) and (b), respectively).

bradycardic effect because it did not move in the way of
reducing spontaneous APs frequency. Furthermore, this phe-
nomenon could limit bradycardia to physiological values
(about 25-30% reduction). However, we must point out that
the threshold potential was not easy to determine, since in
some cells the AP onset lacked a precise inflection point
between diastolic depolarization and upstroke of the AP, and
was characterized by a progressive acceleration of the rate of
depolarization. The observed modification in threshold may
be the result of a change in the way that recorded cells were
driven by the other nodal cells. The bradycardic action
obtained with UL-FS 49 on rabbit SAN preparations agreed
with the results of experiments performed in other labora-
tories (Kobinger & Lillie, 1984; Lillie & Kobinger, 1986;
Doerr & Trautwein, 1990).

$ 16257, in rabbit SAN preparations, had less effect than
UL-FS 49 on AP repolarization at any concentration tested,
despite a quite similar bradycardic action. The marked in-
crease in AP duration during application of UL-FS 49 could
contribute to some extent to the bradycardia induced by this
agent.

Because the duration of the AP in cardiac cells is very
sensitive to the rate, the increase in APDs, during exposure
to UL-FS 49, could be the consequence of the increase in
cycle length, although this AP prolongation was very limited
with S 16257, for a similar bradycardia. Therefore, we ex-
posed driven guinea-pig papillary muscles to these agents
with the aim of evaluating their direct effects on cardiac AP
repolarization. These preparations are not the most sensitive
for AP prolongation but are the most well known cardiac
preparations. In these cardiac muscles, S 16257 and UL-FS
49 caused a concentration-dependent increase in AP duration
from 0.1uM to 1pM. We found significantly more pro-
nounced effect with UL-FS 49, at any concentration tested.

The cardiac AP duration may be enhanced by an increase
of inward currents, e.g. Ca’* current, and/or a decrease of
outward currents, e.g. K* current. Among ionic currents
implicated in AP repolarization, the potassium delayed rec-
tifier current (/x) is one of the major determinants of AP
duration (Anumonwo et al., 1991). Therefore a moderate
class III antiarrhythmic effect of UL-FS 49 could not be
excluded. Carmeliet (1985) have described prolongation of
AP in guinea-pig papillary muscles with a moderate class I1I
agent, sotalol, to a similar extent to that induced by UL-
FS 49 in our study. Although this alteration is small in these
preparations, prolongation of AP was demonstrated with
sotalol in man (Echt er al., 1982). Generally Iy is more
prevalent in Purkinje fibres than in ventricular cells (Sura-
wicz, 1992) and effects of inhibiting agents are more marked
in these preparations (Carmeliet, 1985; Li et al., 1990; Gwilt
et al., 1991; Abrahamsson et al., 1993). Therefore we have
exposed rabbit Purkinje fibres, driven at a slow rate, to the
bradycardic agents. Our results indicate that UL-FS 49 mar-
kedly prolonged the duration of phase 2 (APDs;) and phase 3
(APDy) of AP repolarization, with a more pronounced effect
on phase 2. Because block of Iy prolongs the duration of AP
predominantly by lengthening phase 2 and this effect is more
pronounced in Purkinje fibres and at longer cycles (Surawicz,
1992), inhibition of Ix would be expected. The exact ionic
mechanism(s) underlying this effect of UL-FS 49 could be
clarified by using the patch clamp technique.

In conclusion, S 16257 is a novel potent SBA, acting by
reducing AP firing of pacemaker cells. Reduction of the
diastolic rate of depolarization suggests a similar mechanism
of action to that of UL-FS 49 (Van Bogaert & Goethals,
1987, 1992; Van Bogaert et al, 1990): inhibition of the
inward hyperpolarization-activated current which is one of
the most important currents in pacemaking (Di Francesco,
1991; Irisawa et al., 1993). Studies of inhibition of the I
current by S 16257 in isolated cells, by use of the patch
clamp technique, are in progress.

In comparison with UL-FS 49, S 16257 has less effect on
AP repolarization of all cardiac preparations used. This
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difference of action on AP should mean that it is safer to use
S 16257 than UL-FS 49. Indeed, early after depolarizations
(EADs) and EADs-triggered activity have been suggested as
a possible cause of polymorphic ventricular tachyarrhyth-
mias, better known as ‘Torsades de pointes’ (El-Sherif er al.,
1988; Wit, 1990; Libersa et al., 1992) and are more likely to
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Metabolism of methylarginines by human vasculature;
implications for the regulation of nitric oxide synthesis
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1 The metabolism of methylarginines by human cultured endothelial cells and human saphenous vein
was studied in vitro. The human endothelial cell line (SGHEC-7), primary cultures of human umbilical
vein endothelial cells (HUVEC) and human saphenous vein were incubated with ['“C}-monomethyl-L-
arginine ([*C]-L-NMMA) and the cytosolic extract analysed by high performance liquid chromatogaphy
(h.p.l.c.) with on-line radioisotope detection.

2 SGHEC-7, HUVEC and human saphenous vein metabolized ["*C]-L-NMMA to a compound which
co-eluted with [““C]-citrulline. A second metabolite which co-eluted with ['“C]-arginine was evident on
the radiochromatograms of HUVEC cytosol and saphenous vein extracts.

3 The intracellular levels of [“C]-L-NMMA and [“C)-citrulline in SGHEC-7 cells incubated with
[“C}-L.-NMMA (0.5puCiml~": 89pum) for 1 h were 113122 and 67.6 £ 6.2 pmolmg™" cell protein
respectively (n=7). Co-incubation with NSNC®dimethyl-L-arginine (ADMA; 100pM) but not
NCN‘Cdimethyl-L-arginine (SDMA; 100 uM) reduced the intracellular level of [“C]-citrulline to
26.3 £ 3.7 pmol mg~! cell protein (P<0.01; n=3) without reducing the intracellular level of [*C]-L-
NMMA.

4 The intracellular levels of [C]-citrulline in SGHEC-7 cells incubated with ['“C}-L.-NMMA for 1h
were reduced following co-incubation with NCnitro-L-arginine methylester (L-NAME; 1 mM), NCnitro-L-
arginine (L-NOARG; 1 mM) and L-canavanine (1 mM) to 47.1+6.2, 24.7% 3.6 and 12.5% 2.8% of
control levels (P<0.001; n=9). ADMA (1 mM; n=3) reduced intracellular ["“C]-citrulline levels to
4+ 4% of control (P<0.01) but SDMA (1 mM; n=3) had no effect.

5 The accumulation of endogenously synthesized ADMA in the culture supernatant of SGHEC-7 cells
was increased by co-incubation with L-NMMA (1 mM) from 1.98 + 0.08 to 2.74 * 0.36 nmol mg~! cell
protein, an increase of 40%.

6 These results demonstrate that human vasculature possesses an enzyme which has similar properties
to dimethylarginase; human endothelial cells and human saphenous vein metabolize L-NMMA to
citrulline via a process inhibited by ADMA but not SDMA. The increase in endothelium-derived
ADMA following co-incubation with L-NMMA is consistent with competition between ADMA and
L-NMMA for dimethylarginase. Inhibition of this enzyme might increase the intracellular concentration

of ADMA, an endogenously produced compound that inhibits nitric oxide synthesis.
Keywords: Nitric oxide; endothelial cells; methylarginines; dimethylarginase; human vasculature

Introduction

Nitric oxide (NO) is a ubiquitous intra- and intercellular
messenger, synthesized from L-arginine by a family of NO
synthase isoenzymes. It is involved in the control of vascular
tone (Vallance et al., 1989) and blood pressure (Rees et al.,
1989), platelet function (Radomski et al., 1987), neurotrans-
mission (Garthwaite et al., 1988) and host defence (Moncada
et al., 1991). Guanidino-substituted arginine derivatives in-
cluding N®-monomethyl-L-arginine (L-NMMA) (Rees et al.,
1990) inhibit the L-arginine:NO pathway and are useful tools
with which to probe the role of NO in vitro and in vivo
(Moncada et al., 1991). L-NMMA causes arteriolar vasocon-
striction in animals (Gardiner et al., 1990) and man (Vallance
et al., 1989), inhibits non-adrenergic non-cholinergic neuro-
transmission (Gillespie et al., 1989; Kim ez al., 1991) and
diminishes the host response to leishmania (Liew et al.,
1990).

Certain nitric oxide synthase inhibitors occur endogenously
(Vallance et al., 1992); L-NMMA and NSNC-dimethyl-L-
arginine (asymmetric dimethylarginine; ADMA) are found as
components of polypeptides (Nakajima et al.,, 1971; Kaki-
moto et al., 1975), occur as free amino acids in brain and

! Author for correspondence.

other tissues (Ueno et al., 1992), circulate in plasma (Park et
al., 1988; Vallance et al., 1992) and are excreted in the urine
(Vallance et al., 1992). Recently it has been demonstrated
that human endothelial cells synthesize methylarginines and
the predominant form is ADMA, which is produced in quan-
tities that may affect NO synthesis (Fickling ez al., 1993).
However, the mechanisms determining the intracellular levels
of ADMA are not known.

ADMA appears to be synthesized by methylation of
arginine residues in proteins and subsequent hydrolysis of the
proteins (Cantoni, 1975). Thus the amounts of ADMA pro-
duced by endothelial cells may reflect rates of protein
methylation and degradation. The removal of ADMA from
the cell might occur by metabolism or extrusion. Rat kidney
contains dimethylarginase (previously known as dimethylar-
ginine dimethylaminohydrolase) (Ogawa et al., 1989), which
metabolizes ADMA and L-NMMA to citrulline, and indirect
evidence suggests that bovine endothelial cells may contain a
similar enzyme (Hecker et al., 1990a). If this enzyme is
present in cells which make ADMA, its activity might deter-
mine the intracellular levels of this NO synthase inhibitor. In
the present study we have examined the metabolism of
methylarginines in human cultured endothelial cells and
human saphenous vein and have studied the effects of known
inhibitors of NO synthase on this process.
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Methods

Endothelial cell culture

SV40-transfected human umbilical vein endothelial cells
(SGHEC-7) were cultured as previously described (Fickling
et al., 1992) in medium M199:RPMI 1640 in a ratio of 1:1
supplemented with 2.5 ugml~! endothelial cell growth sup-
plement, 0.09 mg ml~! heparin, 2.5% (v/v) foetal calf serum
and 2.5% (v/v) newborn calf serum. Cells were grown as
monolayers in 9 cm petri dishes and used between passage 16
and 22. Primary cultures of human umbilical vein endothelial
cells (HUVEC) were isolated with collagenase (0.5 mg ml~?)
as previously described (Jaffe er al., 1973) and grown on
gelatin-coated 9 cm petri dishes in SGHEC-7 culture medium
(as above) modified to include 10% (v/v) foetal calf serum,
10% (v/v) newborn calf serum and 20 ugml~' endothelial
cell growth supplement. In initial studies, HUVEC and
SGHEC-7 cells were grown to confluence and then depleted
of arginine by incubation in arginine- and serum-free
medium for 24 h before use since this manoeuvre has been
reported to increase the metabolism of L-NMMA in bovine
endothelial cells (Hecker et al, 1990a). In subsequent
experiments SGHEC-7 cells were seeded in 6 well plates for
24 h before use in standard SGHEC-7 medium since in these
studies incubation in arginine-free medium did not alter the
metabolism of [“C]-L-NMMA by these cells (unpublished
observations).

Metabolism of [“C]-L-NMMA and [*C]-citrulline by
HUVEC and SGHEC-7 cells

Confluent 9cm dishes of HUVEC and SGHEC-7 were
washed twice with 10 ml of warm (37°C) Krebs solution of
the following composition (mM): NaCl 131, KCl 5.5, CaCl,
2.5, MgCl, 1, NaHCO; 25, NaH,PO, 1, glucose 5.5, HEPES
20. Cells were then incubated at 37°C or kept on ice for 1 h
in 2ml of Krebs solution containing either [“C}-L-NMMA
(0.5 pCi ml~") or ['*C]-citrulline (0.25 pCi ml~'). After 1h the
cells were washed twice with 10ml of cold (4°C) Krebs
solution; washing with Krebs containing 10 mM L-NMMA
confirmed that non-specific binding was negligible (unpub-
lished observations). Cells were scraped from the dish in
1.5 ml of methanol/water (90/10; v/v), freeze-thawed 3 times
and centrifuged for 10 min at 10,000 g in a bench top micro-
centrifuge. The precipitate was kept for protein estimation by
the Bio-Rad protein assay with bovine serum albumin as a
standard. The supernatant was evaporated at 140°C under
nitrogen, following which the residue was resuspended in
distilled water for analysis using high performance liquid
chromatography (h.p.l.c.). To determine substrate specificity
incubations with ['“C]-L-NMMA were carried out in the
presence of ADMA (100 uM) or NEN'S-dimethyl-L-arginine
(symmetric dimethylarginine; SDMA; 100 uM).

Effect of NO synthase inhibitors on the metabolism of
[#C]-L-NMMA by SGHEC-7 cells

SGHEC-7 cells seeded in 6 well plates (5 X 10° cells per well)
were washed with Krebs (37°C) and incubated in 300 ul of
Krebs solution containing [“C]-L-NMMA (0.4 uCiml™!)
alone or [*C]-L-NMMA (0.4pCiml-') and NCS-nitro-L-
arginine (L-NOARG; 1 mM), NC-nitro-L-arginine methylester
(L-NAME; 1puM-1mM), L-canavanine (1 mm), ADMA
(1 mM) or SDMA (1 mM). After 1 h the cells were washed
with 2 ml cold Krebs and extracted as above.

Incubation of human saphenous vein with
[HC]-L-NMMA

Saphenous vein was obtained from patients undergoing car-
diac surgery and used immediately. Each segment was
weighed and incubated for 2h at 37°C in 1 ml of Krebs

containing 0.1 pCi of [“C]-L-NMMA. After 2 h the super-
natant was centrifuged at 10,000 g for 10 min and analysed
by h.p.l.c. Vein segments were mechanically homogenized in
4 ml of methanol/water (Ultra Turrax, Janke and Kunkel,
Staufen, Germany) and centrifuged at 10,000 g as above. The
supernatant was aspirated and evaporated to dryness under
nitrogen. The residue was dissolved in distilled water for
analysis by h.p.l.c.

Effect of L-NMMA on ADMA production by endothelial
cells

SGHEC-7 cells were grown to confluence in 9 cm dishes and
incubated for 72 h in culture medium containing 1 mM L-
NMMA. The medium was aspirated, centrifuged at 10,000 g
for 10min and partial purification of dimethylarginines
achieved by passage through a Bond Elut SCX column and
elution with ammonia/methanol as described previously (Val-
lance et al., 1992). ADMA levels were measured by h.p.l.c.
and cell protein was measured as above.

H.p.l.c. analysis

Separation of amino acids was achieved on an ODS Cj
h.p.l.c. column using an ion pair based mobile phase contain-
ing 0.025 M phosphoric acid buffer (pH 5.0), 0.01 M hexane
sulphonic acid and 1% (v/v) acetonitrile. Flow was main-
tained at 1 mlmin~! and amino acids detected by u.v.
absorbance at 200 nm and/or "C scintillation counting using
an on-line solid scintillator (Beckman System Gold, Beckman
Instruments (UK) Ltd, High Wycombe, Bucks).

Materials

The following reagents were used: medium M199 and
RPMI 1640 (Gibco Ltd, Paisley, Scotland), foetal calf serum
(Advanced Protein Products, UK), new born calf serum
(Imperial Laboratories, Salisbury, Wilts), endothelial cell
growth supplement and heparin (Sigma Chemical Co, Poole,
Dorset), arginine-free media (Integra Biosciences, Nor-
thumberland), bovine serum albumin, L-canavanine, L-
NAME and L-NOARG (Sigma), ADMA, SDMA, L-NMMA
and [“C]-L-NMMA (56 uCipmol~!; a kind gift from Drs
Hodson and Moncada, Wellcome Research Laboraties,
Beckenham, Kent), ['*C)-citrulline (55.6 uCipmol~-': NEN
Research Products, Stevenage, Herts), acetonitrile and hex-
ane sulphonic acid (Romil, Loughborough, Leicestershire).
Bio-Rad protein assay was obtained from Bio-Rad Labor-
atories Inc, Hemel Hempstead, Herts. Bond Elut columns
were obtained from Jones Chromatography Ltd, Hengoed,
Mid Glamorgan. H.p.l.c. columns were obtained from Phase
Separation, Queensferry, Wales.

Calculations and statistics

The area under each radiochromatogram peak was calculated
by computerized integration following calibration with syn-
thetic standards. Results are expressed as mol mg~! cell pro-
tein (cultured cell studies) or mol g~! wet tissue (saphenous
vein studies) except for those undertaken in 6-well plates
which are expressed as mol per million cells. All data are
expressed as the mean  s.e.mean and compared by Student’s
t test for paired or unpaired observations as appropriate,
where P<<0.05 is considered significant.

Results

The radiochromatogram of ['“C}L-NMMA consisted of a
single peak (Figure 1) with no evidence of impurities either
on the “C or u.v. chromatograms.
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Metabolism of [*CJ]-L-NMMA by endothelial cells

The radiochromatograms of the cytosolic extract of SGHEC-7
cells contained 2 peaks, one that co-eluted with [“C]-L-
NMMA and the other that co-eluted with [**C]-citrulline
(Figure 1). Analysis of the Krebs incubate confirmed a
similar pattern (data not shown). The intracellular level of
[*C}-L.-NMMA was 113 22 pmol mg~"' protein and of [*C]-
citrulline was 67.6 £ 6.2 pmol mg~! protein (n = 7; Figure 2).
Incubation of SGHEC-7 cells on ice reduced the amount of
[*C]-citrulline to 2.5 + 0.3 pmol mg~' protein (>>95% inhibi-
tion; P<0.001; n = 4; Figure 1) but did not alter the amount
of [*C]-L-NMMA (87.8 +9.4 pmolmg~' protein; P>0.3;
n = 4). Co-incubation with ADMA (100 uM) reduced [**C}-

a b c
2oooow 30007 o 6000W
LN LN
2500 - 5000 -
15000 1 LN

@ 2000 - 4000 -
5

8 10000 - 1500 - 3000 -
E

[ 1000 - 2000 4

5000
500 - 1000 -
\ Cit
0

0 5101520 25
Time (min)

0 5101520 25
Time (min)

0 5101520 25
Time (min)

Figure 1 Representative radiochromatograms of: (a) ['“C]-.-NMMA
(LN) standard (0.01 uCi); (b) SGHEC-7 cytosolic extract incubated
for 1h in [“C]-.-NMMA (0.5 uCiml-') at 37°C; L-NMMA (LN),
citrulline (Cit). (¢) SGHEC-7 cytosolic extract incubated for 1h in
[“C]-.L-NMMA (0.5pCiml~") at 4°C; L-NMMA (LN), citrulline
(Cit). For other abbreviations, see text.
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Figure 2 Intracellular levels of ['“C]-citrulline (a) and [“C]-.-NMMA
(b) following incubation of SGHEC-7 cells with [“C]-L-NMMA
(0.5 uCi ml-') alone (open columns; n=7), or [“C]-L-NMMA with
ADMA (100 pM; solid columns; n=3) or SDMA (100 uM; cross
hatched columns; n = 3). Error bars show s.e.mean and data were
compared by Student’s ¢ test (*P <<0.01 compared with control). For
abbreviations, see text.

citrulline to 26.3 + 3.7 pmol mg~' protein (60% inhibition;
P<0.01; n = 3); co-incubation with SDMA (100 pM) had no
effect (n = 3; P>0.3; Figure 2). Neither ADMA nor SDMA
had any significant effect on ['*C}-L-NMMA levels (Figure 2).

The radiochromatograms of the cytosolic extract of
HUVEC were similar to that of SGHEC-7 (Figure 3)
although intracellular levels of [“C}-L-NMMA were higher
(361.5 £ 60.6 pmol mg~! protein; n = 4; P<0.002) and [“C]-
citrulline lower (23.9% 5.1pmolmg~' protein; n=4;
P<0.002). In addition there was a third peak which co-
eluted with ['“CJ-arginine (14.6 £ 5.2 pmolmg™' protein;
n=4). Incubation with ["*C]-citrulline confirmed that
HUVEC (n = 3) but not SGHEC-7 (n = 4) metabolized ["“C}-
citrulline to [**C]-arginine (Figure 3).

Concentration of [“C]-L-NMMA in endothelial cells

Assuming an endothelial cell volume of 1 pl (Baydoun et al.,
1990), the mean intracellular concentration of ["C]-L-
NMMA in SGHEC-7 cells was approximately 40 uM when
the concentration of [“C]-L-NMMA in the Krebs incubate
was 8.9 uM. The extraction efficiency for intracellular amino
acids was of the order of 90% (unpublished observations),
indicating that these cells concentrate ['*C]-L-NMMA ap-
proximately 5 fold.

Metabolism of [C]-L-NMMA by human saphenous
vein

The radiochromatograms of human saphenous vein in-
cubated with ['*C]-L-NMMA were composed of 3 peaks co-
eluting with ['*C]-citrulline, ['*C)-arginine and [*C]-L-NMMA
(Figure 3; n=3). The quantity of [“C]-.-NMMA, [“C]-
citrulline and [“C]-arginine was 2.2+ 0.3, 0.16 £ 0.05 and
0.25+ 0.07 pmol g~! tissue respectively. Analysis of the
Krebs incubate showed a similar radiochromatogram pattern
(data not shown).

Effect of NO synthase inhibitors on the metabolism of
[*C]-L-NMMA

The intracellular levels of ['*C}-L-NMMA and ['*C]-citrulline
in SGHEC-7 cells grown in 6 well plates were 41.9 £ 6.3 and
42.5 % 5.4 pmol per 10° cells respectively (n = 16). The NO
synthase inhibitors, L-canavanine (1 mM), L-NAME (1 mM),

6000 : 600 b 2000 ¢
] LN

W LN W Cit

5000 - 500

1500 -
2 4000 4 4001 | Arg
S
8 3000+ 300 - 1000 -
E]
2 2000- 200 -
500 -
1000 1 Cit 100 1 Cit Arg
Arg
0 0 0

0 51015 2025
Time (min)

0 5101520 25
Time (min)

0 510152025
Time (min)

Figure 3 Representative radiochromatograms of: (a) HUVEC cyto-
solic extract incubated for 1h with [“C}-L.-NMMA (0.5 uCi ml~');
L-NMMA (LN), citrulline (Cit), arginine (Arg); (b) HUVEC
cytosolic extract incubated for 1h with ["“Cl-citrulline (0.25uCi
ml~'); citrulline (Cit), arginine (Arg); (c) Human saphenous vein
extract incubated for 2h in [“C}-L-NMMA (0.1uCiml-'); L-
NMMA (LN), citrulline (Cit), arginine (Arg). For other abbrevia-
tions, see text.
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L-NOARG (1 mM; Figure 4) and ADMA (1 mM) reduced the
intracellular levels of ["C]-citrulline to 5.3 * 1.1 (P<0.0001;
n=9), 10.1x15 (P<0.0002; n=9), 20+2.6 (P<0.01;
n=9) and 1.2%1.2 (P<0.05; n=3)pmol per 10° cells
respectively. Intracellular levels of [“C}-L-NMMA were
higher following incubation with L-NOARG (72.1 * 8.8 pmol
per 106 cells; P<<0.01; n = 9) but unaffected by L-canavanine,
L-NAME (Figure 4) or ADMA. SDMA (1 mM) had no effect
on the intracellular levels of either amino acid (n = 3; data
not shown). L-NAME caused dose-dependent inhibition of
[“C]-citrulline synthesis from ['“C}-L-NMMA (Figure 5):
100 uM L-NAME caused approximately 40% inhibition of
[“C]-citrulline synthesis.
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Figure 4 Intracellular levels of [*C]-citrulline (a) and ['*C}-.L-NMMA
(b) following incubation of SGHEC-7 cells with [“C]-L-NMMA
(0.4 uCi ml-') alone (open columns; n = 16), or ['“C]-L-NMMA with
L-NOARG (1 mM; solid columns; n=9), L-NAME (1 mM; cross
hatched columns; n =9) or L-canavanine (1 mM; stippled columns;
n=29). Error bars show s.e.mean and data were compared by
Student’s ¢ test (*P <<0.001 compared with control). For abbrevia-
tions, see text.

40_
)
3 30+ - .l.
)
3 )
£
a 20t
d’ I
£
S
E l
Q
o 10t
hd
0 1 1 1 1
03 1 10 100 1000

L-NAME (um)

Figure 5 The effect of L-NAME on the synthesis of ['“C]-citrulline
from ['“C}-.-NMMA by SGHEC-7 cells (» =4). For abbreviations,
see text.

Effect of L-NMMA on ADMA production by SGHEC-7
cells

The amount of endogenous ADMA released into the culture
medium by SGHEC-7 cells was increased by co-incubation
with L-NMMA (1 mM). The amount of ADMA in the cul-
ture medium (10 ml) following a 72 h incubation period was
1.98 £ 0.08 nmol mg~' cell protein in the absence of L-
NMMA and 2.74*0.36 nmol mg™! cell protein in the
presence of L-NMMA (P<<0.05; n=4), an increase of
approximately 40%.

Discussion

Methylarginines that inhibit nitric oxide synthesis are syn-
thesized endogenously in vivo in animals (Kakimoto &
Akazawa, 1970) and man (Vallance et al., 1992) and in vitro
by human endothelial cells in culture (Fickling et al., 1993).
Metabolism of methylarginines has been reported in the rat
(Ogawa et al., 1987) and the rabbit (McDermott, 1976) and
indirect evidence suggests that bovine endothelial cells
metabolize L-NMMA to citrulline (Hecker ef al., 1990a). The
results of this study demonstrate the presence of an enzyme
with the characteristics of dimethylarginase in human tissues.
Human cultured endothelial cells and human blood vessels in
vitro metabolized ['“C]-L-NMMA to ["“C]-citrulline and the
activity of this enzyme determined the amount of ADMA
released by the cells into the culture medium.

Direct evidence for a pathway for the metabolism of
methylarginines is provided by these experiments using [*C]-
L-NMMA. SGHEC-7 cells, primary cultures of HUVEC and
isolated human saphenous veins metabolized [*C]-L-NMMA
to [“Cl-citrulline. The metabolism of [*C]-L-NMMA occur-
red at 37°C but not at 4°C and was inhibited by ADMA but
not SDMA suggesting that this is an enzymatic process and
that there is competition between ADMA and L-NMMA for
metabolism. Similar results have been obtained with
dimethylarginase isolated from rat kidney which metabolizes
L-NMMA (K, = 0.36 mM) and ADMA (K, = 0.18 mM) but
not SDMA (Ogawa et al., 1989).

HUVEC and saphenous vein metabolized [“C]-citrulline to
['“C]-arginine, a property shared by bovine aortic endothelial
cells (Hecker et al., 1990b). This pathway is unlikely to
involve the urea cycle as ["*C]-citrulline was not metabolized
via [“C]-ornithine to ['*C]-arginine. The enzyme responsible
has the characteristics of arginosuccinate synthase (Hecker et
al., 1990b) and makes any estimate of the activity of
dimethylarginase in these cells unreliable. In contrast,
SGHEC-7 cells did not metabolize ["C}-citrulline to [**C]-
arginine and the rate of production of [““C]-citrulline from
[“C]-L-NMMA in these cells was of the order of 40 pmol per
10° cells h~!, which represents a 50% conversion of the intra-
cellular [*C)-.-NMMA but only a 1% conversion of the
total [“C]-L-NMMA present. This rate of metabolism is
unlikely to deplete the levels of ['“C]-L-NMMA added to cells
and tissues for pharmacological studies in vitro, but might
affect the distribution, tissue levels and profile of activity of
this drug administered to experimental animals or man in
vivo or influence the levels of endogenous methylarginines
within the cells. Indeed, when exogenous L-NMMA was
added to endothelial cells the amount of ADMA released
into the culture medium increased by about 40% (approx-
imately 0.5puM to 0.7 uM). The precise concentration of
ADMA in the cells is not known, but the studies with
[“C]-L.-NMMA suggest that methylarginines are concentrated
within human endothelial cells indicating that ADMA levels
inside the cell may be higher than those we have measured in
the culture medium.

NO synthase also metabolizes arginine and L-NMMA to
citrulline (Feldman ez al., 1993); however, the rate of conver-
sion is 20 times slower for L-NMMA than for arginine
(Olken & Marletta, 1993) and unlikely to account for the
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activity we have seen in endothelial cells; in SGHEC-7 cells
the rate of conversion of ['*C]-L-NMMA to [“C]-citrulline
was of the same order of magnitude as the rate of conversion
of [“CJ-arginine to [*C]-citrulline either in whole cells (about
100 pmol per 10° cells h~!; unpublished observations) or in
homogenates of SGHEC-7 cells (24 pmol mg~' h~!; Radom-
ski et al., 1993). Our results are most consistent with
metabolism of [*C]-L-NMMA to ["“C]-itrulline by dimethyl-
arginase in endothelial cells.

Structural analogues of ADMA and L-NMMA inhibited
the conversion of [“C}-L-NMMA to ["“C]-citrulline. L-NAME
produced a dose-dependent inhibition and at a concentration
of 1 mM caused near total abolition of ['*C]-citrulline produc-
tion. L-Canavanine and L-NOARG had similar effects. L-
NOARG has previously been reported to inhibit the activity
of rat isolated dimethylarginase (Ogawa et al., 1989) and
L-canavanine appears to inhibit NO synthase and endothelial
dimethylarginase in the same concentration-range. Further
studies will be required to determine whether the inhibition
of metabolism of endogenous ADMA produced by these
compounds contributes to their actions as NO synthase
inhibitors. Therefore it would be useful to identify com-
pounds that inhibited dimethylarginase but had no direct
effect on NO synthase.
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Modulation of vasodilatation to levcromakalim by adenosine

analogues in the rabbit ear: an explanation for hypoxic
augmentation

'Michael D. Randall, 2Hiroshi Ujiie & Tudor M. Griffith

Department of Diagnostic Radiology, Cardiovascular Sciences Research Group, University of Wales College of Medicine,

Heath Park, Cardiff CF4 4XN

1 We have used a rabbit isolated ear, buffered-perfused preparation to investigate the effects of
adenosine analogues on the vasodilatation to the potassium channel opener, levcromakalim (the active
(—)-enantiomer of cromakalim). We have examined the effects of 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX), a selective adenosine A, antagonist, on vasodilatation to levcromakalim under hypoxic
conditions and also following inhibition of nitric oxide synthesis.

2 Levcromakalim relaxed preconstricted preparations with an ECs =369 £ 48 nM and maximum
relaxation of tone (Rgy.) =81.0%3.2%. In the presence of 1puM N°-cyclohexyladenosine (CHA) a
selective adenosine A, agonist, there was a significant (P<<0.01) leftward shift in the concentration-
response curve with an ECs, = 194 £ 54 nM and R,,, = 93.2 £ 2.0%. Conversely, the presence of CHA
did not influence vasodilatation to either pinacidil or sodium nitroprusside.

3 Hypoxia also significantly (P<<0.001) increased the vasodilator potency of levcromakalim
(ECs = 134 £ 22 nM), and this enhancement was completely reversed (ECs, = 380 £ 107 nM, P<<0.01)
by pretreatment of the preparations with 5 uM DPCPX, a selective A; adenosine antagonist. However,
under normoxic conditions DPCPX did not influence vasodilatation to levcromakalin.

4 Inhibition of nitric oxide synthesis with 100 pM NC-nitro-L-arginine methyl ester (L-NAME) caused a
significant (P<<0.001) leftward shift in the concentration-response curve to levcromakalim
(ECso = 73.0 £ 7.6 nM). Pretreatment of preparations with DPCPX partially reversed the increase in
potency found in the absence of nitric oxide synthesis (ECs, = 153 £ 18 nM, P <<0.001).

5 We have shown that an adenosine A, agonist may increase the potency of levcromakalim indicating
that adenosine receptor activation may augment the vasodilator activity of levcromakalim. That
responses to levcromakalim but not those to pinacidil were affected by CHA points to further differences
in the pharmacology of these potassium channel openers. The reversal by the adenosine A, antagonist of
the hypoxic-potentiation of vasodilatation to levcromakalim, and also augmentation following inhibition
of nitric oxide synthesis, suggests that under these conditions there is an endogenous release of
adenosine which may enhance responses to levcromakalim. The findings of this study suggest that

levcromakalim may selectively dilate vessels where there is elevated adenosine release.

Keywords: Levcromakalim; pinacidil; NS-nitro-L-arginine methyl ester; hypoxia; nitric oxide; potassium channel opener-
sensitive potassium channels (KCO-channels); adenosine; 8-cyclopentyl-1,3-dipropylxanthine; N°-cyclohexyl-
adenosine

Introduction

We have previously shown that vasodilatation to the potas-
sium channel opener (KCO) levcromakalim (the active (—)-
enantiomer of cromakalim, formerly designated BRL 38227)
is augmented under hypoxic conditions. A similar, but even
larger, effect was also observed following inhibition of nitric
oxide synthesis with NC-nitro-L-arginine methyl ester (L-
NAME) (Randall & Griffith, 1993). The activity of KCO-
sensitive potassium channels is regulated by purine-
derivatives associated with cellular metabolism as intra-
cellular ATP closes these channels and high ADP favours
opening (for review, see Nichols & Lederer, 1991). Phar-
macologically, these channels may be regulated by KCOs
which reduce channel sensitivity towards ATP thereby pro-
moting channel opening (see Edwards & Weston, 1990;
Nichols & Lederer, 1991), while the hypoglycaemic sul-
phonylureas block the channels (Sturgess et al., 1985).
Recent evidence, from patch clamp studies using mem-
brane patches of rat cultured ventricular myocytes (Kirsch et
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Physiology and Pharmacology, University of Nottingham, Queen’s
Medical Centre, Nottingham.

2 Present address: Department of Neurosurgery, Tokyo Women’s
Medical College, Tokyo, Japan.

al., 1990) and whole-cell current recordings from porcine
isolated coronary vascular smooth muscle cells (Dart &
Standen, 1993), has indicated that adenosine A, receptors
may be positively coupled, via a G-protein, to KCO-sensitive
channels. The possibility that adenosine is coupled to KCO-
sensitive potassium channels receives further functional sup-
port from evidence that adenosine A,, but not A,, receptor
agonists cause sulphonylurea-sensitive vasorelaxation of por-
cine coronary vessels (Merkel et al., 1992). Adenosine is an
important mediator of blood-flow regulation which corrects
an imbalance between energy production and demand (Berne
et al., 1983), as the supply-to-demand ratio for oxygen deter-
mines the formation of adenosine (Bardenheuer & Schrader,
1986). This has led to the so-called ‘adenosine hypothesis’ of
local blood flow regulation, in which locally produced
adenosine leads to vasodilatation and improved blood flow
(Berne, 1980). In this context Marshall er al. (1993) have
recently reported that hypoxia, via adenosine release, leads to
skeletal muscle vasodilatation through the activation of
sulphonylurea-sensitive potassium channels.

We have previously observed that levcromakalim selec-
tively vasodilates collateral vessels (Randall & Griffith, 1992)
and that both hypoxia and metabolic inhibitors selectively
increase the vasodilator potency of this agent (Randall &
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Griffith, 1993). Hypoxia is associated with compromised
metabolic activity leading to adenosine release (Mian & Mar-
shall, 1991; Marshall et al., 1993). This has led us now to
investigate the actions of adenosine analogues on responses
to levcromakalim and other vasodilators in order to examine
whether locally released adenosine may influence vasodilator
responses. In addition to hypoxic augmentation, vasodilata-
tion to levcromakalim is also enhanced following inhibition
of nitric oxide synthesis by L-NAME, and this effect is even
greater than that seen in hypoxia (Randall & Griffith, 1993).
Inhibition of nitric oxide activity has important consequences
for vascular resistance and blood flow regulation (Griffith ez
al., 1987). However, following inhibition of nitric oxide
production in the guinea-pig heart, there is a significant
compensatory increase in adenosine release, presumably as a
consequence of mismatches in flow and demand (Kostic &
Schrader, 1992). This compensatory release of adenosine is
sufficient to exert a significant protective effect in a rabbit
model of coronary occlusion, and limits the level of
ischaemic damage (Patel et al., 1993). We have accordingly
examined whether endogenous release of adenosine, follow-
ing inhibition of nitric oxide synthesis, may contribute
towards the increase in potency for levcromakalim in the
presence of L-NAME.

A preliminary account of part of this work was com-
municated to the January 1994 meeting of the British Phar-
macological Society (Randall et al., 1994).

Methods

Preparation of the rabbit ear vascular bed

Male New Zealand White rabbits (2—2.5 kg) were killed by
cervical dislocation. An ear was removed and the central
artery cannulated and perfused with Holman’s solution
(composition, mm: NaCl 120, KCl 5, CaCl, 2.5, NaH,PO,
1.3, NaHCO; 25, sucrose 10 and D-glucose 11) at a flow rate
of 3.5mlmin~!. The physiological buffer also contained
10 uM indomethacin to eliminate prostanoid activity. The
buffer was gassed with either 95% 0,/5% CO, (normoxia,
Po, = 500-600 mmHg) or 95% N,/CO, (hypoxia, PO, = 20—
30 mmHg) and maintained as 35°C.

Experimental protocols

The perfusion pressure of the intact preparation was con-
tinuously monitored by means of a pressure transducer
placed close to the inflow cannula. The pressure drop across
the cannula was determined at the end of each experiment
and subtracted from the recorded pressure in order to deter-
mine the pressure drop across the vascular bed.

To characterize vasodilator responses, preparations were
equilibrated for 1h. Perfusion pressure was raised phar-
macologically with the combination of S-hydroxytryptamine
and histamine in equimolar concentrations (1 uM) to achieve
submaximal (ca. 60% of maximal tone, Randall & Griffith,
1991). Cumulative vasodilator concentration-response curves
were obtained in different preparations for levcromakalim,
pinacidil and sodium nitroprusside by addition of each agent
to the perfusion fluid in volumes less than 100 pul.

The effects of the selective adenosine A, agonist, N°-
cyclohexyladenosine (CHA), were investigated by inclusion of
this agent at a concentration of 1puM in the perfusion fluid
after steady state preconstriction, but 15 min prior to con-
struction of the concentration-response curves for levcro-
makalim, pinacidil or sodium nitroprusside.

In subsequent experiments, concentration-response curves
for levcromakalim were constructed under hypoxic perfusion
and the results were compared with control responses
obtained from different preparations perfused with normoxic
buffer. The influence of the selective adenosine A; receptor
antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX),

was examined on the vasodilatation to levcromakalim under
both normoxic (control) and hypoxic conditions. In these
experiments the preparations were equilibrated for 1 h with
the buffer of the appropriate oxygen tension after which time
the preparations were preconstricted and then continuously
perfused with 5uM DPCPX. The concentration-response
curve to levcromakalim was constructed 15min after in-
clusion of DPCPX.

In order to investigate the influence of inhibition of nitric
oxide synthesis on vasodilatation to levcromakalim, different
preparations were perfused with 100 uM L-NAME which was
added to the perfusion fluid 30 min prior to preconstriction.
We have previously shown that perfusion with 100 uM L-
NAME selectively abolishes endothelium-dependent relaxa-
tions to acetylcholine and inhibits basal nitric oxide activity
(Randall & Griffith, 1991). Inhibition of basal nitric oxide
production leads to augmented constrictor responses and,
therefore, in these experiments the equimolar concentrations
of the vasoconstrictor agents were reduced to 300 nM to give
an equivalent level of tone (Randall & Griffith, 1993). In
further experiments, preparations were perfused with 5puM
DPCPX 30 min after inclusion of L-NAME and subsequent
preconstriction but 15min prior to constructing
concentration-response curves for levcromakalim.

Data and statistical analysis

All data are given as the mean * s.e.mean and were com-
pared by either paired or unpaired Student’s r-tests or
analysis of variance, as appropriate. ECs values for
vasodilator responses were obtained from individual
concentration-response curves as the concentration at which
half-maximal reduction of established tone occurred. These
values were converted to the logarithmic values (pD,) for
statistical analysis.

Drugs

All solutions were prepared on the day of the experiment.
NC-nitro-L-arginine methyl ester, 5-hydroxytryptamine as
creatinine sulphate complex, histamine dihydrochloride and
sodium nitroprusside (all from Sigma Chemical Company,
Poole, Dorset), were dissolved in saline. Levcromakalim (a
generous gift from Smith Kline Beecham, Surrey, U.K.),
pinacidil (a generous gift from Leo, Bucks), N&-
cyclohexyladenosine and indomethacin (both from Sigma)
and 8-cyclopentyl-1,3-dipropylxanthine (from Research
Biochemicals Incorporated, Natick, MA, U.S.A.) were dis-
solved in 70% (v/v) ethanol. All drugs were then diluted to
the required concentrations in the Holman’s solution.

Results

Effect of N°-cyclohexyladenosine on vasodilator
responses to levcromakalim and pinacidil

In the 15 control preparations basal perfusion pressure was
32.4+ 5.5 mmHg and was increased by 113 + 10 mmHg fol-
lowing addition of the vasoconstrictor agents. The
concentration-response curve for the vasodilator effects of
levcromakalim (10 nM—10 pM) under control conditions is
shown in Figure la and is described by an ECs, of
369 + 48 nM and the maximum relaxation of tone (Ry.:) was
81.0 £ 3.2% (n=15) (Table 1).

In subsequent experiments addition of 1 umM CHA to the
perfusion fluid did not influence the level of induced tone
(Table 1). However, in the presence of CHA levcromakalim
was significantly (P<<0.01) more potent as a vasodilator
(Figure 1a) with an ECs, value of 194 * 54 nM and there was
a significant (P <<0.05) increase in the maximum relaxation
of tone (93.2+2.0%) (Table 1).

In 11 control preparations,

pinacidil (10 nM—30 pm)
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Table 1 Vasodilator properties of levcromakalim and pinacidil in the absence and presence of 1 uM N°-cyclohexyladenosine (CHA)

Levcromakalim
n 15
Basal perfusion pressure (mmHg) 324%55
Increase in perfusion pressure (mmHg) 113210
Total increase in perfusion pressure -
in presence of CHA (mmHg)
ECso (nM) 369 + 48
Maximum relaxation (%) 81.0+ 3.2

Levcromakalim Pinacidil Pinacidil
+ CHA + CHA
8 11 7
17522 268+5.3 2141+ 34
129+ 10 1069 112+8
132+ 12 - 1125
194 + 54** 1,783 + 336 973 £ 150
93.2+2.0* 93.5+2.7 958+44

For each vasodilator the statistical differences between the presence and absence of NS-cyclohexyladenosine are indicated by

*(P<0.05) and **(P<<0.01).
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Figure 1 Concentration-response curves for the relaxation of estab-
lished tone in rabbit ear isolated perfused preparations by (a) lev-
cromakalim in the absence (M, n = 15) and presence (O, n=8) of
1 uM Nb-cyclohexyladenosine; (b) pinacidil in the absence (M, n = 8)
and presence (O, n=7) of 1 uM Nb-cyclohexyladenosine; (c) sodium
nitroprusside in the absence (B, » = 6) and presence (O, n=7) of
Ne¢-cyclohexyladenosine. The vertical bars indicate X s.e.mean.

similarly gave concentration-related relaxations of tone, but
was some 5 fold less potent than levcromakalim (Figures la,b
and Table 1). In 7 different preparations CHA did not
influence either the level of established tone (Table 1) or
vasodilatation to pinacidil (Figure 1b and Table 1).

Effects of N°-cyclohexyladenosine on vasodilatation to
sodium nitroprusside

In 6 control preparations, basal perfusion pressure was
19.8 £ 2.3 mmHg and was increased by 102 + 16 mmHg fol-
lowing addition of the vasoconstrictors. Sodium nitroprusside
(10 nM—10 pM) gave rise to concentration-related relaxations
of established tone with an ECs=367*32nM and
Ruax = 84.9 £ 4.7% (Figure 1c). In another 6 preparations
basal perfusion pressure was 18.6 * 3.7 mmHg, while after
addition of the vasoconstrictors perfusion pressure was in-
creased by 124 + 12 mmHg. Addition of 1 uM CHA had no
effect on vascular tone (124 £ 14 mmHg). In the presence of
CHA the vasorelaxant potency of sodium nitroprusside was
335+ 70 nM and the R,,, was 82.9 £ 5.1% (Figure Ic), these
parameters were not significantly different from those in the
absence of CHA (ECs, =367 £ 32 nM, R, =84.9 £ 4.7%).

Effects of hypoxia on vasodilatation to levcromakalim in
the absence and presence of 5 pM 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX)

In 12 hypoxic preparations basal perfusion pressure was
similar to that under normoxic conditions (Table 2).
Similarly the oxygen tension did not influence the increase in
perfusion pressure induced by the combination of vasocon-
strictors.

Figure 2a and Table 2 indicate that levcromakalim was
approximately 3 times (P<<0.001) more potent as a
vasodilator under hypoxic compared to normoxic conditions.
However, Figure 2a and Table 2 show that in preparations
which are pretreated with 5 um DPCPX the hypoxic augmen-
tation of vasodilator responses to levcromakalim is abolished
completely. DPCPX had no effects on vascular tone in the
preconstricted preparations in any of the groups to which it
was added (Table 2). In normoxic preparations pretreatment
with DPCPX did not influence vasodilatation to levcro-
makalim (Figure 2b and Table 2).

Effects of 5 uM 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX) on vasodilatation to levcromakalim in the
presence of L-NAME

Pretreatment with L-NAME did not influence perfusion pres-
sure (28.0+3.6 mmHg v. 324+ 4.5mmHg, n=9). In the
presence of L-NAME there was a significant (P <0.001) five
fold leftward shift in the concentration-response curve for the
relaxation of tone by levcromakalim (Figure 3 and Table 3).
In 7 different preparations this shift was partially (P <0.001)
attenuated by pretreatment of the preparations with 5um
DPCPX such that the ECs, was intermediate between control
and that obtained in the presence of DPCPX alone. In these
preparations addition of DPCPX did not significantly alter
the level of established tone (146 20 v. 130 £ 21 mmHg).
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Table 2 Vasodilator properties of levcromakalim
8-cyclopentyl-1,3-dipropylxanthine (DPCPX)

under normoxic

and hypoxic conditions in the absence and presence of

Normoxia
n 15
Basal perfusion pressure (mmHg) 324155
Increase in perfusion pressure (mmHg) 113210
Total increase in perfusion pressure -

in presence of DPCPX (mmHg)

ECsy (nM) 369 + 48
Maximum relaxation (%) 81.0+ 3.2

Normoxia Hypoxia Hypoxia
+ DPCPX + DPCPX
7 12 6

236+ 4.6 20.3£3.0 217217
112+ 14 1116 11912
1117 - 1208
310+ 74 134 & 22%*+ 380 £ 107t
76.7% 6.6 90.1+25 93.2+29

The statistical differences between the vasodilator responses under normoxic conditions are shown by ***(P <<0.001) and the difference
between the absence and presence of DPCPX under hypoxic conditions are shown by 11(2 <<0.01). The control data for vasodilatation
to levcromakalim under normoxic conditions is taken from Table 1 and is included for comparison.

Table 3 Vasodilator properties of levcromakalim in the presence and absence of 100 um NC-nitro-L-arginine methyl ester (L-NAME)
with or without 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) pretreatment

Levcromakalim Levcromakalim Levcromakalim

+ L-NAME + L-NAME

n 15 9 + DPCPX
7
Basal perfusion pressure (mmHg) 324155 28.0+ 3.6 267126
Increase in perfusion pressure (mmHg) 113£10 124+ 7 146 £ 20
Total increase in perfusion pressure - - 130 £ 21
in presence of DPCPX (mmHg)

ECs (nM) 369 + 48 73.0 £ 7.6*** 153 £ 18**(111)
Maximum relaxation (%) 81.0+3.2 88.6+3.3 878+ 3.8

Statistical differences for the vasodilator potency between the absence and presence of L-NAME are indicated by **(P<0.01) and
**#(p <(0.001) while +11(P<<0.001) indicates statistical differences between the absence and presence of DPCPX in the L-NAME

pretreated preparations.
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Figure 2 Concentration-response curves for the relaxation of estab-
lished tone by levcromakalim in rabbit ear isolated perfused prepara-
tions; (a) (M, n=15) indicates control data obtained under nor-
moxic conditions and is taken from Figure la for the purposes of
comparison, (O, n=12) show the data obtained under hypoxic
perfusion and (A, n=6) show the data obtained under hypoxic
perfusion in the presence of 5 uM 8-cyclopentyl-1,3-dipropylxanthine;
(b) (M, n=15) indicates data obtained under normoxic conditions
that is taken from Figure la for the purposes of comparison; (O,
n=17) show the data obtained under normoxic perfusion in the
presence of 5pum 8-cyclopentyl-1,3-dipropylxanthine. Ther vertical
bars indicate * s.e.mean.
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Figure 3 Concentration-response curves for the relaxation of estab-
lished tone by levcromakalim in rabbit ear isolated perfused prepara-
tions; (M, n= 15) indicate control data obtained in the absence of
NC-nitro-L-arginine methyl ester (L-NAME) and is taken from
Figure 1a for the purposes of comparison, (O, #n=9) show the data
obtained in the presence of 100 um L-NAME and (A, n=7) show
the data obtained in the presence of both 100 um L-NAME and 5 um
8-cyclopentyl-1,3-dipropylxanthine. The vertical bars indicate
s.e.mean.

Discussion

The results of the present study clearly point to an interac-
tion between the KCO, levcromakalim, and adenosine. This
interaction provides an explanation as to the augmentation of
vasodilatation to levcromakalim in both hypoxia and follow-
ing nitric oxide synthase inhibition. The findings corroborate
our previous findings concerning the different pharmacology
of levcromakalim and pinacidil (Randall & Griffith, 1993).

That the potency of levcromakalim is augmented by the
adenosine agonist CHA accords with reports indicating that
the adenosine A, receptor may be coupled, via a G-protein,



to KCO-sensitive potassium channels (Kirsch er al., 1990;
Dart & Standen, 1993). Not only are our data compatible
with adenosine A, receptors interacting with KCO-sensitive
potassium channels, but more importantly, they demonstrate
that adenosine may modulate the activity of KCOs. Since
CHA did not have any direct vascular actions at the
reasonably high concentrations used, then an independent,
direct action on the rabbit ear vasculature may be excluded.
Furthermore, the lack of interaction between CHA and
sodium nitroprusside and pinacidil confirms that the effects
observed with levcromakalim are not due to a non-specific
interaction between the different vasodilators. That CHA did
not augment vasodilatation to pinacidil, a structurally
different KCO, may point to differences in the pharmacology
of these agents. This would appear to accord with other
evidence in the literature pointing to differences in their
pharmacology (see Cook & Quast, 1990). For example there
are haemodynamic differences between cromakalim and
pinacidil (Longman et al., 1988), while McPherson & Angus
(1990) also identified differences in the pharmacology of
cromakalim and pinacidil, in that glibenclamide, phen-
tolamine and alinidine non-competively inhibited the actions
of cromakalim on the canine coronary artery while having
competitive actions against pinacidil. More recently, Lawson
et al. (1992) have demonstrated that endothelin-1 discri-
minates between the actions of levcromakalim and pinacidil,
and proposed that these agents interact with different sites on
the potassium channel. In our previous study we also
proposed that there were differences in their comparative
pharmacology, since we observed that the potency of levcro-
makalim, but not that of pinacidil, was augmented by both
hypoxia and L-NAME (Randall & Griffith, 1993). In view of
the lack of effect of L-NAME and hypoxia on responses to
pinacidil (Randall & Griffith, 1993) we examined only the
influence of the adenosine antagonist on vasodilatation to
levcromakalim under these conditions.

Our previous finding that vasodilatation to levcromakalim
was augmented by hypoxia was of interest in view of the
specific potentiation of responses by CHA, a mimetic of
adenosine. We therefore repeated these experiments with the
inclusion of the adenosine A, antagonist, DPCPX in the
perfusate. Under normoxic control conditions DPCPX did
not influence vascular tone but more importantly did not
alter vasodilatation to levcromakalim. The lack of effect on
vascular tone indicates that this antagonist is acting
specifically and that any basally released adenosine does not
contribute significantly towards vascular regulation under
any of the conditions used. However, under hypoxic per-
fusion DPCPX caused a rightward shift of the concentration-
response curve for relaxation by levcromakalim, thereby
abolishing the hypoxic augmentation. DPCPX did not
influence vasodilatation to levcromakalim under normoxic
conditions and this excludes a direct antagonist action
against levcromakalim. Since we have demonstrated func-
tionally that the adenosine-mimetic may interact with KCO-
sensitive potassium channels, then the most likely explana-
tion for these results is that adenosine activity is increased
sufficiently to enhance KCO activity. Although the most
probable change in adenosine activity in hypoxia is increased
release, other potential mechanisms may operate and they
include receptor upregulation and reduced reuptake. The
present experiments do not discriminate between these alter-
natives.

Vasorelaxant responses to levcromakalim are also
augmented by inhibition of nitric oxide synthases by L-
NAME, an effect that is completely reversed by exogenous
L-arginine (Randall & Griffith, 1993). Interestingly the
enhancement following inhibition of nitric oxide synthase is
more pronounced than that in hypoxia. Recent studies have
shown that inhibition of nitric oxide production leads to
mismatches of perfusion and demand which promotes a com-
pensatory release of adenosine (Griffith et al., 1987; Kostic &
Schrader, 1992). That DPCPX partially reversed the augmen-
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tation of vasodilatation to levcromakalim in the presence of
L-NAME indicates that following inhibition of nitric oxide
synthesis in the rabbit ear there is an increase in adenosine
release. The shift of the concentration-response curve pro-
duced by DPCPX was comparable to that produced by the
adenosine antagonist under hypoxic conditions and would
indicate that the release of adenosine following blockade of
nitric oxide synthesis occurs at a comparable level to that
found in hypoxia. The high concentration of DPCPX used
only partially reversed the augmentation due to inhibition of
nitric oxide synthesis and this suggests that mechanisms other
than the interaction between adenosine and the KCO may
also be in operation.

Additional mechanisms for the potentiation of vasodilata-
tion to levcromakalim in the absence of nitric oxide produc-
tion are not apparent from the present data. Nitric oxide, in
some (Tare et al., 1990; Garland & McPherson, 1992), but
not all (Komori et al., 1988), vascular preparations causes
hyperpolarization. Associated with this is the cyclic GMP-
dependent activation of calcium-sensitive potassium channels
leading to hyperpolarization and relaxation (Fujino et al.,
1991). If nitric oxide exerts a hyperpolarizing effect in the
rabbit ear, then inhibitors of this input may lead to vascular
smooth muscle depolarization, which might enable a potas-
sium channel opener to have a greater hyperpolarizing effect
leading to augmented vasodilatation. This action of nitric
oxide may account for its synergism with cromakalim
reported by others (Rae & Corréa, 1992). In the present
context, loss of nitric oxide activity following treatment with
L-NAME may therefore potentially enable levcromakalim to
have greater impact. However, since vasodilatation to
pinacidil is unaffected by L-NAME (Randall & Geriffith,
1993) then the above mechanisms would appear doubtful.

Potentiation of responses to levcromakalim has been
reported in other circumstances. In a recent report by Pav-
lovic et al. (1993) the relaxant action of levcromakalim on rat
tracheal smooth muscle was selectively potentiated by de-
struction of the airway epithelium leading to loss of the
epithelium-derived inhibitory factor.

Despite our observations of augmented vasodilatation to
levcromakalim in the presence of L-NAME, others, in
different preparations, have not observed such a change in
activity (Gardiner et al., 1991). Differences betwen prepara-
tions may be accounted for by differences in adenosine
release and reuptake and also differences in adenosine recep-
tor populations between vascular beds.

The results of the present study clearly indicate that the
increase in vasodilator potency of levcromakalim in hypoxia,
and to a lesser extent in the presence of L-NAME, can be
explained by local increases in adenosine activity leading to
potentiated responses. The apparent enhancement of the
vasodilator activity of levcromakalim by adenosine may per-
haps explain the selectivity of cromakalim for chronically
ischaemic tissues (Angersbach & Nicholson, 1988), and the
ability of levcromakalim to improve substantially collateral
flow after acute arterial occlusion (Randall & Griffith, 1992).
In conclusion, we have reported an important and significant
interaction between adenosine, an endogenous mediator
associated with hypoperfusion and hypoxia, and levcro-
makalim. This interaction may enable levcromakalim to exert
selective vasodilator effects on ischaemic tissues.
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Bi- and Br-adrenoceptor antagonist activities of ICI-215001, a

putative ps-adrenoceptor agonist

'Belay Tesfamariam & Guy T. Allen

Department of Pharmacology, Bristol-Myers Squibb Research Institute, P.O. Box 4000, Princeton, New Jersey, 08543, U.S.A.

1 The present study was undertaken to characterize the B;-adrenoceptor agonist activity of ICI-215001
and to determine whether it exhibits additional activities on B,- and B,-adrenoceptors in isolated
spontaneously beating atrium, trachea and ileum of guinea-pig.

2 In guinea-pig atrium, isoprenaline, a non-selective B-adrenoceptor agonist, caused concentration-
dependent, positive chronotropic effects that were inhibited by atenolol, a selective B;-antagonist.
ICI-215001 also competitively antagonized the increase in heart rate caused by isoprenaline.

3 ICI-215001 exhibited low intrinsic activity at increasing the beating rate of atrium and no activity on
resting or induced tone of tracheal strips.

4 In strips of guinea-pig trachea, contracted submaximally with carbachol, isoprenaline, caused
concentration-dependent relaxations. Both ICI-118551, a selective B,-adrenoceptor antagonist, and ICI-
215001 competitively inhibited the relaxations caused by isoprenaline.

5 In isolated strips of guinea-pig ileum longitudinal smooth muscle contracted with histamine,
isoprenaline and ICI-215001 caused relaxations which were inhibited by alprenolol, a B-adrenoceptor
antagonist with modest affinity for B;-adrenoceptors, but were resistant to ICI-118551 and atenolol.
6 These results indicate that ICI-215001 exhibits B;-adrenoceptor agonist activity as demonstrated by
relaxations mediated via atypical B-adrenoceptors in the longitudinal smooth muscle of guinea-pig ileum.
Further, the studies demonstrate that ICI-215001 can act as an antagonist at B;- and B,-adrenoceptors in
situations where its intrinsic agonist activity is low.

Keywords: Atypical B-adrenoceptors; guinea-pig atrium; guinea-pig ileum; guinea-pig trachea; ICI-215001; relaxation

Introduction

The subclassification of B-adrenoceptors into the two sub-
groups of B, and B, was based on the selectivity of action of
different p-agonists as cardiac stimulants and bron-
chodilators, respectively (Lands ez al., 1967). Quantitative
pharmacological experiments have shown the existence of
adrenoceptors distinct from the defined a- and B-subtypes
(Bond et al., 1986; 1988). This ‘atypical’ B adrenoceptor is
resistant to blockade by a-adrenoceptor antagonists and f-
adrenoceptor antagonists (Bond ez al., 1988). Furthermore a
human gene has been isolated from brown adipocytes which
encodes for a p-adrenoceptor distinct from B,- or B,-
receptors, and was referred to as ‘the p;-adrenergic receptor’
(Emorine et al., 1989; Krief et al., 1993). The Bs-
adrenoceptors have gained attention as potential therapeutic
targets for specific agonists that might provide antiobesity,
thermoregulatory or antidiabetic properties (Arch et al.,
1984).

Furthermore, others have reported a propranolol-resistant
component to the relaxations of various sections of gastro-
intestinal tract induced by isoprenaline and other B-adreno-
ceptor agonists, which resembles the one described in brown
adipocytes, implying that an ‘atypical’ B-adrenoceptor might
be responsible for these effects (Bond et al., 1988; Blue et al.,
1990; Taneja & Clarke, 1991). From the above account it is
clear that the ‘atypical’ B-adrenoceptor is a pharmacolog-
ically defined entity and little information exists with regard
to its functional characterization and the interaction of selec-
tive Pj-adrenoceptor agonists with other B-adrenoceptor
types.

It has recently been reported that ICI-215001 and its pro-
drug form, ICI-D7114, {4-[2-[(2-hydroxy-3-phenoxypropyl)
amino] ethoxy] phenoxyacetamides} have potent activity at
‘atypical’ B-adrenoceptors in brown adipocytes leading to an
increased whole body temperature (Holloway et al., 1991;

! Author for correspondence.

Champigny et al., 1992). It was of interest to characterize
further B;-adrenoceptor agonist activity of ICI-215001 and to
evaluate whether it exhibits additional activities at B,- and
B,-adrenoceptor subtypes. This task has been approached by
examining its direct agonist activity in guinea-pig isolated
ileum as well as by comparing its antagonist activity with
competitive antagonists selective for B,-adrenoceptors (atenol-
ol) and B,-adrenoceptors (ICI-118551) in isolated spontaneo-
usly beating atrium and tracheal preparations of guinea-pig
(Lands et al., 1986; Bilski et al., 1983).

Methods

Guinea atrium

Male Hartley guinea-pigs (~300g) were killed by exsan-
guination after asphyxia with carbon dioxide. The pericar-
dium was carefully removed from the heart and the right
atrium was dissected. A suture was tied to the upper and
lower tip of the atrium. The spontaneously beating atrium
was suspended between a fixed end and the distal end was
connected to a force transducer for measurement of beating
rate. Beating rates were determined by tachograph which
integrated the beating rate to a linear scale on the recorder.
The atria were placed in an organ bath filled with physio-
logical salt solution containing (mM): NaCl 118.3, KC14.7,
MgS0, 1.2, KH,PO, 1.2, CaCl, 2.5, NaHCO; 25.0, disodium
EDTA 0.026 and glucose 5.5. The solutions were kept at
37°C and were continuously gassed with 95% O,: 5% CO, to
maintain the pH at 7.4. The resting tension was set at 1 g
during a 1 h equilibration period. Cumulative concentration-
response curves for the positive chronotropic effect of iso-
prenaline and ICI-215001 were determined. The beating rate
was assessed 1 min after the addition of each successive
concentration of B-adrenoceptor agonists. For assessment of
antagonist activity, the responses of the atrium to isoprena-
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line were determined in the presence of ICI-215001 or aten-
olol (0.1-10 uM). Antagonists were added 30 min before
addition of agonists.

Guinea-pig trachea

Tracheal strips (~ 5 mm long) were prepared and suspended
between a fixed base and strain gauge for measurement of
isometric circumferential force. The strips were placed in
organ baths filled with physiological salt solution which were
kept at 37°C and were continuously gassed with 95% O,: 5%
CO,. The length of the smooth muscle was increased stepwise
over 90 min to adjust basal tension to 2 g. This tension was
found to be optimal for contractions of guinea-pig trachea by
testing the contractions to potassium (80 mM). Once basal
tension was established, the length of the strips was not
altered thereafter. The tracheal strips were contracted with
carbachol and then exposed to increasing half-log cumulative
concentrations of agonists.

Guinea-pig ileum

After careful flushing of the luminal contents, the outer layer
of ileum containing longitudinal smooth muscle was carefully
removed with a cotton swab. Each strip (~3cm long) was
tied with a nylon suture at each end, and was mounted on a
force transducer under an initial resting tension of 0.5 g, which
was found to be optimal for contractions by testing repeated
contractions to potassium (80 mM). To measure relaxations,
strips were contracted with histamine and were then exposed
to increasing cumulative concentration of agonists.

In guinea-pig trachea and ileum studies, phentolamine
(10 pM) and indomethacin (3 pM) were added to block a-
adrenoceptors and to inhibit rhythmic motility, respectively.
In ileal preparations, atropine (0.1 uM) was added to block
muscarinic receptors. The inhibitors had no effect on the
resting or induced tone of tissues.

Drugs

The pharmacological agents used were the following: atenolol,
(—)-alprenolol, atropine, carbachol, histamine, indometha-
cin, (—)-isoprenaline, phenylephrine, phentolamine, salbuta-
mol, sodium nitroprusside (Sigma Chemical, St. Louis, MO,
U.S.A)), ICI-215001 and ICI-118551 {erythro-1-(7-methylin-
dan-4-yloxy)-3-isopropylamino-butan-2-ol} (imperial Chemi-
cal Industries, Macclesfield, England). Unless otherwise spec-
ified, drugs were dissolved in distilled water. ICI-215001 was
solubilized in dimethyl sulphoxide and further dilutions were
made in water. Indomethacin was prepared in 2% Na,CO;.

Data analysis

Changes in sinus rate are expressed as a percentage of the
maximum increase in beating rate caused by isoprenaline
(10 uM). Relaxations are expressed as percentage decrease in
tension from the level of induced tone. The half-maximal
inhibitory concentration (ICsy) was determined graphically as
the concentration causing 50% of the maximal relaxation.
Antagonist potencies were evaluated by calculating their pA,
values. Concentration-response curves for agonists were
made in the presence of three different concentrations of
antagonist. Schild plots were constructed from the individual
experiments and the pA, values were calculated. (Arunlak-
shana & Schild, 1959). Antagonism was considered to be
competitive if the slope of the regression line did not sig-
nificantly differ from unity. The values are expressed as
means t s.e. Statistical evaluation of the data was made
using repeated measures of analysis of variance or Student’s ¢
test for paired comparisons of mean values. Values with P
less than 0.05 were regarded as significant. In all experiments,
n equals the number of guinea-pigs from which the tissues
were taken.

Results

Guinea-pig atrium

Isoprenaline (0.1 nM—10 uM), a non-selective B-adrenoceptor
agonist, had a concentration-dependent positive chronotropic
effect on the atrium (ECsy: 7.1 £ 1.2nM, n = 12). Atenolol
(0.1-10 um) shifted the isoprenaline concentration-response
curves, resulting in Schild plots with slopes not significantly
different from unity (pA,: 6.1 £ 0.2; with isoprenaline as the
agonist). ICI-215001 (0.1, 1 and 10 uM) also competitively
antagonized the increase in beating rate caused by isoprena-
line, yielding a Schild plot with a slope not significantly
different from unity and a pA, value of 6.710.2, n=7
(Figure 1). In the guinea-pig atrium, ICI-215001 (0.1, 1,
10 uM) had weak agonist activity (6.1 £2.6, 11 +2.6 and
11 * 6.4% maximal isoprenaline, respectively, n= 7).

Guinea-pig trachea

In strips of guinea-pig trachea contracted submaximally with
carbachol (1 pM), isoprenaline (0.1 nM—1 uM) caused concen-
tration-dependent relaxations (ICsy: 6.1 £ 2.5nM, n=10).
These relaxations were competitively antagonized by ICI-
118551 (pA,: 7.4%0.8). In the guinea-pig trachea, ICI-
215001 (0.1, 1, 10 pM) produced competitive antagonism of
isoprenaline-induced relaxations yielding a Schild plot with a
slope not significantly different from unity and a pA; value of
73104, n=7 (Figure 2). ICI-215001 (0.1-10 pM) had no
effect on the resting or induced tone of tracheal strips.

Guinea-pig ileum

In strips of guinea-pig ileum longitudinal smooth muscle
contracted with histamine (10 uM), isoprenaline (0.01-100
uM), caused concentration-dependent relaxations (ICs: 31 &
0.8 nM, n= 7). These relaxations were significantly inhibited
by treatment of strips with (—)-alprenolol (1, 10 uM) (Figure
3). The inhibition was more marked with the higher concent-
ration of (—)-alprenolol (10 uM). In contrast, isoprenaline-
induced relaxations were resistant to treatment of strips with
atenolol (10 uM) or ICI-118551 (10 uM). In guinea-pig ileum
longitudinal muscle, ICI-215001 (0.01-10 pM) caused con-
centration-dependent relaxations (ICsy: 316 £ 0.6 nM, n = 8)
(Figure 4). These relaxations were markedly inhibited by
(-)-alprenolol (1, 10puM) (Figure 4). By contrast, (—)-
alprenolol (10 pM) did not have any significant effect on the
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Figure 1 In control (O) spontaneously beating guinea-pig atrium,
isoprenaline caused a concentration-dependent positive chronotropic
effect. ICI-215001 in concentrations 0.1 um (@), 1 pm (H) and 10 pM
(A) competitively antagonized the increase in sinus rate caused by
isoprenaline, resulting in a parallel right-ward shift of the concen-
tration-response curves. Values are expressed as maximal response to
isoprenaline (10 uM), means Es.e., n=12.
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Figure 2 In control (O) guinea-pig tracheal strips contracted with
carbachol (1 pM), isoprenaline caused concentration-dependent relax-
ations. These relaxations were competitively antagonized by ICI-
215001 in concentrations 0.1um (@), 1umM (M) and 10uM (A).
n=17.
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Figure 3 In control (O) isolated longitudinal muscle of guinea-pig
ileum contracted with histamine (10 pm), isoprenaline caused concen-
tration-dependent relaxations. These relaxations were significantly
(P<0.05) inhibited by alprenolol in concentrations 1 pM (A) and
10 uM (A) but not by atenolol 10 um (M) or ICI-118551 10 uMm (@).
n=17.
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Figure 4 In control (O) isolated longitudinal muscle of guinea-pig
ileum contracted with histamine (10 pm), ICI-215001 caused concen-
tration-dependent relaxations, that were significantly (P <0.05) inhi-
bited by alprenolol at concentrations of 1 uM (@) and 10 um (H).
n=38.

relaxations caused by sodium nitroprusside (1 uM, in absence
and presence of alprenolol: 99+ 0.9 vs 97 + 2.1%, respec-
tively, n = 6). In guinea-pig ileum longitudinal smooth muscle,
salbutamol, a selective B,-adrenoceptor agonist (0.1 nM-100
uM), did not cause any relaxations (data not shown, n = 4).

Discussion

In agreement with previous reports, isoprenaline-induced
positive chronotropic effects were competitively antagonized
by the selective B,-adrenoceptor antagonist, atenolol, indicat-
ing that they are mediated by stimulation of B,-adrenoceptors
in the atrium (Lands et al., 1967). An interesting finding in
the present study is that ICI-215001 competitively antagon-
ized the increase in beating rate caused by isoprenaline sug-
gesting that ICI-215001 possesses B;-adrenoceptor antagonist
activity. Similarly, others have also shown that ICI-D7114,
the prodrug form of ICI-215001, caused inhibition of re-
sponses to isoprenaline in guinea-pig atrium (Growcott et al.,
1993). In this regard, the affinity of ICI-215001 for B;-
adrenoceptors was compaable to that of atenolol. ICI-215001
exhibited low intrinsic activity on B,-adrenoceptors as dem-
onstrated by its weak effect on the beating rate of the atrium.
In contrast to ICI-215001, another B;-agonist, BRL-37344,
has been reported to cause B,-adrenoceptor-mediated positive
chronotropic and inotropic responses in dog atria (Takayama
et al., 1993).

The inhibition by the selective B,-antagonist, ICI-118551,
of the relaxations of trachea caused by isoprenaline demon-
strates that the relaxations were mediated by stimulation of
B,-adrenoceptors. The competitive antagonism by ICI-215001
of the relaxations caused by isoprenaline in trachea indicates
that ICI-215001 exhibits affinity for B,-adrenoceptors. In this
regard, ICI-215001 and ICI-118551 showed similar affinity
for B,-adrenoceptors. Further, the absence of any effect of
ICI-215001 in resting or contracted tracheal strips indicates
its lack of direct intrinsic activity on PB,-adrenoceptors.

In an attempt to characterize further the ‘atypical’ f-
adrenoceptors, we used the guinea-pig ileum which has been
previously described as revealing the ‘atypical’ B-adreno-
ceptor (Bond er al., 1988). Prior studies have suggested that
B,-adrenoceptors are located on circular smooth muscle or
epithelial cells, whereas ‘atypical’ p-adrenoceptors are prob-
ably distributed on the longitudinal smooth muscle of the
ileum (Van Der Vliet er al., 1990). In the present study,
efforts were made to confirm whether ‘atypical’ B-adreno-
ceptors mediate relaxations of the longitudinal muscle of the
ileum. Indeed isoprenaline-induced relaxations were resistant
to the selective B- and B,-antagonists, implying that the
conventional B;- and B,-adrenoceptors play no role in the
inhibitory response produced by isoprenaline in this prepara-
tion. In addition, the lack of effect of salbutamol rules out
B,-adrenoceptor-mediated responses. Like isoprenaline, ICI-
215001 also caused relaxation of the ileum suggesting that
the relaxations are probably mediated by activation of ‘aty-
pical’ B-adrenoceptors. This suggestion is strengthened by the
blockade of isoprenaline- and ICI-215001-induced relaxations
by (—)-alprenolol, a compound which exhibits moderate
affinity for ‘atypical’ B-adrenoceptors (Blue et al., 1990). The
lack of effect of (—)-alprenolol on the relaxations caused by
nitroprusside excludes a non-specific effect. These findings are
in agreement with previous reports which have shown that
relaxations induced by electrical stimulation of sympathetic
neurones were blocked by (— )-alprenolol, indicating that the
responses may be mediated via activation of B;-adrenoceptors
(Blue et al., 1990; Taneja & Clarke, 1991). Furthermore, the
current study has demonstrated that the ‘atypical’ B-adreno-
ceptors are distributed predominantly on the longitudinal
smooth muscle cells which lie adjacent to the myenteric
plexus. Whether the atypical B-adrenoceptors in the lon-
gitudinal muscle are the same as those B;-receptors described
in brown adipocytes is unknown. Because the ‘atypical’ B-
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adrenoceptors have been shown to receive adrenergic inner-
vation, this raises the possibility that these receptors may be
a target site for modulating gut motility (Taneja & Clarke,
1991).

In summary, the present study has further characterized
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Ontogenic increase in PGE,; and PGF,, receptor density in
brain microvessels of pigs
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Department of Pharmacology & Therapeutics, McGill University, Montreal, Canada H3G 1Y6 and *Departments of Pediatrics
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1 The hypothesis that the relative vasoconstrictor ineffectiveness of prostaglandin E, (PGE,) and
PGF,, on cerebral vessels of newborn pigs might be due to fewer receptors for these prostanoids was
tested by comparing receptors for PGE, (EP) and PGF,, (FP) in cerebral microvessels from newborn
and adult pigs.

2 Specific binding of [*H]-PGE, and [*H}-PGF,, to membranes prepared from brain microvessels
showed that EP and FP receptor density (B,,,) in tissues from newborn animals was less than 50% of
that determined in tissues from adults. By contrast, estimates of affinity (Kp) were unchanged.

3 Specifically bound [*H}-PGE, to brain microvessels from both the newborn and adult was displaced
by AH 6809 (EP,-selective antagonist) by 80-90%, and only by approximately 30-35% by both
11-deoxy PGE, (EP,/EP; agonist) and M&B 28,767 (EP; agonist); butaprost (EP, agonist) was complete-
ly ineffective.

4 PGE,, 17-phenyl trinor PGE, (EP, agonist), PGF,, and fenprostalene (PGF,, analogue) caused
significantly less increase in inositol 1,4,5-triphosphate (IP;) in brain microvessels from the newborn than
in those from adult pigs. The stimulation of IP; by PGE, and 17-phenyl trinor PGE, was almost
completely inhibited by the EP, antagonist, AH 6809.

5 PGE,, 1l-deoxy PGE, and M&B 28,767 produced small reduction of adenosine 3":5'-cyclic
monophosphate (cyclic AMP) production in adult vessels but no effect in newborn tissues.

6 The lower density of EP and FP receptors in microvessels of newborn pigs compared to adults may
explain the reduced ability of PGE, and PGF,, to stimulate production of IP; in tissues from newborn
animals. This in turn, may provide an explanation for previous observations demonstrating that these
prostanoids elicit contraction of adult cerebral microvessels, but exert minimal effects on these vessels in
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newborn animals.
Keywords:

PGE, receptors; PGF,, receptors; prostaglandin E,; prostaglandin F,,; inositol 1,4,5-triphosphate; adenosine 3',5'-

cyclic monophosphate; microvessels; ontogeny of prostanoid receptors

Introduction

Prostaglandin E, (PGE,) and PGF,, are major prostanoids in
the brain and the cerebral vasculature (Gaudet et al., 1980;
White & Hagen, 1982; Chemtob et al., 1990a,c). Concentra-
tions of these prostanoids in the blood and brain are much
higher in the perinatal period than in adult life (Mitchell et
al., 1978; Jones et al., 1993). PGE, and PGF,, have been
implicated in various cerebral functions including the auto-
regulation of blood flow (Chemtob et al., 1990b). However,
there are major differences in the vasoactive responses to
PGE, and PGF,, during development. Indeed PGE, and
PGF,, are potent cerebral vasoconstrictors in adult animals
and man (White & Hagen, 1982; Hayashi et al., 1985;
Hadhazy et al., 1988) but exert minimal constrictor effects on
the cerebral vasculature of the newborn (Hayashi e al., 1985;
Leffler & Busija, 1987; Chemtob ez al., 1989). The mechan-
isms underlying these age-dependent differences in the actions
of PGE, and PGF,, on the cerebral vasculature are not
known.

Prostanoids exert their effects through specific receptors,
defined as EP receptors for PGE, and FP receptors for
PGF,, (Kennedy er al., 1982; Sasaki et al., 1985; Coleman,
1987; Santoian et al., 1989; Abran et al., 1994). EP receptors
are further classified into EP,, EP, and EP; subtypes (Cole-
man et al., 1987; Coleman, 1987; Halushka et al., 1989; Eglen
& Whiting, 1989). Activation of FP and EP, receptors in-
creases inositol 1,4,5-trisphosphate (IP;) production (Suba &
Roth, 1987; Halushka et al., 1989) whereas EP, receptors

! Author for correspondence at: Departments of Pediatrics and
Pharmacology, Hopital Sainte-Justine Research Center, 3175 Cote
Sainte-Catherine, Montreal, Quebec, Canada H3T 1CS5.

cause an increase and EP; receptors lead to a decrease in
adenosine 3":5'-cyclic monophosphate (cyclic AMP) forma-
tion (Jumblatt & Paterson, 1991; Sugimoto et al., 1992). An
increase in IP; has been shown to be associated with vascular
contraction (Suba & Roth, 1987, Heaslip & Sickels, 1989),
whereas a rise in cyclic AMP is often observed with vaso-
dilatation (Lincoln & Cornwell, 1991). Activation of EP and
FP receptors by PGE, and PGF,, on cerebral vessels elicits
significant contraction in the adult but minimal effects in the
newborn (Hayashi et al., 1985; Chemtob et al., 1989). Di-
fferences in cerebral vascular FP and EP receptors and their
subtypes and/or in receptor-second messenger coupling be-
tween the newborn and adult may explain the differences in
the vasomotor effects of PGE, and PGF,, with age. In order
to test this hypothesis, we measured PGF,, and PGE, recep-
tors and their subtypes as well as the effects of PGE, and
PGF,, and their analogues on IP; and cyclic AMP produc-
tion in brain microvessels from newborn and adult pigs.

Methods

Animals

Animals were used in accordance with a protocol of the
Animal Care Committee of Ste. Justine Hospital. Newborn
pigs (1-3 days old) were obtained from Fermes Ménard Inc.,
Quebec, Canada. Newborn animals were killed with an intra-
cardiac injection of pentobarbitone (100 mg kg~!) under hal-
othane anaesthesia and brains were removed. Brains from
adult pigs (5-7 months old) were collected from a local
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abattoir (Bienvenue-Olympia, St. Valérien, Quebec, Canada)
immediately after they had been killed and transported to the
laboratory on dry ice.

Preparation of brain microvessels

Brain microvessels were prepared according to the method
described by Nathanson (1980). Briefly, brains were homo-
genized in 5 mM Tris-HCI buffer (pH 7.4) containing 1.1 mM
ASA, 0.5mM EGTA, 1 mM benzamidine, 0.1 mM PMSF and
100 pg ml~' soybean trypsin inhibitor. The homogenate was
filtered through a nylon mesh filter (200 pm) and rinsed with
the above buffer. Microvessels were collected from the nylon
mesh, resuspended in the above buffer, rehomogenized and
filtered as above; vessels = 200 um have been shown to exert
a major contribution in the control of cerebral blood flow
primarily at the upper limit of autoregulation (Baumbach &
Heistad, 1985). The purified microvessels were homogenized
with a hand pestle and then centrifuged at 1,000g¢ for
15 min. The supernatant was recentrifuged at 100,000 g for
45 min and the pellet was stored at — 80°C until used for the
experiments. The purity of the microvessel preparation was
confirmed by microscopy and the higher activity of gamma-
glutamyl transpeptidase (measured by the method of Sasz,
1969), in cerebral microvessels compared to brain tissue (brain
parenchyma: 0.29-0.36 mu mg~! protein; brain microvessels:
5.6—6.1 mumg~! protein) (Goldstein et al., 1975).

Receptor assays

Binding of [PH}-PGE, and [*H]-PGF,, was performed as
previously described (Li et al, 1994). To determine [*H]-
PGE, and [°H]-PGF,, binding as a function of membrane
protein, aliquots of microvessel preparations containing 100—
400 pg protein were incubated at 37°C for 30 min in 100 pl of
10mM sodium phosphate buffer (pH 7.4) and 5nM [*H]-
PGE, or [’H]-PGF,, in the absence or the presence of excess
(25 pM) unlabelled PGE, or PGF,,. For time-course of asso-
ciation and dissociation, membranes were incubated with
5nM [*H}-PGE, or [*H]-PGF,, for up to 30min in the
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absence or the presence of 25 uM unlabelled PGE; or PGF,,.
At this point, 25 uM PGE, or PGF,, was added to the tubes
which had been incubated with 5nM [*H}-PGE, or [*H]-
PGF,, alone and dissociation was determined at different
times.

Saturation experiments were performed by incubating mic-
rovessel membranes with increasing concentrations of [*H}-
PGE, or [*H}-PGF,, in the absence or the presence of 25 uM
unlabelled PGE, or PGF,,. To demonstrate the specificity
and subtypes of PGE, or PGF,, receptors, we determined the
displacement of [*H}-PGE, binding by increasing concentra-
tions of unlabelled PGE,, 16,16-dimethyl PGE, (PGE, ana-
logue non-selective for PGE, receptor subtypes), U46619
(stable thromboxane analogue), AH 6809 (EP, antagonist),
11-deoxy PGE, (EP, and EP; agonist), butaprost (EP,-
selective agonist) and M&B 28,767 (EP;-selective agonist)
(Coleman et al., 1987; Coleman, 1987; Lawrence et al., 1992)
and that of [’H]}-PGF,, binding by PGF,, and its analogue,
fenprostalene, PGE, and U46619. Receptor densities (Bpax)
and dissociation constants (K;) were determined from the
saturation isotherms by Scatchard analysis using the Ligand
programme (Munson & Rodbard, 1980), and fitting of the
saturation and displacement curves were obtained by use of
the Ligand and ReceptorFit (Lundon Software, Chagrin
Falls, OH, U.S.A.) programmes. Receptor density was also
determined from the displacement curves using the formula:
Bpax = Bo X (IC5o/L) (Deblasi et al., 1989).

Cyclic AMP and IP; assays

Cyclic AMP and IP; were assayed as previously described (Li
et al., 1994). For cyclic AMP stimulation experiments, mic-
rovessel membranes (100 pg protein) were incubated at 37°C
for 10 min in an assay mixture (100 pul) containing 10 mM
Tris-HCl buffer (pH 8.0), 1 mM adenosine triphosphate, 7.5
mM MgCl,, 15mM creatine phosphate, 185uml-' creatine
phosphokinase, 200 ugml-! ASA, 0.5mM EGTA, 0.5mM
isobutyl methylxanthine, 1 mM dithiothreitol, 1 mM benza-
midine, 0.1 mM PMSF and 100 pg ml~! soybean trypsin inhi-
bitor in the absence or the presence of test agents. The
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Figure 1 Representative saturation curves and Scatchard (glots of (a) PH]-prostaglandin E, (*H]-PGE,) and (b) [*H]}-PGF,, specific

binding to brain microvessel membranes from newborn (

) and adult pigs (@). Microvessel membranes were incubated with 0 to

25 nM [*H]-PGE, or [*H]-PGF,, at 37°C for 30 min in the absence or the presence of 25 uM unlabelled PGE, or PGF,,, respectively.

B/F: bound/free.



reaction was terminated with 200 pl acidic ethanol (1 N HCI:
ethanol, 1:100) and allowed to stand at room temperature
for 5 min before being centrifuged at 1,000 g for 10 min. The
supernatant was collected. The pellet was washed and cen-
trifuged again. Both supernatants were pooled, vacuum dried
and stored at — 80°C until assayed for cyclic AMP with a
commercial kit (Amersham, Mississauga, Ontario, Canada).
The recovery of cyclic AMP was >90%.

For IP; stimulation experiments, microvessel membrane
preparations (200 ug protein) were incubated at 37°C for
10 min in 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethane sulphonic acid) buffer (pH 7.4) containing (mM):
NaCl 108, KC14.7, CaCl, 2.5, MgSO, 1.18, LiCl 10.0, disod-
ium edetate 0.045, dithiothreitol 1.0, benzamidine 1.0 in the
absence or the presence of test agents. The reaction was
terminated by the addition of 0.2 volume ice-cold 20% (v/v)
HCIO, and kept on ice for 20 min. Proteins were sedimented
by centrifugation at 2,000 g for 15min at 4°C. The super-
natant was titrated to pH 7.5 with KOH (1.5M) and cen-
trifuged again. The supernatant was evaporated under vac-
uum and stored at — 80°C until assayed for IP; with a
commercial radioimmunoassay kit (Amersham, Mississauga,
Ontario, Canada). The recovery of IP; was >95%; no cor-
rection was made for IP; and cyclic AMP recovery. Net
increase in IP; and cyclic AMP in pmol mg~! protein min~'
was calculated by correcting for basal IP; and cyclic AMP
synthesis. Proteins were measured by the dye-binding techni-
que (Bradford, 1976) with bovine serum albumin used as the
standard.

Chemicals

The following agents were generous gifts: AH 6809 (6-iso-
propoxy-9 oxoxanthen-2-carboxylic acid) from Glaxo, U.K.,
butaprost from Miles, U.S.A. and M&B 28,767 (15S-hyd-
roxy-9-oxo-16-phenoxy-w-tetranorprost-13E-enoic acid) from
Rhone-Poulenc Rorer, U.K. The following products were
purchased: [*H}-PGE, (191 Ci mmol-'), [*H}-PGF,, (219 Ci
mmol~') (Amersham, Mississauga, Ontario, Canada); soy-
bean trypsin inhibitor (type II-S), phenylmethylsulphonyl-
fluoride (PMSF), acetylsalicylic acid (ASA), benzamidine and
ethylene-bis(oxyethylenenitrilo)tetraacetic = acid  (EGTA)
(Sigma Chemicals, St. Louis, Missouri, U.S.A.); U46619 (7-
(6-(3-hydroxy-1-octenyl)-2-oxabicyclo-hept-5-yl)-5-heptenoic
acid), PGE,, PGF,,, 16,16-dimethyl PGE,, 17-phenyl trinor
PGE, and 11-deoxy PGE, (Cayman Chemicals, Ann Arbor,
Michigan, U.S.A.); fenprostalene (Syntex, Mississauga,
Ontario, Canada); all other high purity chemicals (Fisher,
Montreal, Quebec, Canada).

Stock solution of prostanoids (1 mM) were prepared in
ethanol and stored at — 20°C. Upon use, the solutions were
evaporated under 100% nitrogen and diluted with the appro-
priate buffer for the experiments in which they were used.

Statistics

Data from adult and newborn animals were compared by
Student’s unpaired ¢ test and significance was set at P<0.05.
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Throughout this paper data are presented as mean % s.e.
mean.

Results

Prostanoid receptors

The specific binding of [PH]-PGE, and [’H]-PGF,, to brain
microvessel membrane preparations increased linearly as a
function of membrane protein concentration (100-400 pg);
experiments were performed in the presence of 250 ug of
protein which yielded reproducible radioactive counts even at
low concentrations of the ligand. The specific binding of
[PH]-PGE, and [*H)-PGF,, reached equilibrium within 10 min
and was stable for approximately 40 min. The dissociation of
bound [H}-PGE, and [*H}]-PGF,, was complete within 10
min after the addition of excess of PGE, and PGF,,, respec-
tively.

The specific binding of [*H]-PGE, and [*H]-PGF,, was
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Figure 2 Competitive displacement of specific binding of [*H)-
prostaglandin E, ([*H]-PGE,) to brain microvessel membranes from
newborn (a and b) and adult (c and d) pigs by prostanoids and
analogues. Microvessel membranes were incubated with 8 nm [*H]-
PGE, at 37°C for 30 min in the absence or the presence of unlabelled
PGE, (@), 16,16-dimethyl PGE, (O), PGF,, (¢), AH 6800 (©),
M&B 28,767 (A), 11-deoxy PGE, (A), U46619 (M) and butaprost
(0O). Displacement by 25 uM unlabelled PGE,, which was maximal,
was treated as 100% specific binding. Each point is the mean of
three separate experiments, each performed in duplicate.

Table 1 Specific binding of [*H]-prostaglandin E, ([*H]-PGE,) and [’H}-PGF,, to brain microvessels from newborn and adult pigs

Ligand Derived by Variables Newborn Adult

PGE, Scatchard B,,, (fmol mg-! protein) 11.7+ 1.8* 255+ 1.0
PGE, Displacement B,.. (fmolmg~' protein) 122+ 1.6* 278129
PGE, Scatchard K, (aM) 60112 68+0.4
PGE, Displacement ICs, (nMm) 63+28 72%18
PGF,, Scatchard B,.. (fmolmg~' protein) 114+ 1.6* 30.5+3.1
PGF,, Displacement B, (fmolmg-! protein) 139+ 1.4* 27925
PGF,, Scatchard K,; (nm) 101+ 1.5 13.0+1.8
PGF,, Displacement ICs, (nM) 9.3+0.8 98+14

Values are the mean * s.e.mean of four experiments, each performed in duplicate. Variables were derived by Scatchard analysis or
from displacement curves. *Significantly (P <<0.01) different from the corresponding value for the adult.
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saturable (Figure 1). The maximum number of binding sites
for [*H}-PGE; and [*H]-PGF,, in microvessels from the adult
pigs was significantly (P <<0.01) greater than that in prepara-
tions from newborn animals; there was no significant differ-
ent in K, values (Table 1).

The binding of [°’H}-PGE, to preparations from both new-
born and adult pigs was inhibited by PGE, and its analogue,
16,16-dimethyl PGE, but only slightly by PGF,, and U46619
(Figure 2). The EP, receptor antagonist, AH 6809, displaced
bound [*H}-PGE, by 82-91% on newborn (ICs =114+ 2.5
nM) and adult (ICs, = 8.9 £ 1.3 nM) microvessel membranes.
The EP, and EP; receptor agonist, 11-deoxy PGE, (ICs:
newborn: 34.7 * 2.8 nM, adult: 31.7 £ 6.7 nM), as well as EP;
receptor agonist, MB 28,767 (ICsy: newborn: 32.8 + 7.4 nM,
adult: 44.0 £9.2nM), displaced bound [*H]-PGE, by 31-
36%; the EP, receptor agonist, butaprost, was completely
ineffective. The determination of receptor density from the
displacement curves revealed that EP, receptors (displace-
ment by the EP, antagonist, AH 6809) comprised 81.2% of
the total number of PGE, receptors in the newborn and
82.4% of that in adult pig microvessels. The total number of
receptors calculated from displacement curves was very simi-
lar to B, values determined from the Scatchard plots (Table
1).

On microvessel preparations from both newborn and adult
pigs, the specific binding of [*H}-PGF,, was competitively
inhibited by PGF,, and its analogue, fenprostalene, but only
slightly by PGE, and U46619 (Figure 3); B,,, values derived
from displacement curves were simiar to the B, calculated
from the Scatchard plots (Table 1).

IP; and cyclic AMP production

PGE,, 17-phenyl trinor PGE, (EP, agonist), PGF,, and its
analogue, fenprostalene, caused a significantly (P<<0.01)
greater stimulation of IP; in brain microvessels from the
adult than from the newborn pigs (Table 2). The IP; stimula-
tion by PGE, and 17-phenyl trinor PGE, was almost com-
pletely blocked by AH 6809 (EP, receptor antagonist).

In adult brain microvessels, PGE,, 11-deoxy PGE, and
M&B 28,767 inhibited cyclic AMP production albeit to a
small extent; but in newborn vessels these drugs did not
significantly affect cyclic AMP production (Table 3). As
expected, PGF,, had no effect on cyclic AMP synthesis. NaF
caused a similar stimulation of cyclic AMP production in the
newborn and adult brain microvessels.
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Figure 3 Competitive displacement of specific binding of [*H}-
prostaglandin F,, (*H]-PGF,,) to brain microvessel membranes from
newborn (a) and adult (b) pigs by prostanoids and analogues. Mic-
rovessel membranes were incubated with 8 nm [*H}-PGF,, at 37°C
for 30 min in the absence or the presence of unlabelled PGF,, (@),
fenprostalene (O), PGE, (®) and U46619 (¢). Displacement by
25 pM unlabelled PGF,,, which was maximal, was treated as 100%
specific binding. Each point is the mean of three separate experi-
ments, each performed in duplicate.

Table 2 ) Effect of prostaglandin E, (PGE,) and its analogue, 17-phenyl trinor PGE,, in the absence and the presence of EP, receptor
antagonist, AH 6809, and of PGF,, and its analogue, fenprostalene, on net inositol 1,4,5-triphosphate (IP;) production by brain

microvessels from newborn and adult pigs

Test agents

PGE; (0.1 uMm)

PGE, (0.1 um) + AH 6809 (10 um)

PGE, (1 pm)

PGE, (1 pm) + AH 6809 (10 pm)

17-Phenyl trinor PGE, (0.1 pm)

17-Phenyl trinor PGE, (0.1 uM) + AH 6809 (10 um)
17-Phenyl trinor PGE, (1 um)

17-Phenyl trinor PGE, (1 pMm) + AH 6809 (10 um)
PGF,, (0.1 um)

PGF,, (1 um)

Fenprostalene (0.1 uM)

Fenprostalene (1 um)

Noradrenaline (1 pm)

Newborn Adult
Net IP; production (pmol mg-' protein min~')

3.0109* 13713
0.4 £0.1** 22+ 0.6**
3.8+0.9* 16.2£09
1.1 £0.8%* 2.0+ 0.3%*
42+20* 13.012.1
1.6+ 0.8** 1.1 £0.2%*
5.810.9* 152102
1.6 £ 0.8** 1.8+ 0.4**
49+ 1.2+ 259+22
6.0+ 2.4* 333146
56%1.1* 145+ 1.7
78+ 1.7* 24.6+3.7
5.0%0.5* 299+4.7

Vglues are mean t s.e.mean of four separate experiments, each performed in duplicate. The net IP, production was IP, after the agent
minus lzasal IP; synthesis, which was (pmol mg~' protein min~') 1.7 * 0.7 by microvessels from newborn and 3.4 £ 0.2 by tissues from
adult pigs. *Significantly (P<<0.01) different from corresponding values for the adult; **Significantly (P<<0.01) different from the

value immediately above.
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Table 3 Effect of different agents on net adenosine 3’:5'-cyclic monophosphate (cyclic AMP) production by brain microvessels from

newborn and adult pigs

Newborn Adult
Agents Net cyclic AMP synthesis (pmol mg~! protein min~')
PGE, (1 um) —19+23 —38+03*
11-deoxy PGE, (1 um) -29%20 -3.6%0.8*
M&B 28,767 (1 pum) -21%20 —-4.610.6*
PGF,, (1 pm) 0.6%0.1 08102
NaF (1 mm) 29.2+3.9* 26.3%1.3*

Values are the mean % s.e.mean of four separate experiments, each performed in duplicate. Net cyclic AMP production was cyclic
AMP after the agent minus basal cyclic AMP synthesis, which was (pmol mg~' protein min~') 12.2£ 0.9 by microvessels from
newborn and 14.7 £ 0.2 by those from adult pigs. *Significantly (P <<0.05) different from zero.

Discussion

There are several reports suggesting that PGE, and PGF,,
exert vasomotor effects on the cerebral vasculature (White &
Hagen, 1982; Leffler & Busija, 1987, Hadhazy er al., 1988;
Chemtob er al., 1989). Evidence also exists that vascular
smooth muscle contraction to PGE, and PGF,, is mediated
through their own specific receptors (Stinger ez al., 1982;
Santoian et al., 1989; Mihara et al., 1988; Abran et al., 1994).
However, activation of EP and FP receptors by PGE, and
PGF,, on cerebral vessels elicits significant contraction in the
adult but minimal effects in the newborn (Hayashi er al.,
1985; Chemtob ez al., 1989). To our knowledge, the present
study constitutes the first report on the characterization of
PGE, receptors and their subtypes and PGF,, receptors in
brain microvessels of the newborn and adult pigs. The main
findings of this study are that there are two- to three-fold
fewer PGE, and PGF,, receptors in brain microvessels from
newborn than from adult animals (Table 1), and that both
PGE, and PGF,, cause a significantly (P<<0.01) smaller
increase in IP; production in microvessels from newborn than
from adult pigs (Table 2). These findings might explain the
age-dependent differences in the effects of PGE, and PGF,,
on cerebral vasculature (Hayashi ez al., 1985; Chemtob et al.,
1989) and most importantly the narrow range of cerebral
blood flow (CBF) autoregulation in the newborn (Hernandez
et al., 1980; Chemtob er al., 1990a).

The affinity values for the PGE, and PGF,, receptors
observed in this study are consistent with those previously
reported in the literature (Malet et al., 1982; Bhattacherjee et
al., 1990; Watabe et al., 1993; Li et al., 1994). Moreover for
the same types of prostaglandin receptors the affinity values
were similar on newborn and adult tissues (Table 1); our
experimental conditions thus seemed adequate.

The observations of the present study suggest that PGE,
receptors in brain microvessels of both the newborn and
adult pigs are mainly EP, and to a lesser extent EP; subtypes.
Because the affinities of EP, and EP; for PGE, are somewhat
comparable (Watabe er al., 1993; Li er al., 1994) and the
majority of the receptors were of the EP, subtype, two
binding sites could not be revealed by the saturation iso-
therms and displacement of [*H]-PGE, by PGE, (Figure 2).
On the other hand the presence of EP, and EP; was clearly
detected with selective ligands for these receptors (Figure 2).

The displacement of bound [*H]-PGE, by AH 6809, a
selective EP, antagonist, was markedly greater than by 11-
deoxy PGE,, a EP,/EP; agonist, by butaprost, a selective EP,
agonist and by M&B 28,767, a selective EP; agonist (Col-
eman et al., 1987, Coleman, 1987; Lawrence et al., 1992).
Approximately 80% of PGE, receptors were of the EP,
subtype as determined from the displacement curves with
AH 6809 (Figure 2). The EP, receptor agonist, 17-phenyl
trinor PGE,, was as effective as PGE, in stimulating IP,
production and the effect of both these agents was antag-
onized by the EP, receptor antagonist AH 6809 (Table 2).
However, PH]-PGE, binding was partially displaced by the

EP; receptor agonist, MB 28,767 (Figure 2); based on cal-
culations from the displacement curves approximately 30%
of PGE, receptors were of the EP; subtype. The presence of
EP; receptors is also suggested by the observation that PGE,
(non-selective for EP receptors), 11-deoxy PGE,; (EP, and
EP; agonist) and M&B 28,767 (EP; agonist) all caused nearly
identical inhibition of cyclic AMP formation (Table 3), sug-
gesting that PGE, and its analogues act on the same receptor
linked to adenylate cyclase, namely EP; receptor. Since the
EP,-selective agonist, butaprost, was completely ineffective in
inhibiting *H]-PGE, bound to brain microvessels from both
the newborn and adult animals, it would seem that pig brain
microvessels do not contain EP, receptors. Therefore, we
believe that approximately 80% of EP receptors are of the
EP, subtype and the remainder are of the EP; subtype.

The present data also suggest that the age-dependent
differences in the actions of PGE, and cerebral vasculature
might be due to greater EP,-mediated IP; production in the
adult than in the newborn tissues (Table 2). EP;-mediated
cyclic AMP inhibition might be of little significance, because
it was of small magnitude in brain microvessels from both
adult and newborn animals (Table 3).

The predominance of EP,-mediated actions of PGE, in
brain microvessels is in contrast to our previous results in
brain synaptosomes (Li ez al., 1994), which contain only EP,
receptors in the newborn and EP, and EP; receptors in the
adult; no EP, receptors were detected in brain synaptosomes.
The reason for this difference in EP receptor subtypes in the
brain synaptosomes and microvessels is not clear and might
be related to their specific functions in the brain.

Our present findings might be of physiological and
pathological significance to cerebral blood flow (CBF) regula-
tion in the newborn and adult. The newborn exhibits a
narrow CBF autoregulatory range (Hernandez et al., 1980;
Chemtob et al., 1990a). To maintain a constant CBF during
increases in systemic blood pressure, appropriate vasocons-
triction is required. In the adult, PGE, via EP, and PGF,, via
FP receptors activate phospholipase C which results in IP,
formation (Heaslip & Sickels, 1989; Suba & Roth, 1990),
leading to increases in intracellular calcium (Berridge &
Irvine, 1989) and subsequent vasoconstriction; this vasocons-
triction, which has been shown in cerebral vessels (White &
Hagen, 1982; Hayashi et al., 1985; Sasaki et al., 1985; Chem-
tob et al., 1989), may significantly prevent CBF from increas-
ing when systemic blood pressure rises (Rapela & Green,
1964). In contrast in the newborn, due to the relative
deficiency in PGE, and PGF,, receptors on the cerebral
vasculature, an increase in PGE, and PGF,, levels as blood
pressure is raised from its basal value (Chemtob er al., 1990a)
might not be able to produce sufficient vasoconstriction to
prevent an increase in CBF (Chemtob et al., 1989).

In conclusion, our results indicate that there are fewer
PGE, and PGF,, receptors in brain microvessels of the new-
born than in the adult. These findings might provide an
explanation for the age-dependent differences in the actions
of PGE, and PGF,, on cerebral vasculature and haemo-
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dynamics, and consequently on the range of CBF autoregula-
tion.

The authors wish to thank Mrs Hendrika Fernandez for her tech-
nical assistance in the experiments. This work was supported by
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Regulation of baseline vascular resistance in the canine

diaphragm by nitric oxide

Michael E. Ward & !'Sabah N.A. Hussain

Divisions of Pulmonary and Critical Care Medicine, Royal Victoria Hospital and the Meakins-Christie Laboratories, McGill

University, Montreal, Quebec, Canada

1 The role played by nitric oxide (NO) in the regulation of blood flow to the canine isolated
hemidiaphragm was evaluated by determining (a) the effects of the L-arginine analogues NC-nitro-L-
arginine methyl ester (L-NAME), NS-nitro-L-arginine (L-NOARG), and argininosuccinic acid (ArgSA)
on baseline vascular resistance and of the latter two agents on endothelium-dependent (acetylcholine,
ACh) and endothelium independent (sodium nitroprusside, SNP) vasodilatation; (b) the effects of L- and
D-arginine on baseline vascular resistance; and (c) the effects of L-glutamine, an inhibitor of intracellular
recycling of L-citrulline to L-arginine, on baseline resistance and on the response to ACh and SNP.
2 L-NAME, L-NOARG and ArgSA (6 x 10~* M final concentration) increased baseline diaphragmatic
vascular resistance to a similar extent (28.6 £ 4.2%, 26.7 £ 4.3% and 32.8 + 4.6% respectively). L-
NOARG and ArgSA reversed the vasodilator effect of ACh but not of SNP.

3 L- and D-arginine had no effect on vascular resistance.
4 L-Glutamine (1073 M) increased baseline vascular resistance by 10 £ 1.9% (P<<0.05) but did not
alter responses to either ACh or SNP.

5 Basal NO release plays a role in the regulation of baseline diaphragmatic vascular resistance.
L-Arginine analogues tested potently and specifically inhibited this process. Moreover, extracellular

L-arginine appears to have no effect on baseline diaphragmatic vascular resistance.
Keywords: EDREF; nitroarginine; argininosuccinic acid; L-arginine; L-glutamine; blood flow; respiratory muscles

Introduction

Endothelial release of vasodilator substances, including nitric
oxide (NO) has been shown to play a pivotal role in the
regulation of blood flow in a number of vascular beds. The
importance of the L-arginine-NO pathway in the regulation
of resting vascular tone and as a mediator of endothelium-
dependent vasodilatation has been evaluated by observing
the effects of inhibiting nitric oxide synthase activity with
L-arginine analogues. The effect of these false substrates,
however, has varied among experimental preparations. While
in the majority of studies, an increase in baseline vascular
resistance and inhibition of endothelium-dependent dilatation
have been observed, a few investigators have also described
no inhibition of endothelium-dependent dilatation or non-
selective inhibition of agonist-induced dilatation following
the infusion of L-arginine analogues (Mugge er al., 1991;
Thomas et al., 1989). Such discrepant results obtained in
apparently similar experimental preparations indicate that
conclusions drawn from these studies, must be restricted to
the vascular bed under study. In addition, L-arginine
analogues have been shown to differ in their potency (Vargas
et al., 1991), specificity (Thomas & Ramwell, 1988), rever-
sibility by L-arginine (Thomas & Ramwell, 1992; Bogle et al.,
1992), method of endothelial cell entry (Bogle et al., 1992)
and mechanism of action (Gross et al., 1990). Such phar-
macological differences may, therefore, contribute to the
conflicts which currently complicate interpretation of this
literature.

The source of L-arginine on which the endothelial cell
depends for substrate in the synthesis of NO also varies. In
some isolated vessel preparations (Gold et al., 1989; Kaley et
al., 1992) and in the pial circulation in vivo (Morikawa et al.,
1992) availability of extracellular L-arginine appears to limit
basal NO formation. In other preparations (Fortes et al.,
1990; Gardiner et al., 1990; Lahera et al., 1990; Thomas et
al., 1989) administration of exogenous L-arginine has no
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effect on vascular tone. These vessels presumably depend on
intracellular synthesis of L-arginine and on the recycling of
L-citrulline formed in the process of NO synthesis (Hecker et
al., 1990; Sessa et al., 1990).

Failure to maintain substrate supply to the diaphragm in
proportion to its metabolic requirements results in muscle
failure (Macklem & Roussos, 1977; Supinski et al., 1988).
Study of the mechanisms by which diaphragm blood flow is
regulated has, therefore, been of high priority among
physicians seeking to develop rational treatment strategies for
patients with respiratory failure (Aubier ez al., 1989). Since,
for the reasons discussed above, the results obtained from
previous studies cannot be extrapolated to the diaphragm,
further progress in this field requires that the role of the
nitric oxide pathway in this circulation be specifically deter-
mined.

We have, therefore, evaluated the role of NO in the regula-
tion of blood flow in the canine diaphragm by determining
(a) the effects of three L-arginine analogues, NS-nitro-L-
arginine methyl ester (L-NAME), NC-nitro-L-arginine (L-
NOARG) and argininosuccinic acid (ArgSA) on baseline
vascular resistance and of the latter two agents on
endothelium-dependent (acetylcholine, ACh) and -indepen-
dent sodium nitroprusside, SNP) vasodilatation; (b) the
effects of L- and D-arginine on baseline vascular tone resis-
tance; and (c) the effects of L-glutamine, an inhibitor of
L-arginine synthesis from L-citrulline (Sessa et al., 1990) on
baseline resistance and on ACh and SNP-induced vasodilata-
tion.

Methods

Animal preparation

Studies were performed on mongrel dogs (weight =27.8
1.27 kg s.d.). The animals were anaesthetized with sodium
thiopentone (10 mgkg~!) followed by a-chloralose
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(60—-80 mg kg~'). Supplemental doses of a-chloralose were
given as needed to eliminate the jaw tone but maintain knee
reflexes. All animals were treated with indomethacin
5mgkg~' to block prostaglandin synthesis. The animals
were supine, intubated with cuffed endotracheal tubes and
mechanically ventilated (tidal volume 15mlkg~!, frequency
adjusted to maintain the arterial PCO, from 38 to 42 mmHg).
Supplemental oxygen was supplied through the inspiratory
line and arterial PO, maintained above 100 mmHg. Positive
end-expiratory pressure (5cmH,0) was applied at the
expiratory line. A catheter was placed in the aorta through
the right carotid artery to monitor arterial pressure (P,,) and
another catheter was placed in the right femoral vein to
administer supplemental anaesthetic. Core body temperature
was kept constant at approximately 37°C by a heating pad
placed under the animal.

Isolated left hemidiaphragm

In all animals, we used the in situ, vascularly isolated left
hemidiaphragm preparation previously described in detail
(Hussain et al., 1989). Briefly, through an abdominal
incision, silk sutures were placed 1cm apart in the left
hemidiaphragm to be used for future reference in adjusting
the muscle’s resting length. The intercostal vessels and the
left internal mammary artery were ligated and the lower left
ribs were removed. The diaphragm was divided into two
halves and the ribs and cartilages of the lower costal margin
were freed and suspended vertically from metal bars. Resting
diaphragm length was adjusted to that in situ by use of the
reference sutures. The stomach, liver, spleen, and left kidney
were retracted to expose the left phrenic artery. This artery
was ligated proximally and a polyethylene catheter (PE 160,
1.14mm id., 1.57 mm o.d., 3 cm long) was introduced into
the distal portion. A side port in the catheter was used for
measurement of phrenic perfusion pressure (Py,). The
catheter was connected to an electromagnetic flow probe
(Carolina Medical Electronics, 1.91 mm id.) in order to
measure phrenic arterial flow (Q ). The pressure-flow rela-
tionship of the catheter-probe system was linear over the
range of flows in the study with conductance = 2.6 ml min~!
mmHg~!. The other side of the probe was connected to a Y
shaped connector, one arm of which was connected to a
catheter in the left femoral artery, thereby allowing the
diaphragm to be perfused with blood diverted from this
source. The other arm of the Y was connected via a constant
perfusion pump to a catheter in the right femoral artery. The
diaphragm could, thereby, be pump perfused using a con-
stant flow pump (Cole-Parmer Masterflex No. 7523-00, head
No. 7016-20, No. 16 tubing) with blood from the right
femoral artery by clamping the left femoral arterial catheter.
Drugs were administered to the phrenic circulation through a
side port in the Y connector using a Harvard infusion pump.
All animals were heparinized after catheterizing the phrenic
artery.

The temperature of the diaphragm was monitored con-
tinuously with a temperature probe fixed to the surface of the
isolated hemidiaphragm (Mon-a-therm, Model 6000, Zimmer
of Canada Ltd., Mississauga, Ont, Canada) and maintained
between 37.5 and 38.5°C with a heat lamp if required. At the
end of the experiment the animals were exsanguinated and
the diaphragm was dissected free and weighed.

Experimental protocols

Baseline vascular resistance Studies were performed on
separate groups of animals, each group (6 animals in each
group) receiving a different inhibitor of NO release. In each
experiment, the left diaphragm was autoperfused from the
left femoral artery for 30 min. Following this stabilization
period, pump perfusion was begun, as described above, at the
flow rate identical to that recorded during the period of
autoperfusion. The Harvard pump was then used to infuse

saline into the phrenic circulation at a rate equal to 1/100% of
the phrenic arterial blood flow. After 20 min of infusion,
control measurements of P, and P, were made. The saline
syringe was then removed from the Harvard pump and
replaced with one containing one of the following solutions:
NC.nitro-L-arginine (L-NOARG) (LNA), 6 x 10~2M; NO-
nitro-L-arginine methyl ester (L-NAME), 6 X 1072M;
argininosuccinic acid (ArgSA), 6 x 10~2M; L-glutamine,
10~ M. The test agent was infused for 20 min, at which time
measurements of P,, and Py, were repeated. All agents,
except L-NOARG, were dissolved in normal saline with cor-
rection of pH to 7.4. L-NOARG solution of 6 X 10-2M was
prepared by dissolving L-NOARG in 0.5 ml of 1 N HCI and
19.5 ml of normal saline. We then added enough NaOH to
correct the pH to 7.4. Infusion of the L-NOARG vehicle
elicited no changes in diaphragmatic vascular resistance.

Response to ACh and SNP In 3 animals, the dose-response
curves for ACh and SNP were determined. Increasing con-
centrations of these agents were infused into the phrenic
circulation, each at 1/100® of the total phrenic arterial flow
rate. The final concentrations found to produce 80% of
maximal vasodilatation averaged 10~°M for ACh and 2 pg
ml~! for SNP. These concentrations were then used in the
following studies of the effects of the test agents on the
responses to these vasodilators.

Studies were performed on separate groups of animals (6
per group), each receiving a different inhibitor of NO release.
Following an initial 30 min stabilization period of autoper-
fusion, the diaphragm was pump-perfused at the same rate as
that recorded during autoperfusion. A dual syringe pump
was loaded with two syringes containing saline. Saline from
both syringes was then infused into the phrenic circulation at
a rate equal to 1/100" of the phrenic arterial flow per syringe.
After 20 min, baseline measurements of P,, and P, were
performed. One of the saline syringes was then removed from
the pump and replaced with one containing either ACh
(10~3 M) or SNP (200 pg ml~'), and infusion was continued
at the same rate. After 20 min of simultaneous infusion of
saline and either ACh or SNP, by which time a steady state
vascular resistance had been achieved in all animals,
measurements of P,, and P, were repeated. The second
saline syringe was then removed and replaced with a syringe
containing one of the following solutions: L-NOARG,
6 x 1072 M; ArgSA, 6 X 10~2M, L-glutamine, 10~' M. After
20 min of simultaneous infusion of either ACh or SNP and
the test agent, measurements of P,, and P, were repeated.

L-Arginine and D-arginine In 2 separate groups of animals (6
per group) the left hemi-diaphragm was autoperfused for
30 min and then pump perfused at the natural flow rate as
described above. The Harvard pump was subsequently used
to infuse saline into the phrenic circulation at a rate equal to
1/100" of the phrenic arterial blood flow. After 20 min of
infusion, control measurements of P,, and P,, were made.
The saline syringe was then removed from the Harvard pump
and replaced with one containing either L-arginine or D-
arginine (pH = 7.4) and infusion was continued at the same
rate. The initial concentration in the syringe was
0.6 X 10~! M to yield a final concentration of 0.6 X 10~3M in
the phrenic arterial blood. This syringe was replaced sequen-
tially with syringes containing solutions which yielded final
concentrations of 3 X 107> M and 6 x 1073 M. The test agent
was infused for 10 min at each concentration, at which time
repeat measurements of P,, and P,, were performed.

Data analysis

Results are expressed as mean * s.e.mean. Two mean com-
parisons were performed with two tailed paired ¢ tests. Com-
parisons of multiple means were performed using analysis of
variance (ANOVA) corrected for multiple measures when
appropriate and analysed post-hoc using the Neuman-Keuls



procedure. Differences were deemed

P<<0.05.

significant when

Results

Effect on baseline vascular resistance

Bascline Q,, before L-NOARG, L-NAME, ArgSa and L-
glutamine infusion averaged 20.8, 26.4, 29.2 and 28.5ml~!
100 g min~!, respectively. Figure 1 illustrates the mean values
of P, measured at baseline and after 20 min infusion of
these agents. L-NAME (6 x 10~% M), L-NOARG (6 x 10~* M)
and ArgSA (6 X 10-*M) significantly (P<<0.01) increased
phrenic vascular resistance (28.6 £ 4.2%, 26.7 £ 4.3% and
32.8 £ 4.6% respectively compared to baseline), whereas L-
glutamine (10~3 M) increased vascular resistance by a statis-
tically significant (P<<0.05) but much smaller amount
(10 £ 1.9%, Figure 1). The increase in phrenic vascular resis-
tance in response to all of these agents reached a steady state
level within 10 min of the infusion with no change thereafter.
In addition, the pressor response to L-NOARG, L-NAME
and L-glutamine was well maintained and persisted for over
60 min after the cessation of infusion. By comparison,
phrenic vascular resistance recovered completely after 20 min
of the cessation of ArgSA infusion. Figure 2 illustrates an
example of the changes in phrenic perfusion pressure in
response to 6 X 10*M L-NAME infusion. The increase in
phrenic vascular resistance plateaued within 10 min of L-
NAME infusion. Infusion of normal saline into the phrenic
artery over 20 min period elicited no significant alterations in
phrenic vascular resistance.

Effect on response to ACh and SNP

Figure 3 illustrates the effects of L-NOARG (a), ArgSA (b),
and L-glutamine (c), on the vasodilator response to ACh and
SNP. Infusion of L-NOARG and ArgSA completely reversed
the vasodilatation induced by ACh while having no
significant effect on the SNP response. L-Glutamine had no
effect on the magnitude of vasodilatation produced by either
ACh or SNP.

Baseline H

-NAME s
Baseline H

-NOARG |+
Baseline __F

e ————— U

Baseline H
L-Glut
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Phrenic arterial pressure (mmHg)

Figure 1 Change in phrenic arterial perfusion pressure following
infusion of NC-nitro-L-arginine methyl ester (L-NAME, 6 x 10~* m),
NC-nitro-L-arginine (L-NOARG, 6 X 10~*M), argininosuccinic acid
(ArgSA, 6 x 10-*M) and L-glutamine (L-Glut, 1073 M). *P <0.05;
**p <0.01 for the change compared to baseline perfusion pressure.
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Effects of L-arginine and p-arginine

Figure 4 presents the values of Py, during infusion of L-
arginine and D-arginine. Neither isomer had any effect on
diaphragmatic vascular resistance at any of the concentra-
tions tested.

Discussion
The main findings of this study are: (1) infusion of the

L-arginine analogues L-NOARG, L-NAME and ArgSA in-
creased the baseline vascular resistance of the phrenic circula-
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Figure 2 A representative tracing of the changes in phrenic per-
fusion pressure in response to 6 X 10~* M NS-nitro-L-arginine methyl
ester (L-NAME).
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Figure 3 Effects of NC-nitro-L-arginine (L-NOARG, 6 x 10~*Mm),
argininosuccinic acid (ArgSA, 6 X 10-* M) and L-glutamine (L-Glut,
10-3 M) on the changes in phrenic arterial perfusion pressure during
acetylcholine (ACh, 10-°M) and sodium nitroprusside (SNP,
2 ul ml~") infusion. *P<<0.05 compared with response to vasodilator
alone.
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Figure 4 Effects of (a) L-arginine and (b) D-arginine on baseline
phrenic arterial perfusion pressure.

tion in vivo; (2) infusion of L-NOARG or ArgSA attenuated
the vasodilator effect of ACh infusion while having no effect
on vasodilatation in response to SNP; (4) L-arginine and
D-arginine at physiological pH have no effect on baseline
diaphragmatic vascular resistance; (5) L-glutamine (10~3 M)
increased baseline vascular resistance but had no effect on
either ACh or SNP induced vasodilatation.

Basal NO release

Basal release of EDRF has been detected by bioassay from
isolated vessels (Rubanyi er al., 1985; Kelm & Schrader,
1990). In vivo studies have demonstrated increased baseline
arterial pressure following systemic infusion of L-arginine
analogues in rats (Gardiner ef al., 1989), guinea-pigs (Aisaka
et al., 1989), cats (Bellan e al., 1991) and dogs (Klabunde e?
al., 1990). Regionally, treatment with analogues of L-arginine
have been found to increase vascular resistance in rabbit
isolated hearts (Lamontagne et al., 1991), rabbit hindlimb
(Mugge et al., 1991), dog hindlimb (White et al., 1993) and
human forearm (Vallance et al., 1989). In rat cremaster
muscle, arteriolar vasoconstriction has been demonstrated
following light-dye injury to the endothelium (Koller &
Kaley, 1990) and following topical application of L-arginine
analogues (Kaley et al., 1992). Similarly, Persson et al. (1990)
have shown NC-monomethyl-L-arginine (L-NMMA) to
reduce microvascular diameters in rabbit tenuissimus muscle.
Consistent with this evidence, we have found the baseline
resistance of the diaphragmatic vasculature to increase
significantly following the administration of L-arginine
analogues. This effect could not have been due to suppression
of vasodilator prostanoid synthesis (Koller et al., 1990) since
all animals had been pretreated with indomethacin. These
results, therefore, suggest a role for modulation of basal
endothelial release of NO in the control of resting smooth
muscle tone in this vascular bed as well.

Endothelium-dependent and -independent vasodilatation

The results of studies of the role of NO in agonist-induced
vasodilator responses have been less consistent than those
concerning its role in regulation of baseline vascular tone.
Some studies have shown that the in vivo responses to
endothelium-dependent agents are selectively inhibited by
treatment with L-arginine analogues, while responses to
endothelium-independent agents are not significantly
decreased (Aisaka et al., 1989; Gold er al., 1989; Gardiner et
al., 1989; Bellan et al., 1991; 1993; Kaley et al., 1992; White
et al., 1993). Other studies, however, have shown either no
decrease in responses to endothelium-dependent vasodilators
(Mugge et al., 1991, Ross et al., 1991) or a non-selective
inhibition of both endothelium-dependent and -independent
vasodilatation (Thomas et al., 1989; Klabunde et al., 1990).
The degree to which L-arginine analogues are able to inhibit
the vasodilatation induced by ACh has also been variable,
prompting some authors to propose additional mechanisms
of action for this vasodilator in their preparations (Gold et
al., 1989; Bellan et al., 1991; Ross et al., 1991). The dose and
duration of treatment have also been reported to alter the
relative effect of L-arginine analogues on baseline vascular
tone in comparison to their effects on the response to ACh
(Bellan et al., 1991). Furthermore, the relative potencies of
two of these agents L-NOARG and L-NMMA, in the in vivo
canine femoral circulation has been shown to differ from that
predicted from in vitro studies (Kirkeboen et al., 1992).
Differences in species, vessel type, agent used, dose and dura-
tion of treatment may all, therefore, contribute to these
apparent discrepancies.

Three L-arginine analogues were used in the current study.
We found that exposure of the diaphragmatic vasculature to
equimolar concentrations of these three analogues increased
baseline vascular resistance to a similar extent. In addition,
L-NOARG and ArgSA, in the concentration used, attenuated
the vasodilatation induced by ACh but did not increase
phrenic vascular resistance beyond the baseline values. These
results indicate that L-NOARG and ArgSA did not com-
pletely reverse ACh-induced vasodilatation. Moreover, these
findings suggest that in the indomethacin pretreated canine
diaphragmatic circulation, the vasodilatation induced by
ACh infusion is mediated partly by augmentation of NO
release and that these L-arginine analogues are specific
inhibitors of this effect. We speculate also that part of the
ACh-induced phrenic vasodilatation is mediated by NO-
independent mechanisms such as endothelium-derived relax-
ing factor (EDHF, Komori & Vanhoutte, 1990). In rat
isolated vessels, ACh induces endothelium-dependent hyper-
polarization which partially mediate the vasodilator effect of
ACh (Van de Voorde et al., 1992).

L-Arginine

Endothelium-dependent relaxing factor/NO is synthesized
from the guanido nitrogen of L-arginine and molecular
oxygen by the NADPH and calmodulin-dependent action of
NO synthase (NOS) (Busse & Mulsch, 1990; Forstermann et
al., 1991). Citrulline is a coproduct of this reaction. FMN;
FAD, haeme and tetrahydrobiopterin are co-factors (Nathan,
1992). Substrate levels adequate to support ongoing NO
synthesis are maintained by uptake of extracellular L-arginine
and through the synthesis of L-arginine by a process linked
to the release of NO (Mitchell ez al., 1990b). Endothelial cells
can generate L-arginine from at least two sources. These
include the peptidyl L-arginine pool which is available
through the action of peptidyl arginine deimidase (Thomas &
Ramwell, 1988) and recycling of accumulated L-citrulline to
L-arginine through the intermediate formation and subse-
quent cleavage of argininosuccinate (Hecker er al., 1990).
Intracellular levels of L-arginine, therefore, normally remain
high (0.1-1 mM, approximately 30 times the apparent K, for



purified NOS, (Pollock et al., 1991) even during prolonged
stimulation of NO release (Mitchell ez al., 1990a).

In isolated vessel preparations, the effect of administration
of exogenous L-arginine on vascular smooth muscle tone has
been variable. In preparations in which vasodilatation was
elicited, intracellular L-arginine had been depleted either
because of. prolonged (> 2 h) preparation time (Shini & Van-
houtte, 1991; Sun ez al., 1992) or by continuous stimulation
of NO synthesis in arginine-free media (Gold ez al., 1989). In
fresh preparations, no effect of L-arginine is observed (Shini
& Vanhoutte, 1991; Sun et al., 1992).

In the majority of blood perfused tissue preparations
(Thomas et al., 1989; Fortes et al., 1990; Gardiner et al.,
1990; Lahera et al., 1990), infusion of L-arginine had no
effect on vascular resistance. Nevertheless, in the pial circula-
tion, exogenous L-arginine, but not D-arginine administration
resulted in vasodilatation which was reversible by the topical
administration of L-NAME (Morikawa et al., 1992). In the
human forearm, furthermore, Panza ez al. (1993) found that
infusion of L-arginine but not D-arginine, enhanced the
vasodilator response to acetylcholine, although such treat-
ment had no effect on baseline vascular resistance. The role
of extracellular L-arginine availability as a rate limiting factor
in endothelial NO synthesis under physiological conditions,
therefore, varies depending upon the tissue and the species
under study. Our current finding that neither of the arginine
isomers significantly altered vascular resistance indicates that
L-arginine availability does not normally limit basal NO
release in the canine diaphragmatic circulation.

L-Glutamine

In cultured endothelial cells, Sessa et al. (1990) found that
L-glutamine resulted in significant (46.5%) inhibition of
EDRF release as detected by bioassay. The effect was
observed over a concentration range of 0.1-2.0 mM, with
maximum effect at concentrations of 0.2 mM and above.
L-glutamine exerted this action through inhibition of intracel-
lular conversion of L-citrulline to L-arginine. It did not
interfere with the conversion of L-Arg-L-Phe or L-Argsucc to

References

AISAKA, K., GROSS, S.S., GRIFFITH, O.W. & LEVI, R. (1989). NC-
methylarginine, a potent pressor agent in the guinea pig: does
nitric oxide regulate blood pressure in vivo? Biochem. Biophys.
Res. Commun., 160, 881-886.

AUBIER, M., MURCIANO, D., MENU, Y., BOCZKOWSKI, J., MAL, H.
& PARIENTE, R. (1989). Dopamine effects on diaphragmatic
strength during acute respiratory failure in chronic obstructive
pulmonary disease. Ann. Int. Med., 110, 17-23.

BELLAN, J.A., MINKES, R K., MCNAMARA, D.B. & KADOWITZ, P.J.
(1991). N"-nitro-L-arginine selectively inhibits vasodilator res-
ponses to acetylchline and bradykinin in cats. Am. J. Physiol.,
260, H1025-H1029.

BELLAN, J.A, MCNAMARA, DB. & KADOWITZ, PJ. (1993).
Differential effects of nitric oxide synthesis inhibitors on vascular
resistance and responses to acetylcholine in cats. Am. J. Physiol.,
264, H45-H52.

BOGLE, R.G., MONCADA, S., PEARSON, J.D. & MANN, G.E. (1992).
Identification of inhibitors of nitric oxide synthase that do not
interact with the endothelial cell L-arginine transporter. Br. J.
Pharmacol., 105, 768-770.

BUSSE, R. & MULSCH, A. (1990). Calcium-dependent nitric oxide
synthesis in endothelial cytosol is mediated by calmodulin. FEBS
Lert., 265, 133-136.

FORSTERMANN, U., POLLOCK, J.S., SCHMIDT, HH.H.W., HELLER,
M. & MURAD, F. (1991). Calmodulin-dependent endothelium-
derived relaxing factor/nitric oxide snythase activity is present in
the particulate and cytosolic fractions of bovine aortic endothelial
cells. Proc. Natl. Acad. Sci. U.S.A., 88, 1788-1792.

FORTES, Z.B., OLIVIERA, M.A,, SCIVOLETO, R., CARVALHO, M.H.C,,
DE NUCCI, G. & NIGRO, D. (1990). Nitric oxide release may be
involved in the microcirculatory response to acetylcholine. Eur. J.
Pharmacol., 182, 143-147.

DIAPHRAGMATIC BLOOD FLOW AND NO 69

L-arginine not did it inhibit the uptake of L-arginine into the
endothelial cells. The inhibitory action of L-glutamine on
L-citrulline conversion is most likely effected by allosteric
interaction with argininosuccinate synthetase or by com-
petitive interference due to the structural similarity between
these two amino acids.

In the current study we found that L-glutamine, at a final
concentration in the perfusing blood of 1 mM, produced a
small but significant increase in diaphragmatic vascular resis-
tance. The exact mechanism behind the increase in phrenic
vascular resistance after L-glutamine infusion is not clear.
Based on the experiments of Sessa ef al., one may speculate
that L-glutamine inhibits basal NO release by preventing the
conversion of L-citrulline to L-arginine. However, L-arginine
requirements for basal NO synthesis can also be provided
through an influx of intracellular L-arginine. Our experiments
also indicated that L-glutamine infusion did not attenuate the
vasodilator response to stimulation of NO release by ACh.
These results suggest that during ACh infusion, intracellular
L-arginine concentration may not be sufficiently reduced by
L-glutamine to influence NOS activity. Alternatively, other
sources of L-arginine may become more important or else
conversion of L-citrulline to L-arginine by an as yet unknown
transamination reaction may be activated during stimulation
of NO production.

In summary, modulation of basal NO release by the
endothelial cell plays an important role in the regulation of
baseline diaphragmatic vascular resistance. Extracellular L-
arginine availability does not appear to be rate limiting in
this process. Intracellular recycling of L-citrulline, however, is
likely to be an important source of substrate for this reaction
under basal conditions. The L-arginine analogues, L-NOARG
and ArgSA are potent and specific inhibitors of basal NO
release in the canine phrenic circulation.
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Effects of P, and P,y purinoceptor antagonists on
endothelium-dependent and -independent relaxations of rat
mesenteric artery to GTP and guanosine
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1 Guanosine 5'-triphosphate (GTP) and guanosine can relax both endothelium-intact and -denuded
arterial preparations. In the present work the P, and P,y purinoceptor antagonists, 8-phenyltheophylline
and reactive blue 2, respectively, were used to study the mechanisms of relaxation responses induced by
GTP, guanosine, adenosine 5'-triphosphate (ATP) and adenosine in noradrenaline-precontracted rat
mesenteric artery rings.

2 GTP (10 pmM—1 mM) dose-dependently relaxed endothelium-intact mesenteric artery rings and also
induced moderate relaxation responses in endothelium-denuded preparations. Pretreatment of the rings
with 8-phenyltheophylline (10 uM) or reactive blue 2 (10 uM) did not attenuate the relaxant effect of
GTP.

3 Guanosine (10 pM—1 mM) relaxed both endothelium-intact and -denuded artery rings in a dose-
dependent manner. The presence of 8-phenyltheophylline or reactive blue 2 had no effects on guanosine-
induced relaxations.

4 ATP-induced (0.1 pM—0.1 mM) relaxation of endothelium-intact artery rings was attenuated by
reactive blue 2 while 8-phenyltheophylline was ineffective. ATP also relaxed endothelium-denuded artery
rings and this relaxation was inhibited by 8-phenyltheophylline, but not by reactive blue 2.

5 Adenosine-induced (10 pM—1 mM) relaxation of endothelium-intact and -denuded artery rings was
attenuated by the presence of 8-phenyltheophylline, but not of reactive blue 2.

6 In conclusion, the endothelium-dependent and -independent relaxations of rat mesenteric arteries to
GTP and guanosine are not mediated via P, and P,y purinoceptors. Therefore, these results support our
previous suggestion on the presence of a novel guanine nucleotide-specific receptor, a putative Pg
receptor, on both endothelial and smooth muscle cells, which may participate in the regulation of

arterial tone.

Keywords: Endothelium; vascular tone; guanine nucleotides; adenine nucleotides; purinoceptors; purinoceptor antagonists

Introduction

Extracellular adenosine and adenine nucleotides modulate
vascular tone and platelet function by interacting with
specific receptors on the cell surface, ATP and ADP acting at
P, purinoceptors and adenosine at P, purinoceptors (Burn-
stock, 1978; Burnstock & Kennedy, 1985; Gordon, 1986;
Olsson & Pearson, 1990). ATP and ADP can be liberated
into the extracellular space as a consequence of vessel wall
damage and local platelet aggregation (Gordon, 1986), after
which they are rapidly sequentially dephosphorylated to
adenosine by ectonucleotidases of endothelium and circulat-
ing blood cells (Coade & Pearson, 1989). The endothelium-
independent effect of ATP can be either vasodilatation or
vasoconstriction mainly depending on the subclass of the P,
purinoceptor in question (Kennedy et al., 1985; Houston et
al., 1987; Pearson, 1988). The endothelium-dependent effect
of ATP is vasodilatation due to its action at P,y purinocep-
tors which leads to release of endothelium-derived relaxing
factor (EDRF-NO) and/or prostacyclin (De Mey & Van-
houtte, 1981; Gordon & Martin, 1983; Needham ez al., 1987;
Boeynaems & Pearson, 1990). It is suggested that the
vasodilator action of adenosine is mediated via the A, sub-
class of P, purinoceptors and stimulation of adenylate cyclase
in smooth muscle (Collis & Brown, 1983; Ramagopal et al.,
1988). The location of adenosine receptors has not been
well-defined and both endothelium-dependent (Gordon &

! Author for correspondence at Department of Biomedical Sciences
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Martin, 1983; Rubanyi & Vanhoutte, 1985) and -independent
(Kennedy et al., 1985; White & Angus, 1987) responses have
been described.

Naturally occuring xanthines, such as theophylline and
caffeine, are P, receptor antagonists (Olsson & Pearson,
1990). Alkylxanthine derivatives, such as 8-phenyltheo-
phylline, are nonselective, but equally potent antagonists of
A, and A, purinoceptors, and can be used as tools to study
adenosine-mediated mechanisms (Bruns ez al., 1983).

The anthraquinone sulphonic acid derivative, reactive blue
2, which can be regarded as an ATP analogue, has been used
as a P,y antagonist, which over a narrow concentration-range
selectively antagonizes P,y-mediated dilator responses to ATP
in various blood vessels (Burnstock & Warland, 1987; Hop-
wood & Burnstock, 1987; Houston et al., 1987; Reilly et al.,
1987).

Although the vasoactive effects of extracellular adenine
nucleotides are well characterized, there is little information
about the effects of extracellular guanine nucleotides on vas-
cular tone. We have recently reported that exogenous GTP
and guanosine (i) induce smooth muscle relaxation (ii) pro-
mote accumulation of guanosine 3’:5’-cyclic monophosphate
(cyclic GMP) without affecting the levels of adenosine 3':5'-
cyclic monophosphate (cyclic AMP) and (iii) augment the
effects of nitrovasodilators in both endothelium-intact and
-denuded rat mesenteric artery rings (Vuorinen et al., 1991;
1992). The endothelium-dependent response to GTP of
endothelium-intact rings can be explained by the subsequent
release of EDRF-NO, whereas that induced by guanosine is
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only partially mediated via autacoid release from the
endothelium. Moreover, the endothelium-independent re-
sponses to GTP and guanosine are direct, unknown effects of
these compounds on smooth muscle and guanylyl cyclase
(Vuorinen et al., 1992). The present work was carried out to
examine the effects of the P, and P,y purinoceptor
antagonists, 8-phenyltheophylline and reactive blue 2, respec-
tively, on endothelium-dependent and -independent relaxa-
tions to exogenous GTP and guanosine to obtain more
evidence for the existence of novel purinoceptors specific for
guanine nucleotides. The known purinoceptor agonists, ATP
and adenosine, were used as reference compounds.

Methods

Relaxation of rat mesenteric arteries

Non-fasted male Sprague-Dawley rats weighing about 300 g
were decapitated. The mesenteric artery was excised and cut
into 3 mm long rings. Six rings were usually obtained from
one artery. When endothelium-dependent effects were
studied, the endothelium was left intact but for studies of
endothelium-denuded rings the endothelium was removed by
rubbing it gently with a jagged injection needle. The rings
were placed between two stainless steel hooks and mounted
in an organ bath chamber containing Krebs bicarbonate
buffer solution (pH 7.4) of the following composition (in
mM): NaCl 119.0, NaHCO,, 25.0, glucose 11.1, CaCl, 1.6,
KCl 4.7, KH,PO, 1.2, MgSO, 1.2. The preparations were
maintained at 37°C and aerated with 95% O, and 5% CO,
and before the experiments they were equilibrated for 1 h
with a resting tension of 1.5 g. The force of contraction was
measured with an isometric force-displacement transducer
(Grass FT03) and registered on a Grass Polygraph (Model 7
E Polygraph; Grass Instrument Co., Quincy, MA, USA).

Successful removal or the integrity of the endothelium was
confirmed by adding acetylcholine (1 pM, final concentration)
to 0.5 uM noradrenaline-precontracted vascular rings. If any
relaxation of the denuded preparation was observed, the
endothelium was further rubbed. For studies with endo-
thelium-intact vascular rings, the relaxation with acetyl-
choline had to be nearly 100%. The absence or presence of
the endothelium when applying the present methods has been
confirmed in our previous study by electron microscopy,
showing undamaged underlying smooth muscle cells in
denuded preparations and a well preserved endothelial cell
monolayer in intact rings (Arvola et al., 1992).

After rinsing four times with Krebs buffer the rings were
stabilized for an additional 30 min. Thereafter cumulative
vascular relaxation responses to GTP (10 uM-1 mM),
guanosine (10 uM—1 mM), ATP (0.1 pM—1 mM) or adenosine
(10 pM—-1mM) were elicited. The rings were precontracted
with 0.5 pM noradrenaline, and after the contraction had
fully developed increasing concentrations of relaxing agents
were added cumulatively. The relaxation time for each dose
was 5 min but for the highest dose it was 10 min. The rings
were then washed four times with Krebs buffer and allowed
to return to baseline tension. After 30min 10uM 8-
phenyltheophylline or 10 uM reactive blue 2 was added, and
15min later the rings were again contracted with
noradrenaline and the cumulative relaxations were repeated
in the presence of antagonist. Only one of the above purines
was used to study the relaxation responses in each vascular
ring and the concentrations and incubation periods were
chosen on the basis of our own pilot studies.

Drugs

Acetylcholine chloride, GTP, ATP, guanosine, adenosine, 8-
phenyltheophylline and reactive blue 2 were obtained from
Sigma Chemical Company (St. Louis, MO, U.S.A.). (-)-Nor-

adrenaline-L-hydrogen tartrate was from Fluka Chemie AG
(Buchs, Switzerland). The test agents were prepared in Krebs
buffer on the day of use.

Statistical analysis

The results are expressed as mean * s.e.mean. Statistical
analysis was carried out by one-way analysis of variance
(ANOVA) for repeated measurements. The data were
analysed with BMDP Statistical Software (Los Angeles, CA.,
U.S.A.). P values of less than 0.05 were considered to be
statistically significant.

Results

The effects of 8-phenyltheophylline and reactive blue 2
on endothelium-dependent and -independent relaxations
to GTP and guanosine

GTP (10 pM—1 mM) dose-dependently relaxed noradrenaline-
precontracted endothelium-intact and -denuded artery rings.
The relaxation at 1 mM GTP was 99 £ 1% in intact and 35
+ 1% in denuded rings (Figure 1). Pretreatment of the rings
with 10 pM 8-phenyltheophylline or 10 uM reactive blue 2 for
15min before inducing contraction did not attenuate the
relaxant effect of GTP (Figure 1).

Guanosine (10 pM—1 mM) relaxed both endothelium-intact
and -denuded artery rings in a concentration-dependent man-
ner. The relaxation to 1 mM guanosine was 73 * 3% in

b

1007 100

_. 8o 80}
IS

5 6of 60
=
©

= 40} aor
]
[«

20t 201

L 9 L

° 5 4 3 o 5 4 3

—logm —logm

1 Concentration-response curves for GTP in the absence
(O) and presence of 10 um 8-phenyltheophylline () and 10 um
reactive blue 2 (@) in endothelium intact (a) and endothelium-

denuded (b) rat mesenteric artery rings. Values are the mean
+ s.e.mean (n=6-12 rings of 4-6 rats).
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Figure 2 Concentration-response curves for guanosine in the
absence (O) and presence of 10 uM 8-phenyltheophylline (M) and
10 pM reactive blue 2 (@) in endothelium-intact (a) and endothelium
denuded (b) rat wmesenteric artery rings. Values are the mean
+s.e.mean (n=6-12 rings of 4—6 rats).



PURINOCEPTORS AND RELAXATION TO GTP AND GUANOSINE 73

intact and 70 * 3% in denuded rings (Figure 2). The
presence of 10 uM 8-phenyltheophylline or 10 uM reactive
blue 2 had no significant effects on guanosine-induced relaxa-
tions. 8-Phenyltheophylline even tended to augment the
relaxation in denuded rings (Figure 2b).

The effects of 8-phenyitheophylline and reactive blue 2
on endothelium-dependent and -independent relaxations
to ATP and adenosine

ATP (0.1 uM—0.1 mM) efficiently relaxed endothelium-intact
artery rings in a dose-dependent manner, the relaxation at
0.1 mM of ATP being 97 + 1% (Figure 3a). The presence of
10 uM reactive blue 2 significantly (P<<0.01) attenuated
ATP-induced relaxation, but 10 uM 8-phenyltheophylline had
no effect (Figure 3a). ATP also relaxed endothelium-denuded
rings at higher concentrations (10 tM—1 mM), the relaxation
at 1 mM ATP being 89 + 3% (Figure 3b). Pretreatment with
10 pM reactive blue 2 did not affect ATP-induced relaxation
of denuded rings, but 10 um “8-phenyltheophylline had an
inhibitory effect (P<0.01) (Figure 3b).

Adenosine (10 umM—1 mM) relaxed both endothelium-intact

and -denuded artery rings in a concentranon-dependent man-
ner, the relaxations being slightly more pronounced in intact
rings. The relaxation induced by 1 mM adenosine was 88 *
3% in intact and 81 * 3% in denuded rings (Figure 4). The
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3 Concentration-response curves for ATP in the absence
(O) and presence of 10 pm 8-phenyltheophylline (l) and 10 uMm
reactive blue 2 (@) in endothelium-intact (a) and endothelium-
denuded (b) rat mesenteric artery rings. Values are the meant s.e.
mean (n=6-12 rings of 4-6 rats). P<0.01 (ANOVA) in intact
rings when comparing the relaxation to ATP in the absence and
presence of reactive blue 2; P<0.01 (ANOVA) in denuded rings
between the responses to ATP in the absence and presence of
8-phenyltheophylline.
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4 Concentration-response curves for adenosine in the
absence (@) and presence of 10 uM 8-phenyltheophylline (M) and
10puM reactive blue 2 (@) in endothelium-intact (a) and
endothelium-denuded (b) rat mesenteric artery rings. Values are the
mean * s.e.mean (n=6-12 rings of 46 rats). P<0.01 (ANOVA)
in both intact and denuded rings when comparing the relaxations to
adenosine in the absence and presence of 8-phenyltheophylline.

presence of 10 uM 8-phenyltheophylline attenuated (P <0.01)
adenosine-induced relaxations in both types of vascular
preparations, while reactive blue 2 had no significant effects
(Figure 4).

Discussion

In the present study 8-phenyltheophylline and reactive blue 2
were used as tools to examine whether GTP- and guanosine-
induced relaxations of rat mesenteric arteries are mediated
via P, and P,y purinoceptor activation. The well charac-
tenzed purinoceptor agonists, ATP and adenosine, were used
as control relaxants to confirm the efficacy of the antagonists
in this experimental model. However, the results obtained
with these purinoceptor antagonists as investigative tools
must be interpreted with some caution. Xanthines are not
particularly potent and selective for A, and A, subtypes of P,
receptors, although the C-8 substitution with phenyl increases
the potency but not the selectmty of the compound (COlllS et
al., 1985). Reactive blue 2 is a specific and selective Py .
antagonist but only over a narrow coacentration-range (Ols-
son & Pearson, 1990), and when used at higher concentra-
tions it has nonspecific effects, for example, an attenuating
influence on A, receptor-mediated vasodilatation (Hopwood
& Burnstock, 1987).

8-Phenyltheophylline was able to attenuate the adenosine-
induced relaxations both in endothelium-intact and -denuded
arterial rings. Thus, the present results agree with previous
findings that adenosine is a direct vasodilator inducing vas-
cular relaxation via activation of P, purinoceptors on smooth
muscle, and that the presence of an intact endothelium is not
required for its relaxant effect on arteries (Furchgott, 1984).
8-Phenyltheophylline also inhibited the relaxation of denuded
preparations to ATP, suggesting that this endothelium-
independent response of rat mesenteric arteries is due to the
production of adenosine from ATP by ectonucleotidases dur-
ing the incubation period. A similar mechanism has
previously been reported to be operative in pulmonary
vessels and thoracic aorta of the rat (Liu er al, 1988;
Rose’Meyer & Hope, 1990).

In a variety of arteries, including the rat mesenteric bed
(Ralevic & Burnstock, 1988), dog coronary artery (Houston
et al., 1987), pig aorta (Martin et al., 1985) and rat femoral
artery (Kennedy et al., 1985) the P,y purinoceptor-mediated
relaxation induced by ATP and its analogues has been shown
to be endothelium-dependent and presumably to occur via
the subsequent release of EDRF-NO. In the present study,
reactive blue 2 attenuated the ATP-induced relaxation of
endothelium-intact rat mesenteric rings thus indicating the
inhibition of P,y receptor activation and the subsequent
release of EDRF-NO. Previously we have shown that the
ATP-induced relaxation of rat mesenteric rings correlates
with an increase in smooth muscle cyclic GMP concentration
(Vuorinen et al., 1992).

The applied P, and P,y antagonists, 8-phenyltheophylline
and reactive blue 2, respectively, which inhibited the ATP-
and adenosine-induced relaxations in an expected manner,
did not affect the endothelium-dependent and -independent
relaxations of rat mesenteric arteries to GTP and guanosine.
We have earlier shown that exogenous GTP and guanosine
relax precontracted endothelium-intact and -denuded rat
mesenteric artery rings by increasing cyclic GMP accumula-
tion without affecting cyclic AMP concentration in smooth
muscle (Vuorinen et al., 1992). Moreover, the GTP-induced
relaxation of endothelium-intact rings was attenuated by
NC-nitro L-arginine methyl ester (L-NAME), an effect which
could be reversed by L-arginine, but the guanosine-induced
relaxation of endothelium-intact rings was only slightly
inhibited by L-NAME (Vuorinen et al., 1992). Thus, the
response to GTP of endothelium-intact rings could mainly be
explained by the release of EDRF-NO, but that of guanosine
was only partly due to EDRF-NO. The endothelium-
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independent response of GTP and guanosine is a direct,
unknown effect on smooth muscle and guanylyl cyclase.
We have recently reported that exogenous GTP can elevate
cyclic GMP concentration in human ADP-stimulated platelet
rich plasma and in thrombin-stimulated washed platelets
(Laustiola et al., 1991; Vuorinen & Laustiola, 1992). This
increase in cyclic GMP was accompanied by decreased
platelet aggregation. The stimulation of platelets leads to
secretion of nucleotides from granules, where ATP and ADP
are stored at concentrations up to one molar (Gordon, 1986).
The concentration of guanine nucleotides, mainly GTP and
GDP, in granules is about 30% of that of adenine
nucleotides (Holmsen, 1985). Therefore, during platelet
stimulation and secretion, local GTP concentrations can in-
crease enough to produce an inhibition of platelet function.
Taken together, the results on platelets and smooth muscle
suggest that GTP may have a local antithrombotic effect via
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The effects of the endothelin ET4 receptor antagonist, FR
139317, on infarct size in a rabbit model of acute myocardial

ischaemia and reperfusion
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ECIM 6BQ

1 The effects were investigated of the ET, receptor antagonist, FR 139317, on endothelin-1 (ET-1)-
induced coronary vasoconstriction in the isolated perfused heart of the rabbit. In addition, this study
examined whether FR 139317 reduced infarct size in a rabbit model of coronary artery occlusion and
reperfusion.

2 In the rabbit isolated perfused heart, ET-1 (1-100 pmol) elicited a dose-dependent increase in
coronary perfusion pressure (CPP). For example, 30 pmol ET-1 caused CPP to rise by 22 + 8 mmHg
and 100 pmol ET-1 by 47 = 10 mmHg (n = 8). Infusion of FR 139317 (1 uM) significantly attenuated the
increase in CPP caused by ET-1 (30 pmol: 3+ 1 mmHg, 100 pmol: 8 * 2 mmHg; n = 8).

3 In the anaesthetized rabbit, infarct size (expressed as a percentage of the area at risk) after 45 or
60 min of coronary artery occlusion followed by 2 h of reperfusion was 47 £ 6% (n=6) and 55% 7%
(n=15), respectively. A continuous infusion of FR 139317 (0.2 mgkg~! min~' preceded by a loading
dose of 1.0mgkg™!, i.v.; n=5-6) had no effect on the extent of the myocardial infarct size (45 min:
47 £ 6%; 60 min: 49 * 7%). Even a three-times higher dose (0.6 mg kg~' min~! preceded by a loading
dose of 3mgkg~!, i.v.; n=4) of FR 139317 had no effect on myocardial infarct size (48 £ 5%) after
45 min occlusion of the antero-lateral branch of the left coronary artery (LAL) and 2 h reperfusion.

4 In a separate group of experiments, the LAL was occluded for 60 min and subsequently reperfused
for 6 h. FR 139317 (0.6 mg kg~! min~! preceded by a loading dose of 3mgkg~!, i.v.; n=4) had no
significant effect on infarct size even in this long reperfusion model (control: 48 + 3%, FR 139317:
61 £ 6%).

5 Thus, the vasoconstrictor effects elicited by ET-1 in the coronary vasculature of the rabbit are
primarily mediated via the ET, receptor, for they were inhibited by the ET, receptor antagonist, FR
139317. However, an enhanced formation of endogenous ET-1 does not play a major role in ischaemia/

reperfusion injury of the rabbit heart, for FR 139317 had no effect on infarct size.
Keywords: Endothelin-1; endothelin ET, receptor; FR 139317; myocardial infarction

Introduction

Endothelin-1 (ET-1) is a potent coronary vasoconstrictor in a
variety of species including rat (Baydoun er al, 1989;
Neubauer et al., 1990a), rabbit (Hirata et al., 1990), pig (Ezra
et al., 1989), dog (Clozel & Clozel, 1989; Larkin e al., 1989)
and man (Chester et al., 1989; Clarke et al., 1989). Moreover,
ischaemia/reperfusion of the isolated perfused heart of the rat
enhances the coronary vasoconstriction elicited by ET-1
(Neubauer et al., 1990b; 1991; Stewart & Baffour, 1990;
Brunner et al., 1992; Grover et al., 1992; Watts et al., 1992;
McMurdo et al., 1993b). Enhanced plasma levels of ET-1 in
man are associated with a variety of cardiovascular disorders
including acute myocardial infarction (Miyauchi ez al., 1989;
Salminen et al., 1989), angina pectoris (Nakao et al., 1989),
coronary artery vasospasm (Matsuyama et al., 1990) and
congestive heart failure (Grenier et al., 1990). The hypothesis
that endogenous ET-1 plays a role in the extension of
ischaemia/reperfusion injury of the heart is supported by the
findings that (i) intravenous administration of a monoclonal
antibody against ET-1 reduces infarct size in a model of
coronary artery occlusion and reperfusion in the anaes-
thetized rat (Watanabe et al., 1991) or anaesthetized rabbit
(Kusumoto et al., 1993) and (ii) infusion of the endothelin-
converting enzyme inhibitor, phosphoramidon, results in a
substantial reduction in infarct size in the anaesthetized rat
(Grover et al., 1992).

Two endothelin receptors have been cloned and expressed,
namely ET, (Arai et al, 1990) and ETjy (Sakurai et al.,

! Author for correspondence.

1990). The vasoconstrictor effects of ET-1 are mainly due to
activation of the ET, receptor although ETj receptors also
mediate some vasoconstriction (Douglas er al., 1992; Bigaud
& Pelton, 1992; Moreland er al., 1992). The discovery of
distinct endothelin receptors has prompted the development
of selective endothelin receptor antagonists, such as FR
139317 (Sogabe et al., 1992). FR 139317 is a linear tripeptide,
which binds selectively to ET, receptors and inhibits ET-1
binding to porcine and human aortic microsomes,
antagonizes ET-l-induced contractions of rabbit isolated
aorta and attenuates the pressor response to ET-1 in cons-
cious rats (Sogabe et al., 1992; 1993) and anaesthetized rab-
bits (McMurdo et al., 1993a).

Here, we determine which endothelin receptor-subtype
mediates ET-1-induced coronary vasoconstriction in the
isolated perfused heart of the rabbit and go on to investigate
whether the ET, receptor antagonist, FR 139317, reduces
infarct size in a rabbit model of coronary artery occlusion
and reperfusion.

Methods

Rabbit isolated perfused hearts

Male New Zealand White rabbits (2-3kg) were
premedicated with Hypnorm (0.1 mlkg~!, i.m.; containing
fentanyl citrate at 0.315mgml~! and fluanisone at
10 mg ml-'). General anaesthesia was then induced with
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sodium pentobarbitone (30 mgkg~!, i.v.) and anaesthesia
was maintained with supplementary doses of sodium pen-
tobarbitone as required. The trachea was cannulated and the
rabbits were ventilated with room air from a Harvard ven-
tilator at a rate of 36—40 strokes per min and a tidal volume
of 18-20 ml. Heparin (100 iu kg~') was given into the mar-
ginal ear vein, the thorax was opened and the heart was
rapidly excised and immersed in ice cold saline. The aorta
was dissected free and cannulated with a glass cannula and
the heart was transferred to the perfusion apparatus. The
coronary circulation was perfused at a constant flow
(25 ml min~"') with Krebs solution containing (in mM): NaCl
118, NaHCO, 25, KCl 3, MgSO, 1.2, NaH,PO, 1.2, glucose
11 and CaCl, 1.4. The buffer was bubbled with 95% O,, 5%
CO, and kept at 37°C. Air temperature around the hearts
was maintained by means of a heated (37°C) water-jacket. In
this constant flow system, changes in coronary perfusion
pressure (CPP) reflect changes in coronary vascular resis-
tance. CPP was recorded with a Transamerica type 4-422-
0001 pressure transducer. In addition, developed tension
(DT) and heart rate (HR) were measured by means of a
hook attached to the apex of the heart which was connected
by a thread to an isometric transducer (Grass Instruments,
model FT03). The output of each transducer was displayed
on a polygraph recorder (Grass Instruments, model 7D).
Drugs were administered via an injection port 3 cm distal to
the aortic cannula. The hearts were subjected to a resting
tension of 2 g and allowed to equilibrate for 20 min in order
to establish stable baseline parameters.

ET-1 (1, 3, 10, 30 or 100 pmol) bolus injections were given
10 min after the start of a continuous infusion of vehicle
(20% dimethylsulphoxide; DMSO) or FR 139317 (1 um).

Myocardial ischaemia and reperfusion in the
anaesthetized rabbit

Surgical procedure Rabbits were anaesthetized and ven-
tilated as described above. Body temperature was monitored
and maintained at 38+ 1°C by means of a rectal probe
thermometer attached to a homeothermic blanket control
unit (Harvard, Edenbridge, Kent). The left femoral vein was
cannulated for drug administration. The left femoral artery
was cannulated for the measurement of blood pressure from
which mean arterial pressure (MAP) and HR were derived.
Haemodynamic parameters were continuously recorded on a
polygraph recorder (Grass Instruments, 7D). Lead II elect-
rocardiograms (ECGs) were recorded from subdermal
platinum electrodes. ST-segment changes were calculated as
absolute differences with respect to the J-point of the QRS
complex (of at least 10 cardiac cycles) and expressed as
A mV. Another catheter was placed in the left ventricle via
the right common carotid artery for injection of Evans blue
dye solution. A 2-3cm left intercostal thoracotomy (4th
intercostal space) was performed to expose the heart and a
snare occluder was placed around the first antero-lateral
branch of the left coronary artery (LAL) 1 cm distal from its
origin. In contrast to other species, the rabbit LAL supplies
most of the left ventricular myocardium including most of
the septum and apex (Flores e al., 1984). Care was taken not
to include veins draining blood from this area whenever
possible.

Measurement of infarct size After the reperfusion period,
the LAL was re-occluded and Evans blue dye solution (4 ml
of 2% wj/v) was injected into the left ventricle to distinguish
between perfused and non-perfused (myocardium at risk)
sections of the heart. The Evans blue solution stains the
perfused myocardium, while the occluded vascular bed re-
mains uncoloured. The dose of Evans blue dye used in this
study is well within the range reported for nearly exclusive
binding to plasma albumin or other proteins in the rabbit
(Lindner & Heinle, 1982). After injection of Evans blue dye,

the rabbits were killed with an overdose of anaesthetic. The
heart was excised and sectioned into 4—5mm thick slices.
After removing the right ventricular wall, the area at risk and
non-ischaemic myocardium were separated by following the
line of demarcation between blue stained and unstained tis-
sue. To distinguish between ischaemic and infarcted tissue,
the area at risk was chopped and incubated in p-nitroblue
tetrazolium (NBT, 0.5 mgml-! for 20 min) at 37°C. In the
presence of intact dehydrogenase enzyme systems (normal
myocardium). NBT forms blue coloured precipitates, while
areas of necrosis lack dehydrogenase activity and, therefore,
fail to stain (Nachlas & Shnitka, 1963). Tissue was divided
into stained (blue) or unstained (red) groups. All tissues from
the left ventricle were weighed. Area at risk was expressed as
a percentage of the left ventricle, and the infarct size was
calculated as a percentage of the area at risk.

Experimental design All rabbits were allowed to stabilize for
30 min before being assigned to one of eight groups: (1)
30 min LAL occlusion and 2 h reperfusion treated with vehi-
cle (n=4); (2) 45min LAL occlusion and 2 h reperfusion
treated with vehicle (n = 5); (3) 45min LAL occlusion and
2h reperfusion treated with a low dose of FR 139317
(0.2mgkg ' min~! preceded by a loading dose of
1.0mgkg™!, iv., bolus; n=5); (4) 45min LAL occlusion
and 2 h reperfusion treated with a high dose of FR 139317
(0.6 mgkg~'min~! preceded by a loading dose of
3.0mgkg™!, iv., bolus, n=4); (5) 60min LAL occlusion
and 2 h reperfusion treated with vehicle (n = 5); (6) 60 min
LAL occlusion and 2 h reperfusion treated with a low dose
of FR 139317 (0.2 mg kg~! min~! preceded by a loading dose
of 1.0mg kg™, i.v., bolus, n=6); (7) 60 min LAL occlusion
and 6 h reperfusion treated with vehicle (n = 5); (8) 60 min
LAL occlusion and 6 h reperfusion treated with a high dose
of FR 139317 (0.6 mg kg~! min~! preceded by a loading dose
of 3.0mgkg~!, i.v., bolus, n=4).

Vehicle or FR 139317 infusion was started 10 min prior to
LAL occlusion and continued throughout the reperfusion
period.

Change in CPP (mmHg)

1 10 100
log dose ET-1 (pmol)

Figure 1 Changes in coronary perfusion pressure (CPP) induced by
endothelin-1 (ET-1, 1-100 pmol, bolus injection) in rabbit isolated
hearts treated with either vehicle (l, n = 8) or with FR 139317 (A,
1 puM continuous infusion, n=8). Data are mean * s.e.mean of n
observations. *P <0.05 when compared to vehicle control.



Materials

Hypnorm was purchased from Janssen Pharmaceutical Co.,
(Oxford, UK), sodium pentobarbitone (Sagatal) from May &
Baker (Dagenham, UK) and heparin from Evans Med.,
(Middlesex, UK). The Krebs buffer salts, DMSO, bovine
serum albumin, Evans blue dye and NBT were obtained
from Sigma Chem. Co., (Poole, UK). ET-1 was supplied by
Scientific Marketing Associates (London, UK) and was
reconstituted in 0.1% acetic acid and diluted in 0.9% w/v
saline containing 1% w/v bovine serum albumin and 0.06%
sodium bicarbonate. FR 139317 (R)-2[(R)-2-(S)-2-1-
(hexahydro-1H-azepinyl)]carbonyljJamino-4-methylpentanoyl]
amino-3[3-(1-methyl-1H-indolyl]proprionyl] amino-3-(2-
pyridyl) proprionic acid was provided by Dr Annette M.
Doherty of the Medicinal Chemistry Department at Parke-
Davis Pharmaceutical Research Division of Warner-Lambert
Co. (Ann Arbor, U.S.A.). FR 139317 was dissolved in 20%
DMSO or in saline (6 h reperfusion experiments). Aliquots of
ET-1 and FR 139317 were stored frozen (— 20°C) until use.

Statistical comparisons

All values in the figures, tables and text are expressed as
mean t s.e.mean of n observations. Statistical evaluation of
the data was by Student’s ¢ test for unpaired determinations
or by ANOVA. A P value of less than 0.05 was considered
significant.

Results

Effects of FR 139137 on the coronary vasoconstriction
elicited by ET-1 in the isolated perfused heart of the
rabbit

After the 20 min equilibration period, the mean resting CPP
was 29 + 1 mmHg, the DT was 10+ 1 g and HR was 158 + 4
beats min~! (n = 16). Infusion of vehicle (20% DMSO) or
FR 139317 (1 uM) had no effect on these parameters.
ET-1 induced a dose-dependent increase in CPP. For
example, 30 pmol ET-1 caused CPP to rise by 22 * 8 mmHg
and 100 pmol ET-1 by 47 * 10 mmHg (n = 8), respectively
(Figure 1). The coronary vasoconstriction elicited by ET-1
was significantly attenuated in the presence of a continuous
infusion of FR 139317 (1 uM). For example, 30 pmol and
100 pmol ET-1 elicited rises in CPP of only 3 + 1 mmHg and
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8 * 2 mmHg, respectively (n=8, Figure 1). ET-1 had no
effect on HR or DT in the absence or presence of FR 139317
(data not shown).

Effects of FR 139317 on infarct size in a rabbit model of
acute myocardial ischaemia and reperfusion

Of the 48 rabbits which underwent LAL occlusion, 10 died
within the experimental period due to ventricular fibrillation
or cardiac failure and these were excluded from the study.
Nine of these died within 5-20 min of the ischaemic period
(7 rabbits receiving vehicle and 2 rabbits receiving FR 139317
at 0.2mgkg~'min~! preceded by a loading dose of
1.0 mg kg™, i.v.). One rabbit died during reperfusion (receiv-
ing FR 139317 at 0.6 mgkg~! min~' preceded by a loading
dose of 3mgkg-!, i.v.).

Haemodynamic data mean resting values for MAP was
61 + 2 mmHg and for HR was 237 £ 4 beats min~' (n = 38). -
Infusion of FR 139317 at the highest dose used
(0.6 mg kg~ min~! preceded by a loading dose of 3 mg kg™,
i.v.) elicited a transient rise (16 £ 4 mmHg) in blood pressure
which returned to control levels within 20 min. LAL occ-
lusion (45 or 60 min) and reperfusion (2 or 6h) had no
significant effect on MAP or HR in any of the groups studied
(Table 1).

Area at risk and infarct size: The area of the left ventricle
at risk (ischaemic myocardium) was similar in all groups
studied (Table 2). In hearts subjected to 30 min LAL occ-
lusion plus 2h of reperfusion, infarct size (expressed as a
percentage of area at risk) was 10 1% (n = 4). Due to the
small infarct size obtained, this model was not used to inves-
tigate the effects of FR 139317.

Infarct size after 45 or 60 min of LAL occlusion followed
by 2 h of reperfusion in vehicle-treated rabbits was 47 £ 6%
(n=26) and 55+ 7% (n=15), respectively (Table 2). A con-
tinuous infusion of FR 139317 (0.2 mg kg~! min~! preceded
by a loading dose of 1.0 mg kg~', i.v.; n = 5-6) had no effect
on the extent of the myocardial infarct (45 min: 47 + 6%;
60 min; 49 * 7%, Table 2). Even a three-times higher dose
(0.6 mg kg~' min~' preceded by a loading dose of 3 mgkg~",
i.v.; n=4) of FR 139317 had no effect on myocardial infarct
size (48 * 5%) after 45min LAL occlusion and 2h reper-
fusion (Table 2).

When the LAL was occluded for 60 min and subsequently
reperfused for 6 h, infarct size in vehicle-treated animals was
48+ 3% (n=15). FR 139317 (0.6 mg kg~' min~' preceded by

Table 1 Mean arterial pressure (MAP; mmHg) and heart rate (HR; beats min~') in rabbits subjected to: (1) 30 min coronary artery
(LAL) occlusion and 2 h reperfusion; (2), (3), (4) 45 min LAL occlusion and 2 h reperfusion; (5), (6) 60 min LAL occlusion and 2 h
reperfusion; or (7), (8) 60 min LAL occlusion and 6 h reperfusion. Rabbits received either vehicle, FR 139317 at 0.2 mg kg~' min~' or

FR 139317 at 0.6 mgkg~' min~".

Treatment

Group  (mgkg~'min~")

n Vehicle MAP
HR

?2) Vehicle MAP
HR

3) FR 139317 (0.2) MAP
HR

4 FR 139317 (0.6) MAP
HR

(©) Vehicle MAP
HR

©6) FR 139317 (0.2) MAP
HR

(O Vehicle MAP
HR

®) FR 139317 (0.6) MAP
HR

End of End of

Basal occlusion reperfusion
615 575 636
247+ 14 240+ 14 235+ 12
603 603 58+5
24512 229+9 239£38
62+3 59+2 53+4
244+ 8 232+38 244t 6
586 60t4 647
263+ 24 2483 £ 22 26711
55%5 554 53%5
2157 2135 209+2
68*6 645 61%5
2276 23617 2536
642 70+2 724
2306 2199 213+ 10
765 736 718
235+ 11 22613 232+ 11

Values are given as mean * s.e.mean of 4—6 observations for each group.
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Table 2 Area at risk (expressed as a percentage of left ventricle) and infarct size (expressed as a percentage of area at risk) in rabbits
subjected to coronary artery (LAL) occlusion (30, 45 or 60 min) and reperfusion (2 or 6 h)

Treatment Occlusion Reperfusion Area at risk Infarct
Group (mg kg~! min~') (min) (h) (%) (%) n
1) Vehicle 30 2 30+4 101 4
Q) Vehicle 45 2 4214 4716 5
3) FR 139317 (0.2) 45 2 44+2 4716 5
@) FR 139317 (0.6) 45 2 4618 48t5 4
5) Vehicle 60 2 343 55+7 5
6) FR 139317 (0.2) 60 2 33+3 497 6
(@) Vehicle 60 6 35+4 48+ 3 5
®) FR 139317 (0.6) 60 6 39+6 616 4

Rabbits received either vehicle, FR 139317 at 0.2mgkg™ ' min~' preceded by a loading dose of 1.0mgkg~' or FR 139317 at
0.6 mg kg~! min~! preceded by a loading dose of 3.0 mgkg~'. Values are given as mean * s.e.mean of n observations.

Table 3 Peak elevation in ST-segment in rabbits subjected
to: (1) 30 min coronary artery (LAL) occlusion and 2h
reperfusion; (2), (3), (4) 45min LAL occlusion and 2h
reperfusion; (5), (6) 60min LAL occlusion and 2h
reperfusion; or (7), (8) 60min LAL occlusion and 6h
reperfusion

Treatment ST elevation

Group (mg kg~! min~?) (mV)
) Vehicle 0.28 £ 0.01
?) Vehicle 0.29 £ 0.03
A3) FR 139317 (0.2) 0.24 £ 0.07
@ FR 139317 (0.6) 0.26 £ 0.02
5) Vehicle 0.24 £ 0.02
6) FR 139317 (0.2) 0.26 £ 0.02
(@) Vehicle 0.36 £ 0.02
8) FR 139317 (0.6) 0.28 £ 0.01

Rabbits received either vehicle, FR 139317 at

0.2mgkg'min~! preceded by a loading dose of
1.0mgkg~' or FR 139317 at 0.6 mgkg~' min~' preceded
by a loading dose of 3.0mgkg~'. Values are given as
mean * s.e.mean of 4-6 observations for each group.

a loading dose of 3mgkg™!, i.v.; n=4) had no significant
effect on infarct size even in this longer reperfusion model
(61 £ 6%, Table 2).

Electrocardiogram changes: basal values for the ST-segment
in the lead II ECG ranged from 0.004* 0.0l mV to
0.03 £ 0.01 mV. In different vehicle-treated control groups,
LAL occlusion elicited a peak rise in the ST-segment ranging
from 0.24 mV + 0.07mV to 0.36 £ 0.02 mV which remained
elevated throughout the occlusion period (Table 3). Upon
reperfusion, the ST-segment gradually returned to almost
basal levels, with end values of 0.01£0.0l1mV to
0.05+0.02mV. FR 139317 (0.2 mg kg~! min~! preceded by
a loading dose of 1.0 mg kg~ or 0.6 mg kg~! min~! preceded
by a loading dose of 3 mgkg~!, i.v.) had no effect on the
ischaemia-induced ST-segment elevation in any of the models
studied (Table 3).

Discussion

Here we demonstrate that the ET, receptor antagonist, FR
139317, attenuates the coronary vasoconstrictor effects
elicited by ET-1 in the isolated perfused heart of the rabbit.
However, FR 139317, in doses which attenuate by 83-89%
the ET,-mediated pressor effects of exogenous ET-1
(1 nmol kg™!) in the anaesthetized rabbit (McMurdo et al.,
1993a), has no effect on infarct size and ST-segment elevation

in three different models of myocardial ischaemia and reper-
fusion in the rabbit. This is in contrast to previous studies
which suggested that an enhanced formation of endogenous
ET-1 contributes to ischaemia/reperfusion injury of the heart.
Thus, an antibody to ET-1 (Watanabe et al., 1991) or the
endothelin-converting enzyme inhibitor, phosphoramidon
(Grover et al., 1992) reduce infarct size in models of cor-
onary artery occlusion and reperfusion in the anaesthetized
rat. Furthermore, pretreatment of rabbits with an antibody
to ET-1 reduced infarct size caused by 30 min occlusion of
the first branch of the left circumflex coronary artery fol-
lowed by 24h of reperfusion from 61 * 5% (control) to
37+ 5% (treatment, n = 5). In this study, the areas at risk in
control and treated animals were 43 * 5% and 44 * 3%,
respectively (Kusumoto et al., 1993).

Why then, does the ET, receptor antagonist, FR 139317,
not reduce infarct size in this study? Clearly, FR 139317
(0.2mgkg 'min~'! preceded by a loading dose of
1.0 mg kg~') had no effect on infarct size caused by 60 min
of LAL occlusion and 2 h of reperfusion. Considering that
collateral blood supply to the ischaemic myocardium after
complete coronary artery occlusion is minimal in the rabbit
heart (Maxwell et al., 1987), one could argue that the degree
of the ischaemic insult caused by 60 min of LAL occlusion
was too severe to allow therapeutic intervention. However,
drugs such as the prostacyclin analogue, iloprost (Chiariello
et al., 1988), the fibrinolytic compound, defibrotide (Thiemer-
mann et al., 1989) and the anti-platelet agent, cloricromene
(Lidbury et al., 1993) elicit a substantial reduction in infarct
size in this model. Moreover, FR 139317 (0.2 mg kg~'! min™!
preceded by a loading dose of 1.0 mg kg~') had no effect on
infarct size even when the duration of coronary artery occ-
lusion was reduced to 45 min. Investigation of the effects of
FR 139317 on the ischaemic injury caused by shorter periods
of LAL occlusion was not feasible, for 30 min of LAL
occlusion caused only a very small infarction (10 £ 1% of
area at risk). One could also argue that the dose of FR
139317 used in this study was too low to antagonize the
effects of endogenous ET-1 in the coronary vasculature of the
rabbit. However, this is unlikely, for even a three times
higher dose of FR 139317 (0.6 mg kg~ min~! preceded by a
loading dose of 3.0 mg kg~') did not reduce the infarct size
caused by 45min of LAL occlusion followed by 2h of
reperfusion. Assuming a blood volume of 60—70 ml kg~' the
dose of FR 139317 used should result in plasma levels of
more than 100 uM at 10 min after the start of the continuous
infusion of FR 139317. Clearly this concentration of the
antagonist is sufficient to block the vasoconstrictor effects
caused by ET-1 in the coronary vasculature of the rabbit
(this study).

In anaesthetized rabbits subjected to coronary artery occ-
lusion (30 min) and reperfusion (24 h), plasma levels of ET-1
are maximally elevated (approximately 2.5 fold) at 3 h after
reperfusion (Kusumoto et al., 1993). Thus, ET-1 may play a



pathophysiological role after longer periods of reperfusion
and hence, 2h of reperfusion may not have been long
enough to see a potential beneficial action of FR 139317.
Therefore, we also investigated the effects of FR 139317
(0.6 mgkg~'min~! preceded by a loading dose of
3.0mgkg!) in rabbits in which the LAL was occluded for
60 min and subsequently reperfused for 6 h. However, even
when the ischaemic insult was followed by this prolonged
reperfusion period, FR 139317 did not reduce infarct size.
This suggests that if endogenous ET-1 does play a
pathophysiological role in the extension of myocardial
ischaemia/reperfusion injury, then it does so between 6 and
24 h of reperfusion.

Interestingly, 9 out of 48 rabbits died within 5—20 min of
myocardial ischaemia due to ventricular fibrillation. Of these
9 animals, 7 were treated with vehicle and 2 were treated
with FR 139317. This result indicates that inhibition of ET,
receptors with FR 139317 reduces the incidence of ventri-
cular fibrillation and, hence, further studies are necessary to
elucidate the role of ET-1 in the pathogenesis of ischaemia-
induced arrhythmias.
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1 Picotamide was shown to inhibit platelet binding of thromboxane A, (TxA,)-mimetics and to cause a
reduction of TxA, platelet receptors after in vivo administration. The present study aimed to investigate
directly [’H]-picotamide binding to human platelets and in particular the relationship between binding

kinetics and antiaggregating properties.

2 [*H]-picotamide time-dependently bound to a single class of platelet TxA, receptors with a K, of
325 nmol 17! at equilibrium. The binding was displaceable by TxA, analogues U46619 and ONO11120
(K; 19 and 28 nmol 1-! respectively) but not by prostacyclin (PGI,), prostaglandin E, (PGE,) and TxB,.
Antiaggregating activity and TxA, formation inhibition paralleled with binding kinetics.

3 By prolonging the incubation time from 30 to 120 min, picotamide showed a progressively increasing
non-displaceable binding, whereas specific displaceable binding decreased in comparison to the values
reached at 30 min. Non displaceable binding was specific, temperature-dependent, saturable and fol-
lowed a Michaelis-Menten kinetic (Vgazspp = 130 fmol per 10° platelets h™!, Kyqp, =330 nmol1-Y).
Picotamide progressively underwent a specific stable interaction with its platelet receptor.

4 In conclusion, after an initial reversible binding, a progressive stabilization of picotamide binding
takes place resulting in a progressively more stable interaction with platelets.

Keywords: Platelets; thromboxane; thromboxane receptor antagonist; thromboxane synthesis inhibitor; binding studies; agg-

regation; antiplatelet drug

Introduction

Picotamide (N,N’bis(3-picolyl)-4-methoxy-isophthalamide) is
a new antiaggregating drug (Violi et al., 1988; Berrettini et
al., 1990; Cattaneo et al., 1991) which was found to be able
to displace the platelet binding of both a labelled thrombox-
ane A, (TxA,)-mimetic (’H}-U46619) and a labelled TxA,
antagonist (['*’I]-PTAOH) (Modesti et al., 1989). These find-
ings have caused picotamide to be considered as a TxA,/
PGH, competitive receptor inhibitor (Gresele et al., 1989;
Modesti et al., 1989). However, no studies have been per-
formed aimed at investigating directly the kinetics of picota-
mide binding to the TxA,/PGH, receptors. Moreover TxA,/
PGH, binding sites have been found to be decreased after
picotamide administration in man (Modesti et al., 1991) and
this observation apparently contrasts with the hypothesis of
picotamide as a competitive receptor inhibitor. Indeed this
pattern might suggest either that picotamide acts as a non
competitive inhibitor with a stable interaction at the TxA,/
PGH, receptor site, or that picotamide follows a particularly
low kinetic of dissociation from the TxA, receptor, with
consequent functional inactivation of the TxA, receptor.

The present study aimed to investigate directly the kinetics
of the binding of [H]-picotamide to human platelets and to
assess the relationship between the kinetics of [*H]-picota-
mide binding and antiplatelet activity.

Methods

Platelet aggregation studies

Blood was withdrawn by venipuncture from six overnight
fasting healthy volunteers, aged 28 to 42 years, between
08 h 00 min—-09 h 00 min and anticoagulated with 129 mmol
1! trisodium citrate (9:1 v:v). No subject had taken any

! Author for correspondence.

drugs for at least 15 days. Platelet aggregation studies were
performed in platelet-rich plasma (PRP) with the optical
method of Born, using an Elvi 840 dual channel aggre-
gometer (Elvi Logos, Milan, Italy). PRP was prepared by
centrifugation at 160g at room temperature for 6 min.
Platelet poor plasma (PPP) was obtained by centrifugation of
the blood samples at 1,200 g at room temperature for 15 min.
Platelet count in PRP was adjusted to 3 x 10" platelets 1-!
with autologous PPP in all experiments.

The stable endoperoxide analogue, U46619 (0.75 pmol 1-})
and collagen (2.5pgml-') were used as inducers. Platelet
aggregation was recorded for 15min and the extent of ag-
gregation was evaluated by measuring the maximal height
reached by the aggregation curves.

Percent inhibitions of U46619 and collagen induced plate-
let aggregation, by increasing concentrations of picotamide
0, 0.1, 1, 10, 100, 500 and 1,000 umol 1-!) were calculated
from the reduction of the maximal amplitude of the aggrega-
tion tracings in relation to the values obtained in the paired
solvent experiments. The concentration of picotamide giving
50% inhibition of aggregation (ICsy) was calculated from the
mean of at least four different experiments.

To assess the time-dependency of ICs,, the inhibitory
effects of picotamide were evaluated after 2, 10 and 20 min of
platelet incubation with picotamide.

After 15 min stirring in the aggregometer, PRP was cen-
trifuged at 12,000 r.p.m. in an Eppendorf centrifuge and the
supernatant stored at — 20°C for TxB, determination. TxB,
was assayed by an enzymatic immunoassay (Cayman Chemi-
cal, Ann Arbor, MI, U.S.A.). Coefficients of variation of
intraassay and inter-assay were 6.8% and 9.5%, respectively.

Binding studies

Blood sampling and platelet isolation Blood for the receptor
binding studies was withdrawn from the same healthy volun-
teers into a syringe containing indomethacin (10 umol1-!)
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and EDTA (5 mmol 17!). PRP, obtained by centrifugation as
described above, was centrifuged at 1,800 g for 30 min at
20°C. Platelets were then resuspended in 10 ml of phosphate
buffer pH 7.2 (mmol1-!: Na,HPO,8, NaH,PO,2, KCl5,
NaCl 135, EDTA 10) and again recentrifuged at 1,800 g for
30 min at 20°C. The supernatant was discarded and the
platelets were resuspended in assay Tris-buffer pH 7.4 (NaCl
100 mmol 1=, dextrose 5 mmol 1-!, indomethacin 10 pmol 1-!
and Tris-HCl 5 mmol 17!). If necessary assay Tris-buffer was
added to obtain a platelet concentration of 5 x 10! platelets
-

Equilibrium analysis of [methylene’H |-picotamide
binding

Washed platelets (5 x 107 platelets) were incubated with 10
nmol 1-! (final concentrations are given) [methylene*H]-pico-
tamide and increasing concentrations of unlabelled picota-
mide (0 to 20 pmol 1-') at 22°C in a final volume of 0.2 ml.
The binding obtained in the presence of a large excess of
picotamide (20 pmol 1-') was considered as non-specific bin-
ding. Specific binding at each concentration was calculated as
the difference between total and non-specific binding. After
30 min incubation four 4 ml aliquots of ice-cold buffer were
added to each tube to stop the reaction and the content was
rapidly filtered under reduced pressure through Whatman
GF/C glass microfibre filters. The entire washing procedure
was completed within about 15 s. Filters were dried under air
flow and counted in a Beckman gamma counter with an
overall efficiency of 50%. Binding data, dissociation constant
(Kp) and maximum binding capacity (B,,), were calculated
according to Scatchard (1949).

The competition for [methylene’H]-picotamide binding by
a thromboxane A, agonist (U46619), a thromboxane A,
antagonist (ONO11120) (Narumiya et al., 1989), PGI,, PGE,,
TxB, and picotamide were evaluated by incubating 10 nmol
1! [methylene’H]-picotamide with platelets in the absence
and in the presence of increasing concentrations (20 nmol
1-'~2 mmol 1-') of competitors in a final volume of 0.2 ml
After 30 min the incubation was stopped by the addition of
5 ml of cold assay buffer and filtered. Inhibition constants of
competitors were calculated according to Cheng & Prusoff
(1973).

Kinetic analysis of [methylene’ H |-picotamide specific
binding

The kinetics of association and dissociation of [methylene’H]-
picotamide to washed platelets were evaluated as previously
described for other TxA, antagonists (Modesti ez al., 1989).
To determine the rate of association of [methylene*H]-pico-
tamide, 5 x 107 washed platelets were suspended in assay
buffer containing 10 nmol 1-! [methylene’H]-picotamide (at
22°C in a final volume of 0.2 ml. After selected time intervals
of incubation (20s, 1, 2, 3, 5, 10, 15, 20, 30 min) samples
were rapidly filtered. Specific binding was determined as the
difference between the amount of [methylene®H]-picotamide
bound in the absence and in the presence of unlabelled
picotamide (20 pmol 1-).

To determine the rate of dissociation of [methylene’H]-
picotamide from its platelet binding sites, samples were
prepared as described above. After 30 min incubation, pico-
tamide (20 pmol1~') was added, and the amount of specific
binding was measured after various time periods (20s, 1, 2,
3, 5, 10, 15, 20, 30 min). Kinetic constants were calculated
according to Weiland & Molinoff (1981).

Effect of prolonged incubation on
[methylene’H ]-picotamide displaceable and non
displaceable binding

The time-dependency of [methylene’H]-picotamide displace-
able and non displaceable binding was investigated in separ-
ate time course experiments.

The total, displaceable specific, non displaceable specific
and non-specific binding at the different incubation times
were investigated at 37°C by preparing three different sets of
tubes.

The first set of tubes was aimed to evaluate the total
binding. Tubes containing [methylene’H]-picotamide at in-
creasing concentrations (10=°%, 10=%, 5 x 1078, 10~7, 5 x 10~7,
107%, 10~°mol 1-') plus platelets, were prepared as described
above and filtered after different incubation times () (3, 10,
20, 30, 50, 60 and 120 min of incubation).

The second set of tubes was prepared to evaluate the non
specific binding. Tubes contained the same incubation mix-
ture (increasing concentrations of [methylene’H]-picotamide
and platelets) plus a high concentration (20 umoll-') of
unlabelled picotamide added before starting incubation (time
0). Samples were filtered after different incubation times (f)
contemporary to the first set of tubes (3, 10, 20, 30, 50, 60
and 120 min of incubation).

In the third set of tubes, containing platelets and increas-
ing concentrations of [methylene’H]-picotamide, a large ex-
cess of unlabelled picotamide (20 umoll-!) was added at
each time ¢ (3, 10, 20, 30, 50, 60 and 120 min of incubation).
Samples were filtered after 30 min and the residual binding
was considered as non displaceable binding. The difference
between total and non displaceable binding was considered
as displaceable specific binding (displaceable receptor bin-
ding). The difference between non displaceable and non-
specific (evaluated by the addition of 20 pmol 1! picotamide
at time 0) binding was considered as specific non displaceable
binding (non displaceable receptor binding).

The characteristics (Kp, By,,) of displaceable specific recep-
tor binding at 37°C after 30 min (at equilibrium) and after 60
and 120 min of incubation were calculated according to Scat-
chard (1949) as previously described.

The affinity constant (Kwm.,,) and the maximal velocity
(Vmaxapp) Of non-displaceable specific binding were calculated
for each subject by the double reciprocal plot of Lineweaver-
Burk (Cornish-Bowden & Eisenthal, 1978) and the lines of
best fit were calculated by linear regression using the method
of the least squares.
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Figure 1 Platelet aggregation induced by U46619 (0.75 pmol 1-') (a)
and collagen (2.5pgml-') (b) with increasing concentrations of
picotamide after different incubation times: (O) 2 min incubation;
(A) 10 min incubation; () 20 min incubation.



The competition for [methylene*H]-picotamide non-displa-
ceable binding by picotamide, ONO11120, U46619, PGI,,
PGE, and TxB,, was evaluated by incubating 10 nmol1-!
[methylene®H]-picotamide with 5 X 107 platelets in the absen-
ce and in the presence of increasing concentrations (20 nmol
17'-2 mmol 1-") of competitors (added at time 0) at 37°C in
a final volume of 0.2 ml. After 60 min the incubation was
stopped by the addition of Sml of cold assay buffer and
platelets were spun down by centrifugation. The pellet was
then resuspended in assay buffer and filtered. Incorporated
radioactivity was then counted as described.

Materials

ONOI11120 (9,11-dimethylmethano-11,12-methane-16-phenyl-
13, 14-dihydro-13-aza-15-tetranor-TxA,) (Narumiya et al.,
1986) was a kind gift from Prof. Narumiya (Kyoto, Japan).
Prostacyclin (PGI,), PGE, and thromboxane B, (TxB,) were
obtained from Upjohn, Kalamazoo, MI, U.S.A. U46619
(9,11-dideoxy-11 a,9-a-epoxymethano-PGF,,) was obtained
from SIGMA Chemicals, St. Louis, MO, U.S.A. Picotamide
(N, N'bis (3-picolyl)-4-methoxy-isophthalamide, batch no.
870311) was kindly provided by the Samil Inc. (Sandoz
group, Rome, Italy); [methylene’H]-picotamide (29 Ci mmol
17!, Amersham, Buckinghamshire, GB) was a kind gift of
LPB (Milan, Italy).

All the other reagents were obtained from Merck (Darm-
stadt, Germany) and were of analytical grade.

Results

Aggregation studies

After 2 min of incubation, picotamide dose-dependently in-
hibited platelet aggregation induced both by collagen and
U46619 with ICss of 4.5 x 10~*mol1-" and 6.1 x 10~* mol
1=! respectively. Inhibition of platelet aggregation was also
time-dependent and peaked after 20 min. Picotamide I1Cs, on
collagen-induced platelet aggregation were 6.8 X 10~° mol 1-!
and 3.7 x 10~®mol 1-! after 10 and 20 min of incubation
respectively. Picotamide ICs, on U46619-induced aggregation
was 5.9 % 10"°mol1-! and 4.7 x 10-°mol 1-! after 10 and
20 min of incubation respectively (Figure 1).

Picotamide also exerted a time-dependent inhibitory activ-
ity on TxA, production. The ECss for TxA,; production
during collagen (7.5pgml~') induced aggregation were
5.4%10"°mol 1"}, 2.2 % 10~°mol 1-! and 4.3 x 10~ " mol 1!
after 2, 10 and 20 min of incubation respectively (Figure 2).

TxB, production (%)
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Figure 2 Effect of increasing concentrations and time of incubation
of picotamide on thromboxane B, (TxB,) synthesis by platelets dur-
ing collagen induced (7.5 pug ml-') aggregation: (O) 2min incuba-
tion; (A) 10 min incubation; (@) 20 min incubation.
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[ Methylene’H |-picotamide binding

Equilibrium studies The binding of [methylene*H]-picota-
mide at 22°C was saturable. Sca‘chard analysis of specific
binding at equilibrium (i.e. after 30 min incubation) yielded a
straight line, indicating a single class of binding sites for
picotamide with K, of 325 nmol1-! and a B,,, of 312 fmol
per 10® platelets (Figure 3). The Hill coefficient (ny;) was 1.12
(Figure 4), suggesting that picotamide binds to a homogen-
eous individual class of binding sites without cooperativity.
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Figure 3 Saturation curve of the [methylene’H]-picotamide binding
to washed human platelets (fmol per 10° platelets) at 22°C. Scatchard
analysis of the specific binding.

[3H]-picotamide binding (%)

Displacer (log mol |~}

b
2 -
T
o
7
[ <
2 0
«c
S 4
[o2]
S -1
r=0.93
1 ny=112
_2 T

T T 71
-8 -7 -6 -5
Picotamide (log mol I~")

Figure 4 (a) Displacement of the specific [methylene®H]-picotamide
binding by increasing concentrations of different compounds: (M)
U46619; (A) ONO11120; (O) picotamide; (O) TxB,; (A) PGE,; (®)
PGI,. Data points represent means of triplicate determinations in at
least four independent experiments. (b) Hill plot of the displacement
curve by picotamide.
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Binding of [methylene®H]-picotamide was displaced by un-
labelled picotamide, ONO11120 and by U46619 with a K; of
361 nmol 1!, 28 nmol1-! and 19 nmoll~! respectively. In
contrast, PGI,, PGE, and TxB, did not inhibit the binding
(Figure 4).

Kinetic analysis The displaceable specific binding of [methy-
lene’H]-picotamide to platelets reached equilibrium after
about 30 min. The observed rate constant of association
(Ks) was 0.110 min~!. The dissociation curve performed
after 30 min of incubation showed a displacement of about
65-70% of the total radioactivity bound. The analysis of the
first order rate of dissociation showed a linear pattern with a
K_, of 0.107min~! (n=6). The resulting association rate
constant (k,) was 0.00028 nmol 1-' min~' with a calculated
dissociation constant (K)) of 382 nmol1-! (Figure 5).

When the displaceable specific binding of [methylene*H]-
picotamide to platelets at 37°C was investigated after 30, 60
and 120 min, a progressive significant reduction of the bin-
ding capacity was observed. The B, were 343, 243 and
153 fmol per 10® platelets after 30, 60 and 120 min respec-
tively (2066, 1463, 921 binding sites/platelet respectively) with
no significant changes in K, (275, 251 and 222 nmol1-'
respectively) (Figure 6), thus indicating a progressive decrease
of platelet receptors.

In contrast the non displaceable binding of [methylene’H]-
picotamide to platelets (i.e. the residual radioactivity after
addition of 20 umol 1-! picotamide to platelets at each time)
at 37°C showed a slow regular increase (Figure 7). This
time-dependent increase of non displaceable binding was
almost completely inhibited when binding was performed at
4°C. The non displaceable binding of [methylene®*H]-pico-
tamide did not increase when unlabelled picotamide was
added at time 0 (non specific binding) (Figure 7).

The non displaceable binding at 37°C was concentration-
dependent as it increased with increasing concentrations of
[methylene®H]-picotamide but was saturable. In fact, a pro-
gressive increase in binding velocity was found until a plateau
level was reached with a Michaelis-Menten type kinetic of
saturation (Figure 8). The Lineweaver-Burk plot was found
to be linear (Figure 8) with a Viyaup, of 130 fmol per 10°
platelets h™' and a Ky,,, of 330 nmol 1-'. Therefore, about
35% of [methylene’H]-picotamide bound to platelet receptors
was irreversibly bound after 1 h.
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Figure 5 Time course of the association and dissociation phases of
the specific [methylene’H]-picotamide binding to washed human
platelets at 22°C. Dissociation was obtained after 30 min incubation
upon addition of 20 pmol 1-! (final concentration) picotamide to the
incubation mixture. Data points represent means of triplicate deter-
minations in at least four independent experiments. Upper inset:
Specific binding association is plotted according to the pseudo-first
order rate equation (y =0.331 + 0.110x; k., = 0.110 min~"). Lower
inset: Dissociation is plotted as a first order reaction
(y= —0461-0.107x; k_,=0.107min""; &, = 0.00028 nmol mi~'
min~'; Kp+ 382 nmol 1-").

The non displaceable binding of [methylene*H]-picotamide
was inhibited by unlabelled picotamide, ONO11120 and
U46619 when added at time 0 but not by PGI,, PGE, and
TxB, (data not shown).

Discussion

The present results indicate that [methylene’H]-picotamide
binds time-dependently to specific TxA,/PGH, platelet recep-
tors from which it is displaced by the TxA; agonist, U46619
and antagonist, ONO11120. Moreover, the time-dependent
picotamide binding is associated with a progressive reduction
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Figure 6 Saturation curve (a) and Scatchard analysis (b) of the
specific [methylene’H]-picotamide binding to washed human platelets
(plt) at 22°C after 30 (O), 60 (@) and 120 min (O) of incubation.
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Figure 7 Time course of the binding of [methylene’H]-picotamide
10 nmol 1-! to washed human platelets (plt) at 37°C. Total binding
(0); specific displaceable binding at indicated time (1) (M) was
considered as the radioactivity displaced by adding picotamide 20
pmol 1! (final concentration) at time (r). Specific non-displaceable
binding was defined as the difference between non displaceable bin-
ding (é) and non-specific binding (@®).
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Figure 8 Analysis of the [methylene*H]-picotamide uptake by hum-
an platelets (plt) in experiments performed at 37°C. Results shown
are the means of experiments carried out in triplicate. Inset: Line-
weaver-Burk’s plot of the results.

in displaceable binding and a contemporary increase of
specific non-displaceable binding.

These findings confirm previous indirect studies which had
shown that picotamide shares the TxA,/PGH, receptor (Mo-
desti et al., 1989). In addition they show that both the
picotamide binding and the antiaggregating activity of pico-
tamide occur slowly, reaching their maximum level after
about 20 min incubation. The slow onset of picotamide bin-
ding accounts for the apparently low in vitro antiaggregating
activity reported in previous studies (Gresele et al., 1989;
Berrettini ef al., 1990) in which the antiaggregating effect was
assessed after only 2—10 min incubation, i.e. before that the
binding equilibrium was reached.

The antiaggregating activity of picotamide is associated
with reduced TxA, formation which may be due both to
inhibition of TxA,-synthase by picotamide (Gresele et al.,
1989) and to the reduced platelet aggregation resulting from
TxA, receptor blockade. Indeed, TxA, formation during
collagen-induced platelet aggregation was found to be red-
uced by the simple receptor antagonists not provided with
TxA, synthase inhibitory properties (Hornby & Skidmore,
1984).
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Previous studies on the antiaggregating effects of picota-
mide (Gresele et al., 1989; Berrettini et al., 1990) led to the
suggestion that picotamide could act as a competitive TxA,
inhibitor. However, the present kinetic analysis of the [meth-
ylene*H]-picotamide binding showed a more complex pattern.
Indeed [methylene®H]-picotamide was readily and almost
completely displaced from the TxA, receptor during the first
20 min of incubation whereas after the first 20 min the non
displaceable amount progressively increased and paralleled
the reduction of specific binding. This pattern conformed to
that of non-competitive receptor inhibitors (Patscheke, 1990)
and suggests a stable interaction of picotamide with the TxA,
platelet receptor. The progressively increasing non displace-
able binding of picotamide is unlikely to be due to a simple
diffusion of the drug into the platelets because the non
displaceable binding of [methylene’H]-picotamide was satur-
able, reached a plateau and was specifically blocked by the
addition of unlabelled picotamide. The non displaceable bin-
ding was found to be almost completely inhibited when the
binding experiments were performed at 4°C. This fact and the
observation that the K, of the specific non reversible binding
was in the same order of magnitude of the receptor binding
K, are indicative of an internalization of the TxA, receptor-
picotamide complex, although a simple non reversible recep-
tor blockade cannot be excluded. Previous studies reported
evidence of internalization of the TxA, receptor after the
binding of ONO11120 (an antagonist of TxA,) in human
platelets (Modesti et al., 1990) and U46619 (a TxA,-mimetic)
in cultured human leukaemic cells (Dorn, 1991).

In conclusion, picotamide binds to the TxA, receptor on
human platelets with peculiar kinetics. After a first stabilizing
period when the binding of picotamide is still reversible, a
progressive stabilization of the binding takes place, resulting
in an irreversible receptor blockade. For these characteristics
picotamide is to be considered an inhibitor of platelet activity
displaying both competitive and non competitive activity
against thromboxane A,-mediated responses.
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Differential effects of Na*,K+-ATPase inhibition by ouabain
on acid secretory responses to histamine and bethanechol in the

mouse isolated stomach
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Yayoi-cho, Inage-ku, Chiba 263, Japan

1 The effect of Na*,K*-ATPase inhibition by ouabain on gastric acid secretion was studied in the
mouse isolated whole stomach preparation.

2 Ouabain caused a transient enhancement of histamine-induced gastric acid secretion followed by an
inhibitory phase. On the other hand, ouabain caused a rapid reduction of bethanechol-stimulated acid
secretion without an enhancement phase.

3 In dibutyryl cyclic AMP-induced acid secretion, ouabain led to a transient increase in acid secretion
followed by a fall, as was seen with the histamine stimulation. Ouabain caused a rapid reduction of
A23187-induced acid secretion.

4 Ouabain by itself increased basal acid secretion, and thereafter slowly suppressed the acid secretion.
5 Atropine inhibited both the ouabain-induced enhancement of the stimulated gastric acid secretion
and the ouabain-induced stimulation of basal acid secretion.

6 The present study showed that Na*,K*-ATPase inhibition by ouabain caused a phasic enhancement
of the stimulated gastric acid secretion through release of endogenous acetylcholine when the
secretagogues act via an intracellular cyclic AMP pathway. It also inhibited the stimulated acid secretion
irrespective of secretagogues, probably through its inhibitory effect on Na*,K*-ATPase in the gastric

parietal cell.

Keywords: Gastric acid secretion; parietal cell; Na*,K*-ATPase; ouabain; omeprazole; mouse isolated stomach

Introduction

Endogenous ouabain and digitalis-like factor have been
recently identified in plasma of several mammals, including
man (Hamlyn er al, 1991; Mathews et al., 1991). Previous
studies have suggested an adrenal origin (Rauch & Buckalew,
1988; Boulanger et al., 1993). The physiological roles of these
compounds have not yet been defined, but the amounts of
these compounds are elevated in plasma with experimental
and clinical hypertension (Hamlyn er al, 1982; 1988).
Because digitalis-like activity has been found to be widely
distributed among tissues, these humoral substances are
likely to influence numerous processes in many tissues. In the
present paper, we focus our attention on gastric acid secre-
tion. This study may lead to speculation that endogenous
ouabain modifies gastric acid secretion in physiological and
pathological conditions.

We have studied the ion transport system in the parietal
cell basolateral membrane (Horie er al., 1992; 1993a,b).
Na*,K*-ATPase in the gastric parietal cell regulates intracel-
lular K* that is required for acid secretion by H*,K*-
ATPase (Sachs er al., 1976). Inhibition of Na* ,K*-ATPase
by ouabain is well known to inhibit gastric basal acid secre-
tion in frog gastric mucosa (Cooperstein, 1959; Davenport,
1962). Ouabain also reduced histamine-stimulated acid prod-
uction in rabbit gastric glands (Berglindh ez al., 1980; Koelz
et al., 1981). However, the effects of ouabain on the stimula-
tion by acid secretagogues except histamine remain to be
clarified because acid secretagogues acting on intracellular
Ca’* pathway, such as bethanechol, have little stimulatory
effect on acid production in rabbit gastric gland (Soll &
Berglindh, 1987). Therefore, we attempted to study further
the effect of ouabain on acid secretion stimulated by
bethanechol as well as histamine in mouse isolated stomach

! Author for correspondence.

and compared our results with the effect of Na*,K*-ATPase
inhibition caused by K*-free serosal solution.

Methods

Measurement of gastric acid secretion in the mouse
isolated whole stomach

Male ddY mice (10—20 g) were used. Gastric acid secretion
was measured in the isolated lumen-perfused stomach
preparation as described previously (Wan, 1977; Angus &
Black, 1979) with a slight modification (Watanabe et al.,
1993). Briefly, the oesophagus and the pylorus were ligated
under urethane (1.5gkg™!, i.p.) anaesthesia. After a dual
cannula was attached to the forestomach, the stomach was
quickly removed. The stomach was set in an organ bath
containing a buffered serosal solution (20 ml) maintained at
37 £ 1°C and gassed with 95% O, and 5% CO,. The stomach
lumen was continuously perfused with an unbuffered mucosal
solution through an inlet tube of the dual cannula connected
to a perfusion pump at the rate of 1 ml min~!. The perfusate
from an outlet of the cannula was recovered as a fraction per
10 min with a fraction collector. The perfusing pressure in
the stomach was kept at 20 cmH,O. The acid output in the
10-min perfusate fraction was determined by titrating with
2mN NaOH to the end point of pH 5.0, by using an
automatic titrator (AUT-201, Toa Electronics, Tokyo,
Japan). Gastric acid secretion in each 10-min fraction was
expressed as a percentage of the maximum response to the
secretagogue used in each preparation. The nutrient solutions
were prepared as described by Szelenyi (1981). The serosal
nutrient solution contained (mM): NaCl 118.1, KCl 4.8,
KH,PO, 1.0, Na,HPO, 16, MgSO, 1.2, CaCl, 0.65 and
glucose 31.6. The mucosal nutrient solution contained (mM):



88 S. HORIE er al.

NaCl 135.8, KCl 4.8, MgSO, 1.2, CaCl, 1.3 and glucose 31.6,
and was adjusted to pH 5.0. K*-free serosal solution was
made by substituting KCl and KH,PO, for NaCl and
NaH,PO, on an equimolar basis, respectively. Drugs were
applied to the serosal solution.

Chemicals

Chemicals were obtained from the following sources:
ouabain, histamine dihydrochloride and atropine sulphate
from Nacalai Tesque (Kyoto, Japan); bethanechol chloride
and dibutyryladenosine-3':5-cyclic monophosphate sodium
salt (db cyclicAMP) from Sigma Chemical (St. Louis,
U.S.A)); A23187 from Calbiochem (San Diego, U.S.A.).
Omeprazole was kindly gifted from Yoshitomi Phar-
maceutical (Osaka, Japan). A23187 was dissolved in absolute
ethanol and omeprazole was suspended in a 0.5%
methylcellulose-0.2% NaHCO; solution (pH 9.0). All other
drugs were dissolved in water.

Data analysis

Results are expressed as the mean * s.e.mean of data from n
number of mice. Statistical analysis was done with Student’s
two-tailed ¢ test for unpaired observations or one-way
analysis of variance followed by the Bonferroni test. The
difference between groups was considered statistically
significant at P <0.05.

Results

Effects of ouabain on gastric acid secretion stimulated by
histamine and bethanechol

Histamine (500 uM) and bethanechol (10 puM) produced a
sustained increase in gastric acid secretion that reached a
plateau within 30 min. Ouabain was added to the serosal
solution 30 min after the stimulation. Ouabain, at 100 uM
only, caused a transient increase in histamine-induced gastric
acid secretion immediately after the addition. After that, the
gastric acid secretion slowly decreased; total inhibition was
observed 30 min later (Figure 1a). On the other hand, all
concentrations of ouabain caused a rapid decrease in the
bethanechol-stimulated acid secretion (Figure 1b). These
inhibitions were concentration-dependent.

Effects of K*-free serosal solution and omeprazole on
gastric acid secretion stimulated by histamine and
bethanechol

The composition of the serosal solution was changed to
K*-free to inhibit Na*,K*-ATPase. K*-free serosal solution
caused a transient enhancement of histamine-induced gastric
acid secretion immediately after the solution replacement
(Figure 2a). In contrast, K*-free medium caused a rapid
reduction of acid secretion by bethanechol (Figure 2b).

Omeprazole produced a rapid reduction of gastric acid
secretion stimulated by either histamine or bethanechol
(Figure 3a,b).

Effects of ouabain on gastric acid secretion stimulated by
~dibutyryl cyclic AMP (db cyclicAMP) and A23187

db cyclicAMP (300 uM) or A23187 (30 uM) produced a sus-
tained increase in gastric acid secretion which reached a
plateau within 60 min. Ouabain caused a transient increase in
db cyclicAMP-induced acid secretion followed by an
inhibitory phase (Figure 4a). On the other hand, ouabain
produced a rapid decrease in A23187-induced acid secretion
(Figure 4b).
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Figure 1 Effects of ouabain on (a) histamine (Hist)- and (b)
bethanechol (BeCh)-stimulated gastric acid secretion in the mouse
isolated whole stomach. Ouabain was applied 30 min after Hist
(500 uM) or BeCh (10 pm) was added. Gastric acid output per 10 min
was expressed as a percentage of the maximum response to the
secretagogue used (Hist: 3.36£0.21; BeCh: 2.83+0.26 uEq
10 min-') in each preparation. *P<<0.05, **P <0.01, significantly
different from the control group. Each value represents
mean * s.e.mean; n=6 for (a); n=4-6 for (b). Control (O);
ouabain 10 pum (@), 30 um (A), 100 uM ().

Effect of ouabain on basal acid secretion

The isolated whole stomach has a spontaneous output of
acid without exogenous stimulation. This preparation con-
stantly secreted basal acid at the rate of 3.22 £ 0.34 uEq h~!
over an hour (n=5). The basal secretion was inhibited by
the proton pump inhibitor, omeprazole (Horie et al., 1993a)
but was inhibited neither by atropine (1puM™, 3.41 +0.45
pEqh-!, n=15) nor by famotidine (10 uM, 4.36 * 0.56 pEq
h=!, n=>5). These results are consistent with the previous
findings of Black & Shankley (1985). Thus, the basal acid
secretion is closely related to the activity of parietal cell
function in the resting condition.

Ouabain tended to increase basal acid secretion
immediately after its addition. The following secretory res-
ponse to ouabain was expressed as net increase over the basal
acid output in 10-min fraction before the ouabain addition:
control, 0.23 £ 0.07 pEq 10 min~!; ouabain 30 pum, 0.24
0.09pEq 10min~!, P>0.8 vs. control group; 100 puM,
0.51%0.15pEq 10min~!, P=0.24 vs. control group;
300 uM, 0.60:£0.18uEq 10min-!, P=0.12 vs. control
group; 1 mM, 1.02+0.23 uEq 10 min~!, P=0.004 vs. cont-
rol group; n =7 (the Bonferroni test). The ouabain-induced
acid secretion was followed by a sustained fall lower than the
basal value (Figure 5).
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Effects of atropine on ouabain-induced enhancement of
gastric acid secretion

Atropine (1 uM) inhibited the ouabain- or K*-free serosal
solution-induced enhancement of gastric acid secretion
stimulated by histamine (Figure 6a,c). Atropine also tended
to inhibit the ouabain-induced enhancement of acid secretion
stimulated by db cyclicAMP (Figure 6b). Moreover, the
ouabain-increased basal acid secretion was abolished by
atropine (Figure 5). On the other hand, atropine did not
modify the effect of ouabain on A23187-induced acid secre-
tion (data not shown).

Discussion

We studied the effect of ouabain on gastric acid secretion
stimulated by bethanechol as well as histamine in the mouse
isolated lumen-perfused stomach preparation. The prepara-
tion used has the following advantages: acid output can be
measured directly as H* concentration under more physio-
logical conditions than the gastric gland; secretagogues acting
on intracellular Ca?* pathway can produce acid secretion as
effectively as those acting on intracellular cyclic AMP path-
way.
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Figure 2 Effects of K*-free serosal solution on (a) histamine (Hist)-
and (b) bethanechol (BeCh)-stimulated gastric acid secretion in the
mouse isolated whole stomach. The treatment with K*-free solution
was carried out 30 min after Hist (500 pM) or BeCh (10 pMm) was
added. In a control group, the serosal solution was replaced with
fresh solution 30 min after the secretagogue was added for com-
parison with K*-free serosal solution group. Gastric acid output per
10 min was expressed as a percentage of the maximum response to
the secretagogue used (Hist: 2.36 £ 0.24; BeCh: 2.45% 0.24 pEq
10 min~!') in each preparation. *P<<0.05; **P < 0.01, significantly
different from the control group. Each value represents
mean + s.e.mean; n=>5. Control (O); K*-free serosal solution (@,
A).

The present results showed that ouabain caused a transient
enhancement of histamine-induced acid secretion followed by
an inhibitory phase. The omission of K* from the serosal
solution, in order to inhibit Na‘*,K*-ATPase, also provided
similar results to the ouabain treatment. Atropine abolished
the phasic enhancement of acid secretion. These findings
suggest that this response to ouabain or K*-free solution is,
in great part, due to endogenous acetylcholine (ACh) release
from nerve endings. It has been previously reported that
ouabain causes endogenous ACh release due to inhibition of
Na* K*-ATPase in postsynaptic neurones (Satoh &
Nakazato, 1992; Adam-Vizi, 1992; Adam-Vizi et al., 1993).
The release of endogenous catecholamines by ouabain has
also been reported in other tissues (Karaki et al., 1978;
Wallick et al., 1982; Marin et al., 1986). Accordingly, it is
suggested that ouabain inhibits Na* K*-ATPase in post-
synaptic neurones to cause excitation and release of ACh.
The ouabain-induced enhancement of acid secretion may be
explained by a synergism of action between histamine and
released ACh (Berglindh, 1977). It contrast, the effect of
ouabain or K*-free solution on the bethanechol-induced acid
secretion was only inhibitory. In can, therefore, be speculated
that there is an absence of a synergism of action between
bethanechol and released ACh. Taken together, we suggested
that Na*,K*-ATPase inhibition leads to the release of

endogenous ACh, followed by a decrease in stimulated acid
secretion.
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Figure 3 Effects of omeprazole on (a) histamine (Hist)- and (b)
bethanechol (BeCh)-stimulated gastric acid secretion in the mouse
isolated whole stomach. Omeprazole was applied 30 min after Hist
(500 pm) or BeCh (10 pum) was added. Gastric acid output per 10 min
was expressed as a percentage of the maximum response to the
secretagogue used (Hist: 3.40+0.19; BeCh: 3.20%0.13 pEq
10min-') in each preparation. **P<0.01, significantly different
from the control group. Each value represents mean  s.e.mean;
n=5 for (a); n=5-6 for (b). Control (O); omeprazole 10 pMm (@),
100 pm (H).
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We studied the effects of ouabain on stimulation by
secretagogues acting directly on intracellular signal transduc-
tion mechanisms. Ouabain caused a transient rise in the
membrane-permeable cyclic AMP analogue db cyclicAMP-
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Figure 4 Effects of ouabain on (a) dibutyryl cyclic AMP (dbcAMP)-
and (b) A23187-stimulated gastric acid secretion in the mouse
isolated whole stomach. Ouabain was applied 60 min after dbcAMP
(300 uM) or A23187 (30 uMm) was added. Gastric acid output per
10 min was expressed as a percentage of the maximum response to
the  secretagogue used (dbcAMP: 4.62+0.27, A23187:
2.83+026pEq 10min~') in each preparation. *P<0.05;
** P <0.01, significantly different from the control group. Each value
represents mean % s.e.mean; n = 6 for (a); n = 5 for (b). Control (O);
ouabain 10 um (@), 30 uM (A), 100 pm (H).

2000 -

Ouabain
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Figure 5 Effect of ouabain on basal acid secretion and effect of
atropine (Atr) on the response to ouabain in the mouse isolated
whole stomach. Atr (1um) was applied 10 min before ouabain
(1 mMm) was added. *P <0.05, **P <0.01, significantly different from
the control group. Each value represents mean * s.e.mean; n = 6-7.
Control (O); Atr (@).

induced acid secretion followed by a fall, as was seen with
the histamine stimulation. This enhancement may also be
related to a synergism of action between db cyclicAMP and
the ACh released by ouabain. On the other hand, ouabain
produced a rapid decrease in the Ca?* ionophore A23187-
induced gastric acid secretion, similar to that seen with
bethanechol stimulation. These results suggest that ouabain-
induced enhancement of stimulated gastric acid secretion can
only be obtained when the secretagogues act via an intracel-
lular cyclic AMP pathway.
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Figure 6 Effects of atropine (Atr) on (a) the ouabain- and (c) the
K*-free serosal solution-induced enhancement on gastric acid
secretory response to histamine (Hist) in the mouse isolated whole
stomach. Atr (1 uM) was applied 10 min before Hist (500 uM) was
added, and ouabain (100 pm) or K *-free serosal solution was applied
30 min after histamine was added. (b) Effect of Atr on ouabain-
induced enhancement of gastric acid secretory response to dibutyryl
cyclic AMP (dbcAMP) in mouse isolated whole stomach. Atr (1 uM)
was applied 10min before dbcAMP (300 um) was added, and
ouabain (100 uM) was applied 60 min after dbcAMP was added.
Gastric acid output per 10 min was expressed as a percentage of the
maximum response to the secretagogue used in each preparation.
*P <0.05; **P<0.01, significantly different from the control group.
Each value represents mean * s.e.mean; n= 6 for (a) and (b); n=35
for (c). Control (O); Atr (@®).
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Ouabain by itself caused an increase in basal acid secretion
in an apparently concentration-dependent fashion, but this
was statistically significant only at the high concentration.
This increased basal acid secretion may also be due to the
endogenous ACh. A phasic increase produced by ouabain in
acid secretion was followed by a sustained decrease lower
than the original basal value. It was previously reported that
ouabain or its related compounds inhibited the basal acid
secretion in the frog gastric mucosa (Cooperstein, 1959;
Davenport, 1962).

As to the direct effect of ouabain on gastric parietal cell
function, ouabain is known to inhibit histamine-induced acid
formation in the rabbit gastric gland, as judged by the
aminopyrine accumulation method (Berglindh et al., 1980;
Koelz et al., 1981). The present study not only supports their
findings, but also shows that ouabain inhibits stimulated acid
secretion irrespective of secretagogues. Treatment with K*-
free solution also provided the same results, resulting from
the inhibition of Na*,K*-ATPase in the gastric parietal cell.
The mechanisms involved in the antisecretory effect of
ouabain are not fully understood, but several mechanisms
could be suggested based on previous reports. In particular,
because the maintenance of intracellular K* is mainly due to
Na*,K*-ATPase and K* is required for acid formation
(Sachs et al., 1976), inhibition of Na*,K*-ATPase would
decrease gastric acid secretion. In addition, the inhibition of
this enzyme also produces an increase in intracellular Na*
level (Davenport, 1962). Because intracellular Na* plays an
inhibitory role in the acid-transporting system after histamine
stimulation (Koelz et al., 1981), the increase in Na* would
reduce gastric acid secretion. Similarly, we reported that
monensin, an artificial Na*-H* exchanger, inhibited
stimulated gastric acid secretion, probably through an in-
crease in both intracellular pH and Na* (Horie et al., 1992).

The characteristic of this antisecretory effect of ouabain is
apparently similar to that of omeprazole, an H*,K*-ATPase
inhibitor (Fellenius et al., 1981; Sachs et al., 1988), in that
these compounds can inhibit acid secretion stimulated by any
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Comparative analysis of the vagal stimulation of gastric acid
secretion in rodent isolated stomach preparations
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1 Electrical field stimulation produced a tetrodotoxin-sensitive, frequency-dependent, release of acid
from isolated, lumen-perfused, stomach preparations from mouse, immature rat and guinea-pig.

2 In the guinea-pig and mouse preparations, the frequency-dependent response was abolished by
hexamethonium, acetylcholine (ACh) muscarinic (M) and histamine H,-receptor blockade, consistent
with the hypothesis that the vagal ACh acts indirectly by stimulating the release of endogenous

histamine.

3 In contrast, in the rat preparation the frequency-dependent response was partially refractory to all of
these inhibitors. However, a combination of H,- and ACh M-receptor blockade did abolish the effect.

4 We conclude that vagal-stimulated acid secretion in the rat, unlike the other two species, behaves as
though there is a direct innervation of the oxyntic cells by either cholinergic or noncholinergic neurones.

Keywords: Receptor, muscarinic; gastric acid secretion; vagus nerve; histamine; rodent isolated stomach preparations

Introduction

The role of the vagus in the regulation of gastric acid secre-
tion is complex. In vivo, the response to vagal stimulation
may be inhibited by atropine, histamine H,-receptor an-
tagonists (Grossman & Konturek, 1974) or by antrectomy
(Olbe, 1964), implicating a role for histamine and gastrin as
well as acetylcholine (ACh) acting at ACh muscarinic (M)-
receptors.

Previously, the frequency-dependent acid secretion obtained
by electrical field stimulation of the isolated, lumen-perfused,
stomach preparation from the mouse was concluded to be
due to preganglionic stimulation of the vagus nerve resulting
in the postganglionic release of ACh as judged by the inhibi-
tion produced by tetrodotoxin, hexamethonium and atropine
(Angus & Black, 1982). Similar results were found (Baird &
Main, 1978) in a gastric mucosal sheet preparation from the
rat, although in that assay the stimulation was apparently
post-ganglionic because it was refractory to hexamethonium.
Subsequently, we presented preliminary data in the mouse
stomach preparation showing that the frequency-response
was abolished by histamine H,-receptor blockade (Black &
Shankley, 1987), although the response to a stable,
efficacious, ACh M-receptor agonist, S-methylfurmethide,
was relatively refractory (Black & Shankley, 1985a). These
results in the mouse were explained by proposing that
neurally-released ACh, perhaps restricted by cholinesterase
activity and localized release, acted predominantly to
stimulate histamine secretion, whereas S5-methylfurmethide
was able to gain access to the M-receptors on the oxyntic cell
as well as those on the histamine cell. In contrast, Main &
Pearce (1978) reported that the histamine H,-receptor
antagonist, metiamide, was ineffective against both metha-
choline and electrical field stimulation of the vagus in their
rat isolated gastric mucosal sheet preparation.

In an attempt to resolve these conflicting results, we have
investigated the response to electrical field stimulation in a
comparative study in isolated, lumen-perfused, stomach
preparations from mouse, immature rat and guinea-pig.

! Author for correspondence.

Methods

Isolated, lumen-perfused, stomach preparations

Mouse and rat Gastric acid secretion was measured in
isolated, lumen-perfused, stomach preparations essentially as
described previously for the mouse (Black & Shankley,
1985b). Young adult male mice (Charles River 22-26 g),
fasted for 18 h prior to experimentation but with free access
to water, and pre-weaned rat pups (Wistar 32—38 g corres-
ponding to age range 10—23 days) were used. Animals were
killed by cervical dislocation, the abdomen opened and the
oesophagus ligated close to the stomach. A polythene can-
nula (2 mm internal diameter) was inserted into the pylorus
via the duodenal bulb, and a small incision made in the
fundus through which the stomach contents were gently
washed. A second cannula was tied into this incision. The
stomachs were then transferred into a 40 ml organ bath
containing buffered serosal solution (mM: NaCl 118, KCl 4.8,
MgSO4 1.2, KHZPO‘ 1.14, NaHPO4 15.9, Caclz 0.65 and
glucose 31.6) maintained at 37°C and gassed with 95% O,
and 5% CO,. The preparations were continuously perfused
from the fundic to the pyloric cannulae with warmed
unbuffered mucosal solution (mM: NaCl 135, KCl 4.8,
MgSO, 1.2, CaCl, 1.3 and glucose 31.6) gassed with 100%
0,, and the perfusate passed over a pH-electrode system
adjusted to provide 12 cmH,0 intragastric pressure.

Guinea-pig Due to the large size of the guinea-pig stomachs,
especially following distension because of the back pressure
applied to the lumen-perfusate, ‘half stomach assays were
prepared. Male guinea-pigs, weighing 180-220 g, were killed
by cervical dislocation, the abdomen opened, the duodenal
bulb removed and a polythene cannula inserted into the
antral end of the stomach. A cut was made round the
stomach from the lesser curvature at the level of the cardiac
sphincter, retaining approximately half of the glandular por-
tion, and the stomach contents were gently washed out. The
tissue was removed and a further catheter inserted into the
aperture created and tied to form a water-tight seal. The
guinea-pig preparations were mounted in 40 ml organ baths
which were maintained at 34°C because preliminary studies
suggested that muscle contraction was reduced at this lower
temperature.
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Experimental design

Six preparations were used simultaneously and, after a
60 min stabilization period, any not showing stable basal
responses were rejected (less than 5%). Thereafter, drugs
were added to the serosal solution according to individual
experimental protocols. The total vehicle volume did not
exceed 1 ml. A randomized block design was used through-
out for allocation of experimental treatments such that, as
far as possible, each organ bath received each treatment
within the course of an experiment.

Acid secretory responses were expressed as ApH, that is
the difference between basal pH, measured immediately prior
to experimental intervention, and stimulated pH. The
stomach preparations were electrically stimulated with a pair
of platinum, ring electrodes (ring diameter 2 mm, wire
diameter 0.5 mm) placed either side of the stomach in the
region of the fundic glands (Black & Shankley, 1986). The
intensity of stimulation was standardized at 10 V with square
wave pulses of 0.5 ms duration. Single cumulative frequency-
effect curves were obtained over a frequency range of 1 to
30 Hz.

Data analysis

Where possible, the frequency-effect curve data from individ-
ual preparations were fitted by means of an iterative least
squares minimization programme to a general logistic func-
tion to provide estimates of the midpoint location (logfs),
midpoint slope parameter (p) and upper asymptote (), as
described previously (Black & Shankley, 1985b). For display
purposes the individual computed parameter estimates for
each treatment group were expressed as mean * s.e.mean and
single logistic curves simulated shown superimposed upon the
experimental data.

Computed logistic curve-fitting parameters were compared
using Student’s ¢ test. Values of P<<0.05 were considered
significant.

Drugs

Tiotidine (a gift from Zeneca Ltd.) and famotidine (a gift
from Merck, Sharp and Dohme Ltd.) were dissolved in dilute
HCI to give 0.2 mM stock solutions. Subsequent dilutions

were made in distilled water. All other compounds were.

dissolved in distilled water and sources were: atropine sul{
phate, hexamethonium, tetrodotoxin (Sigma); CI-988 ([[3-
(1H-indol-3-yl)-2-methyl-1-oxo0-2-[[(tricyclo[3,3,1,1,>"]dec- 2-yl-
oxy)carbonyl)amino]propyllamino}-1-phenyl-ethylJamino}-4-oxo
butanoic acid (a gift from Parke Davis Ltd.), S-methylfur-
methide iodide (a gift from Wellcome Foundation Ltd.); and
McN-A 343 (4-(N-[-3-chlorophenyljcarbamoyloxy)-2-butyryl-
trimethylammonium chloride) (a gift from McNeil Labora-
tories USA Ltd.).

Results

Electrical field stimulation produced a frequency-dependent
release of acid from all three preparations (Figure 1a) which
was abolished by 10 uM tetrodotoxin (TTX) indicating neural
origin. The inhibition in the presence of TTX of the max-
imum frequency-dependent response in the guinea-pig, mouse
and rat preparations was 100 £ 13, 96 £ 5, 94 + 3%, respec-
tively. The responses in each assay were stable after 30 min,
although an initial peak was frequently observed in the
mouse assay (see Figure 1).

The frequency-dependent-response data could be fitted by
the logistic function (Figure 1b) and the parameter estimates
(Table 1) indicated that the curve obtained in the mouse
stomach assay had a lower midpoint slope than that obtained
in the immature guinea-pig and rat assays.

In the guinea-pig and mouse preparations, the frequency-
dependent responses were also abolished by blocking ganglia
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Figure 1 (a) Examples of experimental traces showing cumulative
frequency-dependent changes in the pH of the lumen perfusate dur-
ing electrical field stimulation of isolated, lumen-perfused, stomach
preparations from (I) mouse and immature (II) guinea-pig and (III)
rat. (b) Frequency-effect curve data corresponding to (a). The effect
is expressed as the change in pH (ApH) of the lumen perfusate from
the basal unstimulated level and is plotted as a function of the
frequency of electrical field stimulation. The curves shown superim-
posed on the mean data points (n = 4/5 £ s.e.mean) were obtained
using the logistic curve fitting parameters shown in Table 1 accord-
ing to the methods described in the text.

Table 1 Logistic curve-fitting parameters (midpoint location,
logfsp; midpoint slope parameter, p and upper asymptote,
a t s.e.mean) of control frequency-effect curves obtained in
isolated, lumen-perfused, stomach preparations from mouse,
immature guinea-pig and rat

n logfs, o(ApH) p
Mouse 5 0.86 £ 0.12 0.25£0.05 1.50 £ 0.16
Guinea-pig 4 060+0.03 045+007 2.17+048
Rat 5 0.48 £ 0.06 0.85+0.11 2.04+0.26

(hexamethonium) and ACh M-receptors (atropine). The
inhibition in the presence of hexamethonium, at a concentra-
tion (100 uM) shown previously to produce selective gang-
lionic blockade in the mouse stomach preparation by Angus
& Black (1982), of the maximum frequency-dependent res-
ponse in the guinea-pig and mouse preparations was 95t 5
and 96 X 5%, respectively. The inhibition in the presence of
atropine at concentrations approximately 1000 fold (20 um)
and 100 fold (2 pM) higher than the Kp values estimated in
guinea-pig and mouse preparations (Welsh er al., 1992), of
the maximum frequency-dependent response in the guinea-
pig and mouse preparations was 95 % 13 and 93 * 9%, res-
pectively. Similarly, histamine H,-receptor blockade, achieved
with concentrations of famotidine (20 uM) or tiotidine
(100 uM) which are approximately 1000 fold their Ky values
in these assays (Welsh et al., 1992), also abolished the res-
ponses in the guinea-pig and mouse preparations (Figure
2a,b).



In the rat assay, fully-defined frequency-effect curves could
still be obtained in the presence of any of these three
antagonists (Figures 2c and 3) although the curve maxima
were significantly reduced (28 £ 6, 36 £ 6, 47 * 11% inhibi-
tion with hexamethonium, atropine and tiotidine, respec-
tively). However, in the presence of both 100 uM tiotidine
and 20 uM atropine the response in the rat was completely
inhibited (Figure 4).

The possibility that gastrin was mediating part of the
frequency-dependent response in the rat assay was inves-
tigated by use of the gastrin/CCKp receptor antagonist,
CI-988 (Horwell et al., 1991). This ligand had no effect on
the frequency-effect curve (curve maxima: 0.68 £ 0.08 and
0.81 £ 0.05ApH, in the absence and presence of CI-988,
respectively) at a concentration (10 uM) greater than 300 fold
its reported Kj value (23 nM) at gastrin/CCKg-receptors in an
isolated preparation of rat gastric mucosa (Patel & Spraggs,
1992).

a b c
0.4 0.4r 0.6

ApH

0.0 Loq l 0.0te 0.0 Lo

b e—e—— [ —

0 1 0 1 2 0 1
Frequency Frequency Frequency

(log Hz2) (log Hz) (log Hz)

Figure 2 Frequency-effect curves obtained by electrical field stimula-
tion in isolated stomach assays from (a) immature guinea-pig, (b)
mouse and (c) immature rat in the absence (@) and presence (O) of
histamine H,-receptor block (100 uM tiotidine or 20 uM famotidine).
The curves shown superimposed on the mean data points (n =3/
9 * s.e.mean) were obtained by logistic curve fitting as described in
the text.
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Figure 3 Frequency-effect curves obtained by electrical field stimula-

tion of isolated stomach preparations from immature rats in the

absence (@) and presence (O) of (a) hexamethonium (100 pM) and

(b) atropine (20 um). The curves shown superimposed on the mean

gata points (n=7/8 X s.e.mean) were obtained by logistic curve
tting.
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Figure 4 Frequency-effect curves obtained by electrical field stimula-
tion in rat isolated stomach preparations in the absence (@) and
presence (O) of both atropine, (20 uM) and tiotidine (100 pM). The
curves shown superimposed /. on the mean data points (n=5/
6 * s.e.mean) were obtained by logistic curve fitting.

Discussion

Isolated, lumen-perfused, stomach preparations were chosen
for this comparative analysis because they retain the gastric
mucosal architecture so that the relationship between the
oxyntic, neural and histamine-secreting cells is maintained
during neural stimulation (Black & Shankley, 1985b). Elec-
trical field stimulation gave stable and reproducible acid
secretion responses in each of the assays using the stimula-
tion parameters previously optimised in the mouse stomach
(Angus & Black, 1982; Black & Shankley, 1986). The effects
of electrical field stimulation were totally blocked by TTX in
all preparations implying that the effects were mediated by
neural activity.

In the mouse and guinea-pig preparations we conclude
that, (i) as the effects were annulled by hexamethonium then
the frequency effects were mediated by preganglionic nerve
stimulation, (ii) as atropine also suppressed the frequency
effects then ACh was the postganglionic transmitter, (iii) as
histamine H,-receptor antagonism also blocked the frequency
effects, then neurally-released ACh acted predominantly to
release histamine. We have argued previously (Black &
Shankley, 1987) that the ACh was restricted to the region of
the histamine-secreting cells by neural configuration and by
cholinesterase activity. This view was confirmed, in the
mouse, by the finding that inhibition of cholinesterase pro-
duced tiotidine-refractory frequency effects as though ACh
could now diffuse to the location of the oxyntic cells (Black
& Shankley, 1987). We were unable to confirm this result in
the guinea-pig because cholinesterase inhibition by physo-
stigmine produced contractions of the stomach muscle
sufficiently powerful to interfere with lumen-perfusion.
Histamine-storing mast-cell-like cells in the subepithelium
and enterochromaffin-like-cells (ECL cells) have been des-
cribed (Hakanson, 1970; Hakanson & Sundler, 1991)
although their relationship to cholinergic neurones in the
gastric mucosa is apparently not described. However, discrete
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innervation of mucosal histamine-containing cells in the
small intestine has been reported (Newson et al., 1993).

The present results obtained in the mouse stomach
preparation are consistent with those previously reported by
Angus & Black (1982). In the rat, however, hexamethonium
only partially inhibited the frequency effects. If hexa-
methonium acts by blocking ganglionic nicotinic receptors
this indicates that both pre- and postganglionic fibres were
being stimulated or that there was an element of non-
nicotinic receptor-mediated ganglionic transmission. Either
way, on this evidence, we cannot know whether different
nerve pathways are involved. Previously, using a mucosal
sheet preparation from rat, Baird & Main (1978) found that
responses to electrical field stimulation were completely resis-
tant to hexamethonium. The difference between their results
and ours may be due to destruction of the autonomic ganglia
during the stripping of the smooth muscle, leaving only the
postganglionic fibres intact (Angus & Black, 1982).

The rat also differed from the guinea-pig and mouse in
that frequency effects were partially atropine-resistant.
Atropine and hexamethonium produced almost identical
effects on the frequency-effect curves. In both cases there was
a decrease in amplitude of the frequency-effect curves of
about 60% without changes in location or slope. This sug-
gests that the effects which are resistant to both hexa-
methonium and atropine may be mediated by the same nerve
fibres which would, therefore, be different from those
mediating the drug-sensitive effects. The congruence of hexa-
methonium and atropine effects in the rat may imply that, as
in other species, the preganglionic pathways connect to the
cholinergic neurones.

References

ANGUS, J.A. & BLACK, J.W. (1982). The interaction of choline esters,
vagal stimulation and H,-receptor blockade on acid secretion in
vitro. Eur. J. Pharmacol., 80, 217-224.

BAIRD, A.W. & MAIN, LHM. (1978). Characterisation of acid
secretory responses of the rat isolated gastric mucosa to electrical
field stimulation. Br. J. Pharmacol., 64, 445-446P.

BLACK, J.W. & SHANKLEY, N.P. (1985a). Pharmacological analysis
of muscarinic receptors coupled to oxyntic cell secretion in the
mouse stomach. Br. J. Pharmacol., 86, 601-607.

BLACK, J.W. & SHANKLEY, N.P. (1985b). The isolated stomach
preparation of the mouse: a physiological unit for phar-
macological analysis. Br. J. Pharmacol., 86, 571-579.

BLACK, J.W. & SHANKLEY, N.P. (1986). Pharmacological analysis of
the inhibition by pirenzepine and atropine of vagal-stimulated
acid secretion in the isolated stomach of the mouse. Br. J.
Pharmacol., 88, 291-297.

BLACK, J.W. & SHANKLEY, N.P. (1987). How does gastrin act to
stimulate oxyntic cell secretion? Trends Pharmacol. Sci., 8,
486-490.

GROSSMAN, M.I. & KONTUREK, S.J. (1974). Inhibition of acid secre-
tion in dog by metiamide, a histamine antagonist acting on H,
receptors. Gastroenterol., 66, 517-521.

HAKANSON, R. (1970). Properties of enterochromaffin and entero-
chromaffin-like cells. Acta Physiol. Scand. Suppl., 340, 1-134.

HAKANSON, R. & SUNDLER, F. (1991). Do histamine-storing cells in
the gastric mucosa mediate the acid-stimulating action of gastrin?
In Histamine and Histamine Antagonists. Handbook Exp. Phar-
macol., Vol. 97, pp. 325-346. Berlin: Springer Verlag.

In the rat preparation, histamine H,-receptor blockade
only partially inhibited the frequency effects. As with hexa-
methonium and atropine, tiotidine did not alter the location
and slope parameters of the frequency-effect curves but
decreased their amplitude by about 60%. However, in the
presence of a combination of both atropine and tiotidine, the
frequency effects were more or less abolished. Therefore, it
seems that the histamine-dependent portion of the response is
not the atropine-sensitive portion; that is, it is not, or not
entirely, due to ACh M-receptor stimulated histamine release.
It is as though atropine removes the component refractory to
H,-receptor blockade and tiotidine removes the component
refractory to ACh M-receptor blockade, leading to the con-
clusion that there is both direct cholinergic innervation plus a
non-cholinergic innervation which either releases histamine
by releasing an unknown transmitter or, more economically,
the transmitter is histamine. Histamine and gastrin contain-
ing nerves in the stomach submucosa have been described
(Uvnas-Wallenstein et al., 1977). Gastrin does not appear to
be a candidate because the atropine-resistant frequency
effects were not blocked by the gastrin/CCKjg-receptor anta-
gonist, CI-988.

In the rat, the partial inhibitory effects of H,-receptor
blockade indicate that, unlike other species, direct innerva-
tion of oxyntic cells by cholinergic or non-cholinergic
neurones is involved in addition to neural release of his-
tamine. These indications raise the question of whether, in
the rat, in addition to direct cholinergic and direct his-
taminergic mechanisms, there is also an indirect cholinergic
release of histamine as in the other species.

HORWELL, D.C., HUGHES, J.,, HUNTER, J.C., PRITCHARD, M.C,,
RICHARDSON, R.S., ROBERTS, E. & WOODRUFF, G.N. (1991).
Rationally designed ‘dipeptoid’ analogues of CCK. a-methyl-
tryptophan derivatives as highly selective and orally active gastrin
and CCK-B antagonists with potent anxiolytic properties. J.
Med. Chem., 34, 404-414.

MAIN, LH.M. & PEARCE, J.B. (1978). A rat isolated gastric mucosal
preparation for studying the pharmacology of gastric secretion
and the synthesis or release of endogenous substances. J. Phar-
macol. Methods, 1, 27-38.

NEWSON, B.,, DAHLETROM, A., ENERBACK, L. & AHLMAN, H.
(1983). Suggestive evidence for a direct innervation of mucosal
mast cells. Neurosci., 10, 565-570.

OLBE, L. (1964). Effect of resection of gastrin releasing regions on
acid response to sham feeding and insulin hypoglycemia in Pav-
lov pouch dogs. Acta Physiol. Scand., 62, 169-175.

PATEL, M. & SPRAGGS, C.F. (1992). Functional comparison of
gastrin/cholecystokinin receptors in isolated preparations of gas-
tric mucosa and ileum. Br. J. Pharmacol., 106, 275P.

UVNAS-WALLENSTEIN, K., REHFELD, J.F., LARSSON, L.I. & UVNAS,
B. (1977). Heptadecapeptide gastrin in the vagal nerve. Proc.
Natl. Acad. Sci. U.S.A., 74, 5707-5710.

WELSH, N.J., SHANKLEY, N.P. & BLACK, J.W. (1992). Comparison of
antagonist pKp estimates in lumen-perfused assays from guinea-
pig, rat and mouse. Br. J. Pharmacol., 106, 98P.

( Received November 9, 1993
Revised January 14, 1994
Accepted January 19, 1994)



Br. J. Pharmacol. (1994), 112, 97-106

© Macmillan Press Ltd, 1994

Anticonvulsant effects of the glycine/NMDA receptor ligands

D-cycloserine and D-serine but not R-(+)-HA-966 in

amygdala-kindled rats

'Wolfgang Loscher, ZPiotr Wlaz, Chris Rundfeldt, Halina Baran & Dagmar Honack

Department of Pharmacology, Toxicology, and Pharmacy, School of Veterinary Medicine,‘Bﬁnteweg 17, 30559 Hannover,

Germany

Keywords:

\
1 The effects of the glycine/NMDA receptor partial agonists, D-cycloserine and (+)-HA-966 and the
full agonist, D-serine, on focal seizure threshold and behaviour have been determined in amygdala-
kindled rats, i.e. a model of focal (partial) epilepsy. The uncompetitive NMDA receptor antagonist,
MK-801, was used for comparison.
2 The high efficacy glycine partial agonist, D-cycloserine, did not alter the threshold for induction of
amygdaloid afterdischarges (ADT) at doses of 20—80 mg kg~' i.p., but significant ADT increases were
determined after application of higher doses (160 and 320 mg kg~'). The ADT increases after these high
doses were long-lasting; significant elevations were still observed 2 days after drug injection. Determina-
tion of D-cycloserine in plasma and brain tissue showed that it was rapidly eliminated from plasma.
Compared to peak levels in plasma, only relatively low concentrations of D-cycloserine were measured in
brain tissue.
3 The low efficacy glycine partial agonist, (+)-HA-966, 10-40 mg kg~! i.p., did not alter the ADT or
seizure recordings (seizure severity, seizure duration, afterdischarge duration) at ADT currents. How-
ever, the drug dose-dependently increased the duration of postictal behavioural and electroencephalo-
graphic depression in kindled rats. At the higher dose tested, postictal immobilization was dramatically
increased from 3 min to about 120 min. This might indicate that glutamatergic activity is decreased
postictally, which is potentiated or prolonged by (+)-HA-966.
4 Like D-cycloserine, the glycine receptor full agonist, D-serine, injected bilaterally into the lateral
ventricles at a dose of 5 umol, significantly increased the ADT, while no effect was seen at a lower dose
(2.5 pmol).
5 The anticonvulsant effects observed with D-cycloserine were completely antagonized by combined
treatment with (+)-HA-966, indicating that the effects of D-cycloserine were mediated by the glycine/
NMDA receptor complex.
6 MK-801, 0.1 mg kg™, did not alter the focal seizure threshold or seizure recordings at ADT current,
but induced marked phencyclidine(PCP)-like behavioural alterations, such as hyperlocomotion,
stereotypies and motor impairment. No PCP-like behaviours were observed after D-cycloserine, D-serine
or (+)-HA-966. High doses of (+)-HA-966 induced moderate motor impairment in kindled rats.
7 The long lasting increases in seizure threshold observed after the high efficacy glycine partial agonist,
D-cycloserine but not the low efficacy partial agonist, (+)-HA-966, may suggest that the effects of
D-cycloserine are mediated by adaptive changes in the NMDA receptor complex in response to glycine
receptor stimulation.
8 Pharmacological intervention at the strychnine-insensitive glycine receptor by high-efficacy partial
agonists with systemic bioavailability may be an effective means of increasing seizure-threshold without
concomitantly inducing PCP-like adverse effects.

Glycine receptors; NMDA receptors; glutamate; epilepsy; MK-801; dizocilpine; stereotypies; locomotor activity;

motor impairment; postictal depression

Introduction

The strychnine-insensitive glycine site of the N-methyl-D-
aspartate (NMDA) receptor complex has generated an enor-
mous amount of interest since it was first described seven years
ago by Johnson & Ascher (1987). It is now clear that occupa-
tion of the glycine site by an agonist is an absolute require-
ment for NMDA receptor activation and that glycine is, in
effect, a NMDA receptor co-agonist (Kemp & Leeson, 1993).
Because of this crucial role of the glycine site for NMDA
receptor activation, glycine receptor antagonists are thought
to have several therapeutic indications for diseases, including
cerebral ischaemia and epilepsy, in which glutamatergic
overactivity is thought to be involved (Carter, 1992). One
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advantage of glycine antagonists in this respect might be that
they have a larger therapeutic window than antagonists of
the NMDA receptor and associated ion channel (Carter,
1992). Indeed, glycine antagonists, such as 7-chlorokynurenic
acid, were shown to antagonize or attenuate convulsions in
different seizure models, including seizures induced by
NMDA, audiogenic stimulation, electroshock or amygdala-
kindling, without producing phencyclidine(PCP)-like
behavioural adverse effects (Croucher & Bradford, 1990;
Koek & Colpaert, 1990; Tricklebank & Saywell, 1990;
Croucher & Bradford, 1991; Baron et al., 1992). Based on
the role of NMDA receptors in the initiation and propaga-
tion of seizures (Dingledine et al., 1990; Loscher, 1993), the
NMDA potentiation by glycine and the anticonvulsant
activity of NMDA and glycine antagonists, it has been pro-
posed that glycine or glycine agonists such as D-serine are
proconvulsant (Foster. & Kemp, 1989). However, in contrast
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to that proposal, several reports have shown that 1-amino-1-
carboxycyclopropane, which is almost a full agonist (up to
90% efficacy of glycine), D-cycloserine, which has about
40-70% efficacy of glycine, and glycine itself have anticon-
vulsant activity when administered to animals in high doses
(Wood et al., 1966; Mayer et al., 1971; Lapin, 1981; Toth ez
al., 1983; Peterson & Boehnke, 1989; Skolnick et al., 1989;
Stark et al., 1990; Tricklebank & Saywell, 1990; Peterson,
& Schwade, 1993). Furthermore, glycine and D-serine were
found to potentiate the anticonvulsant effect of clinically
established antiepileptic drugs, while L-serine was ineffective
(Peterson, 1991). Since these data conflict with the current
theory of the role of glutamate receptors in seizures and
anticonvulsant drug actions, it has been proposed that the
anticonvulsant effect of glycine agonists and high efficacy
partial agonist cannot be explained entirely by their actions
at the glycine site of the NMDA receptor (Kemp & Leeson,
1993). However, Peterson (1992) demonstrated that the
anticonvulsant effect of D-cycloserine in the maximal elect-
roshock seizure (MES) test in rats could be antagonized by
the glycine antagonist, 7-chlorokynurenic acid.

In the present study, we were interested to examine if
D-cycloserine also exerts anticonvulsant effects in amygdala-
kindled rats, i.e. a widely used model of complex-partial
seizures with secondary generalization to clonic convulsions.
For comparison with D-cycloserine, we used the uncom-
petitive NMDA receptor antagonist, MK-801 (dizocilpine),
the full glycine receptor agonist, D-serine, and the low
efficacy partial glycine agonist (+)-HA-966 (R-(+)-3-amino-
1-hydroxypyrrolid-2-one), which has less than 8% of the
efficacy of the endogenous agonist, glycine (Henderson et al.,
1990).

Methods

Animals

Female Wistar rats (Harlan-Winkelmann, Borchen, Ger-
many), weighing 210-230 g, were used. The animals were
purchased from the breeder at a body weight of about 200 g.
Following arrival in the animal colony, the rats were kept
under controlled environmental conditions (ambient tem-
perature 24-25°C, humidity 50-60%, 12/12h light/dark
cycle, light on at 06 h 00 min) for at least 1 week before
being used in the experiments. Standard laboratory chow
(Altromin 1324 standard diet) and tap water were allowed ad
lib. All experiments were done between 08 h 00 min and
12 h 00 min.

Preparation of animals

The rats were anaesthetized with chloral hydrate (360 mg
kg~!, i.p.) and received stereotaxic implantation (according
to the surgery methods described in the atlas of Paxinos &
Watson, 1986) of one bipolar electrode in the right
basolateral amygdala. Coordinates for electrode implantation
were AP —-22, L —-4.8, V —8.5. All coordinates were
measured from bregma. Skull screws served as the indifferent
reference electrode. The electrode assembly was attached to
the skull by dental acrylic cement. In one group of rats,
intracerebroventricular (i.c.v.) injection guide cannulae were
implanted in addition to the bipolar amygdala electrode. In
each of these animals, two 0.6 mm guide cannulae were
bilaterally implanted 0.5 mm dorsal to the left and right
lateral ventricle. Coordinates for guide cannula implantation
were AP -08, L 15 V —29. A 0.35mm stylet was
placed in the cannulae to prevent clogging when not in use.
The guide cannulae were secured together with the electrode
assembly with dental acrylic cement. For i.c.v. drug injection,
a 0.35 mm injection needle that extended 1 mm beyond the
dorsal end of the guide cannula was inserted into each guide
cannula. In preliminary experiments, verification of the can-

nula placements was made by localization of a dye which had
been infused into the lateral ventricles.

Kindling

After a postoperative period of 2 weeks, constant current
stimulations (500 pA, 1 ms, monophasic square-wave pulses,
50s~! for 1s) were delivered to the amygdala at intervals of
1 day until 10 sequential stage 5 seizures were elicited.
Seizure severity was classified according to Racine (1972): (1)
immobility, eye closure, twitching of vibrissae, sniffing, facial
clonus; (2) head nodding associated with more severe facial
clonus; (3) clonus of one forelimb; (4) rearing, often accom-
panied by bilateral forelimb clonus; (5) rearing with loss of
balance and falling accompanied by generalized clonic
seizures. After kindling acquisition, the electrical suscep-
tibility of the stimulated region for triggering of paroxysmal
neuronal activity (threshold for induction of afterdischarges,
ADT) was recorded using an ascending step procedure
(Freeman & Jarvis, 1981). The initial current intensity was
10 pA, and the current intensity was increased in steps of
about 20% of the previous current at intervals of 1 min until
an afterdischarge of at least 3 s duration was elicited. Deter-
mination of ADTs was repeated at intervals of 2—3 days
until all animals exhibited reproducible seizure thresholds.
Since almost all fully kindled animals exhibited generalized
seizures (stage 4-5) at the ADT current, it was not necessary
to determine the threshold for generalized seizures (GST)
separately. In fully kindled rats, the ADT determined with
interstimulation intervals of 1 day was not different from
ADT values determined with interstimulation intervals of
1 min, thus demonstrating that the short interstimulation
interval did not bias ADT determinations. In addition to
ADT, in fully-kindled rats the following parameters of kind-
led seizures were measured at stimulation with the ADT
current: seizure severity was classified as described above.
Seizure duration was the duration of the limbic (stage 1-2)
and motor seizures (stage 3-5). Afterdischarge duration was
the total time of spikes (with an amplitude of at least twice
the amplitude of the prestimulus recording and a frequency
greater than 1s7') in the EEG recorded from the site of
stimulation. Furthermore, the period of postictal immobiliza-
tion (‘freezing’; defined as the period of immobility between
the end of the afterdischarge until the onset of locomotion)
was recorded.

Evaluation of drug effects on focal seizure threshold

The effects of MK-801, D-cycloserine, and (+)-HA-966 were
compared in groups of 6—10 fully kindled rats by determina-
tion of the ADT, i.e. the most sensitive measure of anticon-
vulsant effects on focal seizure activity in kindled rats. The
drugs were injected i.p. 1 h (D-cycloserine), 2.5h (MK-801)
or 0.5h ((+)-HA-966) prior to amygdala stimulation. The
effect of D-serine on ADT was determined 60 min after
bilateral i.c.v. administration of 2.5 or 5 umol (half of these
doses injected per site). These doses of D-serine were infused
i.c.v. in a volume of 4 pul (i.e. 2 pul per site) over a period of
1 min per site. The injection needle was left in place for an
additional 1-min period at the end of the infusion to allow
diffusion of the solution into the ventricles. Dosages and
pretreatment times were chosen on the basis of previous
dose-effect and time-course experiments with the drugs in
rats (Loscher & Honack, 1991a; Vartanian & Taylor, 1991;
Peterson, 1992). The control ADT was determined 2-3 days
before and after each drug treatment, and the next drug
experiment in the same group of rats was only undertaken if
the post-drug ADT was not significantly different from the
pre-drug ADT. For control determinations, rats received i.p.
or i.c.v. injection of vehicle (saline) with the same pretreat-
ment time used for drug testing. For all drug experiments, at
least 4 days were interposed between 2 drug injections in the
same group of rats in order to avoid alterations in drug
potency due to cumulation or tolerance.
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Evaluation of behavioural effects

Behavioural alterations after administration of test drugs
were determined at different times after injection of each
compound up to 2 min before amygdala stimulation. For all
observations, rigorous observational protocols described
elsewhere were used (Loscher & Honack, 1991b; 1992).
Hyperlocomotion, head weaving (swaying movements of the
head and upper torso from side to side for at least one
complete cycle; i.e. left-right-left), stereotyped sniffing, biting,
licking or grooming, reciprocal forepaw treading (‘piano
playing’), stereotyped rearing, hyperexcitability (as indicated
by increased reactions to noise or handling), tremor, abduc-
tion of hind limbs, reduction of righting reflexes, flat body
posture, circling, Straub tail and piloerection were scored
using a ranked intensity scale where O =absent, 1=
equivocal, 2 = present and 3 = intense. Behavioural altera-
tions other than those decsribed above were recorded
separately. Ataxia was quantitated by a rating system as
described recently (Loscher er al., 1987). In short, animals
were taken out of the cage, placed in an open field, observed
for about 1 min and ataxia was rated as follows: (1) slight
ataxia in hind-legs (tottering of the hind quarters); (2) more
pronounced ataxia with dragging of hind legs; (3) further
increase of ataxia and more pronounced dragging of hind
legs; (4) marked ataxia, animals lose balance during forward
locomotion; (5) very marked ataxia with frequent loss of
balance during forward locomotion; (6) permanent loss of
righting reflexes, but animal still attempts to move forward.

In addition to rating of motor impairment in the open field,
impaired motor function was quantitated by the rotarod test
of Dunham & Miya (1957). The rotarod test was carried out
with a foam rubber coated rod of 6 cm diameter which
rotated at 8 r.p.m. Neurological deficit was indicated by
inability of the animals to maintain their equilibrium for at
least 1 min on the rotating rod. The kindled rats were trained
prior to drug experiments to remain on the rod. After drug
treatment, rats which were not able to maintain their equil-
ibrium on the rod for 1 min were put again on the rod a
further two times. Only animals which were not able to
remain on the rod during 3 subsequent 1 min trials were
considered to exhibit neurological deficit. For time course
studies, the rotarod test was performed at different times
after drug injection immediately after rating of adverse effects
in the open field.

Determination of D-cycloserine in plasma and brain

In two groups of 6 rats each (non-kindled but age-matched
with the kindled rats), D-cycloserine was injected at a dose of
320 mg kg~'. One group of rats was killed after 15 min, the
other after 60 min. A third group of rats received i.p. saline
and served as control. Blood was sampled for preparation of
plasma. The brains were rapidly removed and samples of the
frontal cortex were weighed and homogenized by an Ultra-
Turrax homogenizer in 2 ml of ice-cold 80% ethanol. Further
processing of plasma and brain samples was as described
recently (Rundfeldt & Loscher, 1992; Loscher et al., 1993).
D-Cycloserine was determined in plasma and brain by high
performance liquid chromatography (h.p.l.c.) after precolumn
derivatization by means of o-phthaldialdehyde/2-mercapto-
ethanol essentially as described recently for endogenous
amino acids (Rundfeldt & Loscher, 1992; Loscher er al.,
1993).

Statistics

All data are given as means * s.e.mean. In some experiments,
single animals responded differently from the other animals
of the group. In order to maintain normal distribution of
data, such outliers were not involved in presentation of
group means and deviation, but data from such animals are
mentioned in the text. Significance of differences between

seizure. readings in the same group of rats was calculated by
the Wilcoxon signed-rank test for paired replicates.

Drugs

D-Cycloserine and D-sérine were purchased from Sigma
(Munich, Germany). (+)-HA-966 (R-(+)-3-amino-1-hyd-
roxypyrrolid-2-one) was generously supplied by Merz & Co.
(Frankfurt/M, Germany) and MK-801 (dizocilpine maleate)
by Merck Sharp & Dohme (Rahway, NJ, U.S.A.). All drugs
were freshly dissolved in saline before each experiment and
were injected i.p. in a volume of 2-3mlkg~! or i.c.v. in a
volume of 4 pl.

Results

Effect of MK-801, D-cycloserine, (+ )-HA-966, and
D-serine on the focal seizure threshold (ADT) in
amygdala-kindled rats

The uncompetitive NMDA receptor antagonist, MK-801,
0.1 mgkg~', i.p., did not alter the ADT of kindled rats
(Figure 1) or seizure severity, duration of seizures and after-
discharges recorded at ADT currents (Table 1). The partial
glycine agonist, D-cycloserine, did not significantly alter the
ADT at doses of 20, 40 or 80 mgkg~' (Figure 1). At
80mgkg~', only 1 of 9 kindled rats (not included in the
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Figure 1 Effect of MK-801 (MK), D-cycloserine (DCS), D-serine
(DS) or (+)-HA-966 (HA) on focal seizure threshold (ADT) deter-
mined by electrical stimulation of the amygdala in amygdala-kindled
rats. Data are from experiments with groups of 8-11 fully kindled
rats (except 40 mg kg~' DCS, which is from a group of 6 animals).
The doses of drugs are shown below each column in mgkg~', i.p.
(for DS in pmol, i.c.v.). Control ADTs (with i.p. or i.c.v. injection of
saline) were determined 2-3 days before each drug experiment;
average pre-drug control ADT was 27.8 £ 1.6 pA (mean * s.e.mean
of 11 pre-drug control threshold determinations in groups of 6—11
rats). Drug data are shown as mean percentage (+s.e.mean) of the
individual pre-drug control threshold. Significant differences to pre-
drug control are indicated by asterisks (*P<<0.05; **P<0.01).
Pretreatment times were 2.5 h (MK), 1 h (DCS, DS) or 0.5h (HA).
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Table 1 Effects of MK-801, D-cycloserine, (+)-HA-966, D-serine, and a combination of D-cycloserine and (+)-HA-966 on ictal and

postictal recordings at ADT currents in kindled rats

Seizure severity

Drug Dose score
Control - 48+0.1
MK-801 0.1mgkg™! i.p. 47402
Control - 48+0.1
D-Cycloserine 20mgkg~' i.p. 4.71+0.2
Control - 42107
D-Cycloserine 40mgkg~! i.p. 45+02
Control - 49+0.1
D-Cycloserine 80mgkg~! i.p. 44104
Control - 49+10.1
D-Cycloserine 160 mg kg~! i.p. 42+04
Control - 4910.1
D-Cycloserine 320mgkg~' i.p. 43103
Control - 46+03
(+)-HA-966 10mgkg~! i.p. 5
Control - 49+0.1
(+)-HA-966 20mgkg~!' i.p. 40106
Control - 5
(+)-HA-966 40mgkg~! ip. 43404
Control - 5
D-Serine 2.5 umol i.c.v. 5
Control - 5
D-Serine 5.0 pmol i.c.v. 4.9+10.09
Control - 45103
D-Cycloserine 160 mgkg~! i.p.

plus (+)-HA-966 20 mg kg™! i.p. 45%03

Seizure recordings at ADT

Afterdischarge Postictal
Seizure duration duration immobilization
sec sec sec
432+72 780t 164 723+ 13.8
44.7%6.2 6221+ 16.7 6441143
65.0%6.8 121.7+13.1 113.9 £ 23.2
547159 959+ 19.7 58.9 & 14.2*
58.5+10.9 89.2+20.5 56.0 £ 13.2
51.5+6.4 902+ 179 66.3+18.2
46.7% 6.6 779+ 113 166.7 £ 32.5
46.7 £ 6.1 855+t 124 186.0 £ 39.9
52654 8421117 142.2 + 26.1
504+58 92.3+19.5 1749 £ 51.4
558142 86.2+10.0 172.6 £ 27.9
48.1+5.7 106.3 £ 28.1 196.8 + 34.8
50947 81.21+10.3 218.21+39.2
469149 6791938 511.3+£2354
453146 79.0+12.8 143.2+26.9
41.1£5.6 669+ 11.8 1839.3 + 878.2*
499132 81.6+6.2 206.6 + 37.6
3841+44 59.9+7.9* 7411.9 + 1661.4**
56.8+4.3 80.8 £ 10.0 1819+ 12.8
55.8+£3.7 82955 219.1x11.6
53.7+32 825145 190.7 £ 11.5
554149 815145 201.4 + 18.1
554+35 11471255 150.3 £ 26.5
575123 8241176 285.3 1 48.9**

Data are from experiments with groups of 9-11 fully kindled rats (except 40 mgkg~' D-cycloserine, which is from a group of 6
animals). Control ADTs (with i.p. or i.c.v. injection of saline) were determined 2-3 days before each drug experiment; average
pre-drug control ADT was 27.5% 1.1 pA (mean % s.e.mean of 12 pre-drug control threshold determinations in groups of 6—11 rats).
Pretreatment times were 2.5h (MK-801), 1 h (D-cycloserine, D-serine) or 0.5h ((+)-HA-966). In case of combined treatment with
D-serine and (+)-HA-966, both drugs were given 60 min prior to ADT determination. At the individual pre-drug and drug ADT
current, severity and duration of seizures as well as duration of amygdaloid afterdischarges were recorded. Furthermore, the duration
of postictal immobilization (‘freezing’) was determined. All data are shown as means % s.e.mean. Significant differences to pre-drug
control are indicated by asterisks (*P<<0.05; **P <0.01). ADT = afterdischarge threshold.

average data shown in Figure 1) exhibited a marked increase
in ADT in response to D-cycloserine. When the dose of
D-cycloserine was increased to 160 or 320 mgkg~!, sig-
nificant ADT increases were found 1h after administration
(Figure 1). Seizure severity, seizure duration and afterdis-
charge duration recorded at ADT currents were not changed
by treatment with D-cycloserine (Table 1).

The low efficacy partial glycine agonist, (+)-HA-966, did
not significantly alter the focal seizure threshold at doses of
10, 20 or 40 mgkg~' (Figure 1). At the two higher doses,
only 1 of 9-10 animals per group (not included in the
average data shown in Figure 1) displayed marked threshold
increases in response to (+)-HA-966. The severity or dura-
tion of seizures recorded at ADT currents was not altered by
(+)-HA-966 (Table 1).

With the full glycine agonist, D-serine, significant increases
in ADT were recorded 1h after i.c.v. injection of a dose of
5umol, but not 2.5pumol (Figure 1). Seizure parameters
recorded at ADT currents were not altered by treatment with
D-serine (Table 1).

The significant increase in ADT seen after high doses of
D-cycloserine was very long-lasting. Thus, it was still present
2 days after drug administration (Figure 2). In order to prove
the reproducibility of this long lasting alteration in ADT, the
experiment with 160 mg kg~' D-cycloserine was repeated in
two other groups of kindled rats: in both groups, the ADT
was significantly increased 2 days after drug administration

(not illustrated). In contrast, no ADT increases were seen
with MK-801, (+)-HA-966, D-serine or vehicle at post-drug
(or post-vehicle) control recordings (not illustrated).

Effect of combined treatment with D-cycloserine and
(+ )-HA-966 on the focal seizure threshold (ADT) in
amygdala-kindled rats

In this experiment, (+)-HA-966, 20mgkg~', and D-
cycloserine, 160 mg kg~!, were administered together, and the
ADT was recorded 1 h after injection as well as 2 and 5 days
later (Figure 3). In contrast to the findings with D-cycloserine
alone (Figures 1 and 2), the ADT was significantly decreased
after 1 h and not increased after 2 days (Figure 3). Thus,
(+)-HA-966 completely antagonized the anticonvulsant effect
in response to treatment with D-cycloserine.

Effect of (+ )-HA-966 on postictal immobilization

Following termination of a fully kindled (stage 4-5) seizure,
amygdala-kindled rats show a typical period of behavioural
depression (‘freezing’), during which the animals do not move
but infrequently show facial clonus or head nodding. This
postictal immobilization is associated with postictal depres-
sion (i.e. flattened activity) in the electroencephalographic
recording from the amygdala; the depressed electro-
encephalographic activity being interrupted by short periods
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Figure 2 Duration of the increase in focal seizure threshold (ADT)
after administration of high doses of D-cycloserine (DCS) in
amygdala-kindled rats. Data are mean * s.e.mean of a group of 9
fully kindled rats with reproducible ADTs. DCS was administered
i.p. at a dose of 160 mgkg~' 2 days after pre-drug ADT control
recording. The ADT shown for ‘DCS 160’ was determined 1 h after
drug administration. Two days after drug injection (2 days post-
drug), the ADT was still significantly elevated. Five days after drug
injection (5 days post-drug), ADTs were not different from pre-drug
control. Two days later, DCS was administered at a dose of
320mg kg~', i.p. and ADT was determined after 1 h (‘DCS 320°).
Similar to the experiment with 160 mgkg~!, the increase in ADT
was still present 2 days after drug injection (2 days post-drug), but
reached control level after 5 days. Significant differences from pre-
drug control are indicated by asterisks (*P <0.05; **P <0.01). The
time of day of ADT determinations was the same for all
experiments. At all control days, saline was injected 1h prior to
ADT determination. Saline injection alone did not induce any altera-
tions in ADTs (not illustrated).

of spiking only during the infrequent head nodding or facial
movements. As shown in Table 1, the postictal behavioural
depression normally lasts for about 1-4 min after termina-
tion of a kindled seizure and afterdischarge. Thereafter,
animals resume normal behaviour and electroencephalo-
graphic activity. (+)-HA-966 significantly increased the dura-
tion of postictal immobilization in a dose-dependent manner
(Table 1). At the highest dose, viz. 40 mg kg~!, (+)-HA-966
increased the duration of freezing almost 40 fold, resulting in
a total freezing time of 124 min! Concomitantly with the
prolongation of behavioural depression, the flattened activity
in the EEG (postictal depression) was prolonged (not illus-
trated). In contrast to (+)-HA-966, MK-801, D-cycloserine
or D-serine did not increase the duration of postictal
immobilization (Table 1) or postictal EEG depression. D-
Cycloserine significantly decreased the period of postictal
behavioural depression at 20 mg kg™' but not at any of the
other doses tested (Table 1). After combined treatment with
(+)-HA-966 and D-cycloserine, the effect of (+)-HA-966 on
postictal immobilization appeared to be reduced (Table 1),
but it has to be considered that pretreatment time of (+)-
HA-966 was 60 min in this experiment instead of 30 min in
the experiments with (+)-HA-966 alone.

Behavioural effects of MK-801, D-cycloserine,
(+)-HA-966 and D-serine in kindled rats

MK-801, 0.1 mgkg~!, induced the characteristic PCP-like
behavioural syndrome, consisting of hyperlocomotion, head
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Figure 3 Effects of combined treatment with D-cycloserine (DS;
160 mg kg~') and (+)-HA-966 (HA; 20 mgkg~') on focal seizure
threshold (ADT) in kindled rats. Data are means+s.e.mean of a
group of 10 fully kindled rats with reproducible ADTs. Both drugs
were administered consecutively 2 days after pre-drug ADT control
recording. The ADT shown for ‘DCS 160 + HA 20’ was determined
1h after i.p. drug administration. Significant difference from pre-
drug control is indicated by asterisk (*P<<0.05). Two and 5 days
after drug administration, the ADT was not significantly different
from pre-drug control. The time of day of ADT determinations was
the same for all experiments. At all control days, saline was injected
1h prior to ADT determination.

weaving, ataxia, piloerection, and infrequent circling, ab-
ducted hind limbs, reciprocal forepaw treading, flat body
posture and Straub tail. Most of these behavioural altera-
tions reached their maximal intensity after 1.5-2.5h. The
most intense behaviours, i.e. motor impairment, hyper-
locomotion and stereotypies (head weaving) are shown in
Figure 4. Motor impairment was characterized by ataxia in
the open field and inability of the rats to remain on the
rotarod. None of these MK-801-induced behavioural altera-
tions were seen after saline injection (not illustrated). D-
Cycloserine was almost devoid of any behavioural effects
(Figure 4). Some animals showed moderate piloerection and
Straub tail after high doses but nothing more. (+)-HA-966
induced moderate motor impairment at the highest dose
tested (Figure 4). Furthermore, piloerection and Straub tail
were observed in some rats. Combined treatment with D-
cycloserine and (+)-HA-966 did not induce more marked
adverse effects than single drug treatment (Figure 4). Neither
D-cycloserine nor (+)-HA-966, nor combined treatment with
both drugs induced PCP-like behaviours, such as hyper-
locomotion or stereotypies, at any dose tested. Furthermore,
no signs of proconvulsant activity were seen with D-
cycloserine at any time after treatment, including the 1-h
interval prior to ADT determination. In this period, electro-
encephalographic recordings from the amygdala showed nor-
mal activity without any indication of paroxysmal activity
(not illustrated). Similarly, no proconvulsant activity was
seen after i.c.v. injection of D-serine. Indeed, all rats behaved
normally after D-serine administration (Figure 4).
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Plasma and brain concentrations of D-cycloserine after
i.p. injection in rats

Following i.p. administration of D-cycloserine, 320 mg kg™,
high plasma levels of 3427 nmolml~' (350 pgml~') were
determined after 15 min (Table 2). Plasma levels rapidly dec-
lined to 2199 nmol ml~! after 60 min. From this decline, a
plasma half-life of about 70 min can be estimated. In con-
trast to plasma, levels of D-cycloserine in brain tissue in-
creased from 15 to 60 min after administration (Table 2).
Consequently, the brain/plasma ratio was only 0.13 after
15 min but 0.36 after 60 min. Peak brain levels obtained after
60 min were 800 nmolg~! (80pugg!), corresponding to
about 23% of peak plasma levels.
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Figure 4 Behavioural adverse effects of MK-801 (MK), D-
cycloserine (DCS), D-serine (DS), (+)-HA-966 (HA), or combined
treatment with HA and DCS in amygdala-kindled rats. The doses of
drugs are shown below each column in mgkg~', i.p. (for DS in
pmol, i.c.v.). Data are mean + s.e.mean of 9-11 fully kindled rats
per experiment (except data for DCS 40, which are from 6 animals)
and were determined immediately prior to ADT determinations. The
severity of motor impairment was scored by behavioural ratings (left
side of ordinate scale; open columns) and also determined in the
rotarod test (right side of ordinate scale; solid columns). For the
rotarod test, the percentage of animals which did not pass the test is
given. Hyperlocomotion and stereotypies (head weaving) were scored
by severity ratings. Other behavioural alterations not included in the
figure, such as circling and flat body posture, were only infrequently
observed with MK-801 and not at all with any of the other drugs.
For pretreatment times of drugs and further details, see legend to
Figure 1.

Table 2 Levels of D-cycloserine in plasma and brain tissue
after i.p. administration of D-cycloserine in rats

Concentration of D-cycloserine

Time after Plasma Frontal cortex Brain/plasma
administration (nmol ml-") (nmol g~ ") ratio
15 min 3427 £ 81.9 450+ 118 0.13
60 min 2199 £ 75.1 800 + 122 0.36

Data (means * s.e.mean) are from experiments with two
groups of 6 rats each. D-Cycloserine was administered at a
dose of 320mgkg~', i.p.

Discussion

D-Cycloserine was discovered in 1954 in a culture of Strep-
tomyces orchidaceus. Found to be a broad-spectrum anti-
biotic with a moderate degree of effectiveness in vitro against
the tubercle bacillus, its most important clinical application
has been in the treatment of tuberculosis (Mandell & Sande,
1990). Although the drug was found to be relatively nontoxic
in experimental animals (Tettenborn, 1988), in clinical use the
administration of high doses of D-cycloserine (1 g per day) to
tuberculosis patients has been attended by symptoms of
neurotoxicity, such as drowsiness, somnolence, hyperflexia,
mental confusion, psychotic states and tonic-clonic or
absence seizures (Storey & McLean, 1957; Mandell & Sande,
1990). Anticonvulsant effects of D-cycloserine were first
reported by Fust ez al. (1958) and Mayer et al. (1971) who
found that the drug had a moderate anticonvulsant effect in
fatal pentylenetetrazole (PTZ) shock in mice. More recently,
Peterson & Schwade (1993) showed that D-cycloserine
(50-300 mgkg~!, i.p.) dose-dependently blocked tonic but
not clonic PTZ seizures in rats with an EDs, of 109 mg kg~!,
i.p. The anticonvulsant effect was stereospecific in that L-
cycloserine was ineffective. Similar results were reported for
the MES test in rats, in which D-cycloserine, administered
either i.p. or i.c.v., induced significant anticonvulsant activity
with a time of peak effect of 1-2h and an EDs of
153 mgkg~!, i.p. or 5Spmol, i.c.v. (Peterson, 1992).

Shortly after the discovery of the stimulatory action of
glycine at the NMDA receptor, it was found that D-
cycloserine binds to the glycine/NMDA modulatory site (X;
2.3 umol 1-! compared to 0.2 umol 1-! for glycine) and acts
as a partial agonist of relatively high activity (cf., Carter,
1992; Kemp & Leeson, 1993). In in vivo experiments in mice
and rats, D-cycloserine was found to possess cognition-
enhancing properties, which were related to the partial
agonistic effects of this drug at the glycine/NMDA site
(Flood et al., 1992; Schuster & Schmidt, 1992; Sirvio et al.,
1992). Maximum cognition-enhancing effects were seen at i.p.
doses of 10-20 mg kg~'. In the present experiments in kind-
led rats, no behavioural or anticonvulsant effects were
observed after administration of D-cycloserine at doses of 20,
40 or 80 mg kg~!. Similarly, Peterson (1992) did not obtain
anticonvulsant effects in the MES test at doses below
100 mg kg~! D-cycloserine. Significant increases in focal
seizure threshold in kindled rats were found when the dose of
D-cycloserine was increased to 160 or 320 mg kg~!, which is
consistent with the dose-range reported by Peterson (1992)
and Peterson & Schwade (1993) to exert anticonvulsant
effects in the MES and PTZ tests in rats. In contrast to the
present data, Peterson & Schwade (1993) found that D-
cycloserine had no significant effect on kindled amygdala
seizures in doses up to 400 mg kg~!. However, Peterson &
Schwade (1993) used amygdala stimulation with a fixed sup-
rathreshold current of 400 pA, whereas we determined the
individual focal seizure threshold before and after application
of D-cycloserine, which may explain the differences between
experimental results.

After systemic application, D-cycloserine is distributed
throughout body fluids and tissues. There seems to be no
appreciable blood-brain barrier to the drug, since cerebro-
spinal fluid concentrations in tuberculosis patients are about
50% of those in plasma (Iwainsky, 1988). However, the
present data on D-cycloserine levels in plasma and brain
demonstrate that in rats, only about 20% of peak plasma
concentrations appear in the brain, which may explain the
relatively high doses of D-cycloserine necessary to induce
anticonvulsant effects. A similar low brain penetration rate
has previously been determined for D-cycloserine in rats by
Crema & Berté (1960). Consistent with the present data, peak
brain levels were determined after 60 min, and brain levels
rapidly declined thereafter with a half-life of about 2.2h
(Crema & Berté, 1960). In view of the limited penetration of
D-cycloserine from blood to brain in intact animals, the
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higher neurotoxicity of D-cycloserine in tuberculosis patients
compared to laboratory animals (Tettenborn, 1988) may thus
be a consequence of disturbed blood-brain-barrier function.

As shown by the present data, the increase in focal seizure
threshold in kindled rats following D-cycloserine lasted for
several days. In view of the rapid elimination of D-cycloserine
in rats, this long-lasting increase in seizure threshold is
difficult to explain by a direct anticonvulsant effect of the
drug mediated by the glycine site. However, the fact that
both the acute and the long-lasting increase of focal seizure
in response to D-cycloserine were antagonized by treatment
with the selective glycine receptor ligand, (+)-HA-966,
strongly indicate that these effects of D-cycloserine were due
to interactions with the glycine receptor.

One explanation for the long-lasting increase in seizure
threshold following administration of D-cycloserine would be
adaptive changes such as desensitization of glycine/NMDA
receptors in response to the high efficacy partial agonist.
Recent experiments with the glycine partial agonist ACPC
(1-aminocyclopropane-1-carboxylic acid), which has similar
intrinsic activity (60—80%) as D-cycloserine (Rao et al., 1990)
have suggested that the NMDA receptor complex can be
desensitized by treatment with a high efficacy partial glycine
agonist, resulting in significant protection against cerebral
ischaemia and NMDA-induced convulsions and death (von
Lubitz ez al., 1992; Skolnick et al., 1992). Such adaptive
changes in the NMDA receptor complex would also explain
the anticonvulsant effect of D-cycloserine found by Peterson
(1990) and the anticonvulsant effects of other glycine agonists
or high efficacy partial agonists reported by other groups (see
Introduction). However, the present finding that no pro-
longed increase in seizure threshold is induced by the glycine/
NMDA receptor full agonist D-serine (see below) would
argue against receptor desensitization as the responsible
mechanism for the long duration of D-cycloserine’s anticon-
vulsant effect.

Alternative explanations for the ‘paradoxical’ anticonvul-
sant effects of the glycine high efficacy partial agonist, D-
cycloserine, include the possibility that it might act by
potentiating the activity of an endogenous glutamate anta-
gonist, such as kynurenic acid (Kemp & Leeson, 1993), since
recent experiments by Norris ez al. (1992) have shown that
D-cycloserine, 320 mg kg~', significantly potentiated the
ability of MK-801 to raise seizure threshold. Furthermore, it
has been suggested that NMDA receptor-mediated release of
neurotransmitters such as noradrenaline and GABA may be
involved in the anticonvulsant effects of agonists or high
efficacy partial agonists at the strychnine-insensitive glycine
site (Peterson, 1991).

Interestingly, as with D-cycloserine, significant increases in
focal seizure threshold were also produced by the glycine
receptor full agonist D-serine, but the duration of this effect
was much shorter than with D-cycloserine. D-Serine is a
selective agonist of the strychnine-insensitive glycine receptor
with a similar affinity for the receptor to glycine (Kemp &
Leeson, 1993). The effects of D-cycloserine and D-serine in
kindled rats substantiate the theory that the strychnine-
insensitive glycine receptors are not saturated at physiological
concentrations of glycine and that exogenously administered
glycine agonists can influence the glycine receptor activity in
vivo (Singh et al., 1990b; Peterson, 1991; Carter, 1992; Kemp
& Leeson, 1993). To our knowledge, the present data are the
first demonstration of a direct anticonvulsant effect of D-
serine. In contrast to D-cycloserine, the blood-brain barrier is
almost impermeable to D-serine so that the compound has to
be administered centrally. However, oral administration of
very large doses of D-serine (2100 mg kg~') in rats was shown
to enhance the anticonvulsant effect of phenobarbitone, car-
bamazepine and phenytoin (Peterson, 1991).

If stimulation of glycine/NMDA receptors is essential for
the anticonvulsant effect observed after administration of the
high efficacy partial glycine agonist D-cycloserine and the full
agonist D-serine, then a low efficacy partial agonist should be

devoid of such anticonvulsant activity. This was proven with
(+)-HA-966, a highly selective ligand for the strychnine-
insensitive glycine site (Singh et al., 1990a). Tested in doses
of 10-40 mg kg~!, (+)-HA-966 did not exert any significant
effects on focal seizure threshold or severity and duration of
seizures recorded at seizure threshold. Observation of
behaviour showed that (+)-HA-966 induced motor impair-
ment in this dose-range, indicating that pharmacologically
active doses had been tested. Indeed, (+)-HA-966 was
recently reported to exert effects via NMDA receptors at
doses of 3—-30 mg kg~! in rats (Hutson et al., 1991; Dunn et
al., 1992; Bristow et al., 1993). In the only previous study in
which (+)-HA-966 was examined in amygdala-kindled rats,
the compound was injected into the amygdala (Croucher &
Bradford, 1991). Moderate (20—-30%) increases in GST were
found 20 min after intra-amygdaloid injections of 50-100
nmol (+)-HA-966, while seizure duration or afterdischarge
duration were not altered (Croucher & Bradford, 1991).
Although we did not determine the GST in our experiments,
most animals showed generalized motor seizures at ADT
currents, which were not affected by systemic treatment with
(+)-HA-966. Thus, the present experiments demonstrated
that, in contrast to D-cycloserine and D-serine, (+)-HA-966
was not capable of exerting anticonvulsant effects in the
kindling model. Similar findings were reported for i.c.v.
administration of the glycine antagonist, 7-chlorokynurenic
acid in amygdala-kindled rats (Morimoto & Sato, 1992),
thus suggesting that glycine antagonists or low efficacy
partial agonists are ineffective in this model of partial
epilepsy. Instead, as shown by the present data, (+)-HA-966
antagonized the anticonvulsant effect induced by D-cyclo-
serine.

Previous studies with systemic administration of (+)-HA-
966 in other seizure models have shown that very high doses
are needed to block NMDA-induced seizures (EDs, 900 mg
kg™") or tonic seizures in the MES test (EDs, 106 mg kg~') in
mice (Singh et al., 1990a; Vartanian & Taylor, 1991). We did
not try such high doses in kindled rats, since in the dose
range of 10-40 mg kg~!, (+)-HA-966 already caused marked
increases in the duration of postictal immobilization. At the
highest dose tested in the present study (40 mgkg™'), rats
were immobilized for more than 2 h following the kindled
seizure. The behavioural and EEG depression following kind-
led and other types of seizures is thought to represent
decreased or inhibited neuronal firing following seizure
activity (Goddard et al., 1986). Several neurotransmitter
systems, including GABA, adenosine and opioids, have been
involved in the mechanisms underlying these postictal altera-
tions (Dragunow, 1986; Goddard et al., 1986; Loscher, 1989).
For instance, similar prolongation of postictal depression as
obtained in the present study with (+)-HA-966 was
previously found with systemic administrations of morphine
and adenosine analogues in kindled rats (Frenk et al., 1979;
Whitcomb et al., 1990). It has been proposed that the
mechanisms involved in postictal behavioural and EEG
depression are responsible for spontaneous seizure arrest and
may forestall the onset of the next seizure or reduce the
severity of subsequent seizures (Dragunow, 1986, Goddard et
al., 1986; Loscher, 1989). In addition to behavioural and
electroencephalographic depression, the postictal phase of
kindled rats is characterized by intermittent postictal spiking,
which has been related to a paroxysmal activation of
inhibitory systems (Frenk er al., 1979; Engel et al., 1981).
However, as reported previously (e.g. Engel er al., 1981;
Loscher & Hénack, 1990a), this postictal spiking is often
associated with signs of limbic seizure activity (facial clonus,
head nodding) which could indicate an overlap of both ictal
and postictal phenomena during the phase of behavioural
depression. The finding that the low efficacy partial glycine
agonist, (+)-HA-966, markedly enhanced the duration of
postictal behavioural and EEG depression in kindled rats
may indicate that the glycine modulatory site is involved in
these postictal events and that (+)-HA-966 possibly acts as a



104 W.LOSCHER et al.

glycine antagonist by potentiating and/or prolonging a post-
ictal decrease of glutamatergic activity.

The lack of anticonvulsant activity of the uncompetitive
NMDA receptor antagonist, MK-801, in fully kindled rats
confirmed previous reports on this drug (McNamara et al.,
1988; Loscher & Hénack, 1991a). MK-801 was primarily
included in the present experiments for direct comparison of
PCP-like behavioural effects with adverse effects in response
to the glycine site ligands. Neither D-cycloserine nor (+)-
HA-966 produced PCP-like behavioural alterations in kind-
led rats, confirming previous observations with these drugs in
non-kindled rodents (Hutson et al., 1991; Peterson, 1992;
Bristow et al., 1993). Only in one study with i.c.v. injection in
mice, 5,7-dichlorokynurenic acid, (+)-HA-966 and D-cyclo-
serine were reported to induce head weaving, but the peak
intensity of the response was never more than 12% of that
seen with MK-801 (Tricklebank & Saywell, 1990). We have
recently shown that amygdala-kindled rats are more suscep-
tible to PCP-like adverse effects, including head weaving, of
NMDA antagonists than non-kindled rats, most probably
because of the kindling-induced changes in glutamate recep-
tor function (Léscher & Honack, 1991b,c). The present data
seem to indicate that this higher susceptibility of kindled rats
to behavioural adverse effects of NMDA receptor antagonists
does not extend to glycine site ligands, although motor
impairing effects of (+)-HA-966 were observed at lower
doses than reported previously for non-kindled rats (Bristow
et al., 1993).

In conclusion, the present findings indicate that the
strychnine-insensitive glycine receptor can be manipulated by
high efficacy partial agonists such as D-cycloserine to effect
changes in the NMDA receptor complex leading to long-
lasting decreases in seizure susceptibility. As recently sug-
gested from experiments with the partial glycine agonist
ACPC (von Lubitz et al., 1992; Skolnick et al., 1992), this
strategy might be interesting for treatment of disorders
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Presence of P,-purinoceptors in the rat pineal gland
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1 The effects of noradrenaline, ATP, adenylyl-imidodiphosphate (AMP-PNP), adenosine, a,8-methyl-
ene-ATP and the P,-purinoceptor antagonist, suramin on N’-acetyl-5-hydroxytryptamine production
were studied in cultured denervated rat pineal glands.

2 Noradrenaline (3 nM-1 pM) increased N’-acetyl-5-hydroxytryptamine production as measured both

in the gland and the culture medium.

3 In noradrenaline (10 nM)-stimulated pineal glands, ATP (0.03 nM—1 mM) or AMP-PNP (0.1 uM—
1 mM) increased N'-acetyl-5-hydroxytryptamine production in a concentration-dependent manner.

4 «o,B-Methylene-ATP at the concentration of 0.1 mM, but not 3 uM, attenuated the enhancement by
ATP (0.1 mM) of noradrenaline (10 nM)-induced N'-acetyl-5-hydroxytryptamine production.

5 Suramin (0.1 mM) blocked the potentiating effect of ATP (0.1 mM), but not the potentiating effect of
adenosine (0.1 mM) in glands incubated with noradrenaline (10 nM).

6 These findings suggest that the rat pineal gland possesses P,-purinoceptors which when stimulated
potentiate the effect of noradrenaline but do not, by themselves, induce an increase in N'-acetyl-5-

hydroxytryptamine production.

Keywords: P,-purinoceptor; pineal gland; N'-acetyl-5-hydroxytryptamine production

Introduction

Noradrenaline released from sympathetic nerve terminals in
the pineal gland triggers the nocturnal peak of melatonin due
to activation of pineal arylalkylamine-N-acetyltransferase
(NAT, EC 2:3.1.87), the rate-limiting enzyme that converts
5-hydroxytryptamine (5-HT) to the immediate precursor of
melatonin, N’-acetyl-5-hydroxytryptamine (N’-acetyl-5-HT)
(e.g. Sugden, 1989). This activation is due to noradrenaline
acting through B,- and a;-adrenoceptors. B-Adrenoceptor
activation is an absolute requirement, while «,-adrenoceptor
activation potentiates the p-adrenoceptor stimulation (Klein
et al., 1983).

ATP is thought to be released along with noradrenaline
during neurotransmission and has been suggested as a co-
transmitter in postganglionic sympathetic neurones (Burn-
stock, 1976). Released ATP may be metabolized by ectoen-
zymes to adenosine (Nikodijevic & Klein, 1989) or may act
directly on postsynaptic receptors (Burnstock, 1976). Recep-
tors that mediate effects of adenosine and adenine
nucleotides are classified into P,- and P,-purinoceptors based
mainly upon the order of potency of various agonists (Burn-
stock, 1978). Biochemical, pharmacological and receptor-
binding studies have led to a subdivision of the adenosine
receptors (P,-purinoceptors) into A; and A, receptors (van
Calker et al., 1979), and of P,-purinoceptors into P, and P,
purinoceptors (Burnstock & Kennedy, 1985).

Stimulation of adenosine A, receptors by adenosine or its
analogues (Sarda et al., 1989; Gharib et al., 1992) clevates
the pineal content of adenosine 3':5'-cyclic monophosphate
(cyclic AMP) (Nikodijevic & Klein, 1989; Nonaka er al.,
1991). Noradrenaline, acting through B-adrenoceptors,
activates NAT by means of an increase in cyclic AMP (Klein
et al., 1981). The effect of adenosine on the NAT pathway,
however, is controversial. Some authors describe an increase
in N’-acetyl-5-HT or in melatonin production in pineal
glands in culture (Vacas et al., 1989; Gharib et al., 1992) or
after in vivo administration (Gharib et al., 1989), while others
did not observe an increase in NAT activity or melatonin

! Author for correspondence.

production by adenosine analogues in cultured glands
(Nonaka et al., 1991).

No attempt has been made so far to search for a direct
action of ATP on P,-purinoceptors in the pineal gland. The
aim of the present paper was to investigate the effect of
P,-purinoceptor stimulation on N'-acetyl-5-HT production in
cultured rat pineal glands.

Methods

Male and female Wistar rats (180-200 g) were kept under
light-dark cycle of 12:12 h with water and food ad libitum.
The animals were killed by decapitation between
09h 00 min-11h 00 min and their pineal glands rapidly
dissected and immediately placed in ice-cold chemically
defined BGJb medium to which was added 2 mM glutamine,
0.1 mg ml~! ascorbic acid and 10 ng mi~' ampicilin.

The glands were incubated (37°C; 95% 0,:5% CO,) in the
same medium (1 gland per well, 200 ul per well) in a 24
multiwell plate for 48 h prior to treatment. Presynaptic
elements degenerate during this period, resulting in a com-
pletely denervated preparation (Parfitt er al., 1976). The
medium was changed after 24 h. After 48 h, the glands were
placed in fresh medium for 1 h and then incubated with
agonists during 5h. The agonists ATP, AMP-PNP or
adenosine were added simultaneously with noradrenaline.
o,B-Methylene-ATP and suramin, when present, were added
10 min and 15 min, respectively, prior to other treatments. At
the end of the incubation period, glands and medium were
placed in different microtubes and stored at — 70°C.

The N'-acetyl-5-HT content in the gland and incubation
medium was determined by high performance liquid
chromatography (h.p.l.c.) with electrochemical detection
based on the method described by Mefford & Barchas (1980).
The indoleamine was separated on a Resolve C;g reversed-
phase column (5pm, 150 X 3,9 mm i.d. from Waters, Mil-
ford, Mass.,, U.S.A). The chromatographic system
(Shimadzu, Kyoto, Japan) was isocratically operated with the
following mobile phase: 0.1 M sodium acetate, 0.1 M citric
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acid, 0.15 mM EDTA, 8% methanol, pH 3.7 at a flow rate of
0.5mlmin~!. The detector potential was adjusted to
+0.90 V (vs. Ag/AgCl reference electrode). Each gland was
homogenized (5s) in ice cold 0.1 M perchloric acid (120 ul),
containing 0.02% EDTA and 0.02% sodium bisulphite. Pro-
tein and cell debris were removed by centrifugation (13,000 g,
5 min, 4°C) and 20 pl of the clear supernatant or the incuba-
tion medium was injected into the chromatographic system.

Adenylyl-imidodiphosphate (AMP-PNP) was purchased
from Boehringer, Mannheim, Germany; ascorbic acid from
Hoechst, Brazil; citric acid, EDTA, sodium acetate, sodium
bisulphite, methanol and perchloric acid from Merck, Brazil;
adenosine, ATP, N-acetylserotonin, noradrenaline from
Sigma, St Louis, U.S.A.; a,f-methylene-ATP from RBI,
Natick, U.S.A.; BGJb medium from Gibco-BRL, Gaithers-
burg, U.S.A.: suramin from Bayer, Leverkusen, Germany.

Results are expressed as ng per pineal or ng per well. All
data are presented as mean % s.e.mean. Statistical com-
parisons were made by Student’s ¢ test.

Results

Effect of noradrenaline and noradrenaline in the presence
of ATP

Noradrenaline (3 nM—1 pM) increased N’-acetyl-5-HT prod-
uction in a concentration-dependent manner as measured in
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Figure 1 Effect of noradrenaline (3 nM—1 pM, O, n=4-12) and
noradrenaline (3 nM—1 pM) plus ATP (1 mM, @, n=4-10) on N'-
acetyl-5-hydroxytryptamine  (N’-acetyl-5-HT)  production  as
measured in tissue (a) and incubation medium (b). Glands were
incubated with drugs for 5 h. The points on the left represent control
(absence of drugs) and ATP alone. Values are mean with s.e.mean.
*P<0.05; **P<0.01 (® versus O).

the tissue as well as in the incubation medium (Figure 1).
Addition of ATP (1 mM) significantly increased the N'-acetyl-
5-HT content in glands incubated with concentrations of
noradrenaline lower than 1pM (Figure la). In the medium,
after this same treatment, the amount of N'-acetyl-5-HT
accumulated after 5h of incubation was augmented at all
concentrations of noradrenaline used (Figure 1b). ATP by
itself did not change pineal and medium N’-acetyl-5-HT
levels (controls: <0.3 ng per pineal and 1.89 * 0.53 ng per
well, n = 12; ATP: <0.3 ng per pineal and 1.94 * 0.48 ng per
well, n = 8).

Studies with P, agonists

In pineals stimulated with noradrenaline (10 nm), ATP
(0.03 mM-1 mM) increased N'-acetyl-5-HT production in a
concentration-dependent manner (Figure 2).

AMP-PNP bears a close structural resemblance to ATP,
yet is resistant to hydrolysis by most ATPases (Yount et al.,
1971). It mimics ATP effects in snail neurones (Yatani et al.,
1982), rat dorsal horn neurones (Jahr & Jessell, 1983) and
rabbit basilar artery (von Kiigelgen & Starke, 1990). In
pineals stimulated with noradrenaline (10 nm), AMP-PNP
(0.1 pM—1 mM) increased tissue and incubation medium
Nr-acetyl-5-HT content in a concentration-dependent man-
ner, similar to ATP. Like ATP, AMP-PNP by itself had no
effect on N'-acetyl-5-HT levels (<0.3ng per pineal and
1.24 £ 0.37 ng per well, n=38).
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Figure 2 Effect of ATP (0.03 mM-1mM, @, n=5-7) and AMP-
PNP (0.1 pm—1 mm, B, n=4-7) on N'-acetyl-5-hydroxytryptamine
(N'-acetyl-5-HT) production induced by noradrenaline (10 nM) as
measured in tissue (a) and incubation medium (b). Glands were
incubated with drugs for Sh. The point on the left represents
noradrenaline (10nM, O, n=12) alone. Values are mean with
s.e.mean.



o,B-Methylene-ATP at a concentration of 3puM was
ineffective either in potentiating the increase by noradrenaline
of N'-acetyl-5-HT production or in inhibiting the poten-
tiating effect of ATP. However, at a concentration of 0.1 mM,
o,B-methylene-ATP attenuated the potentiating effect of ATP
(Figure 3).

Studies with suramin

Suramin possesses antagonistic properties at P,-purinoceptors
(Dunn & Blakely, 1988). Suramin decreased the potentiating
effect of ATP on N'-acetyl-5-HT production induced by
noradrenaline (Figure 4). In contrast, the potentiating effect
of adenosine (0.1 mM) was not blocked by suramin (Figure
4).

Discussion

Incubation of cultured denervated pineal glands for 5 h with
noradrenaline led to an increase in N'-acetyl-5-HT produc-
tion dependent on the concentration of the agonist. The
concentration-range of noradrenaline was similar to that
shown to increase the activity of the enzyme NAT, responsi-
ble for N'-acetyl-5-HT synthesis, in pineal glands cultured for
24 h (Klein & Weller, 1973).

ATP potentiated, in a concentration-dependent manner,
the production of N'-acetyl-5-HT induced by noradrenaline.
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Figure 3 Effect of of-methylene-ATP («,8 m-ATP, 3puM and
100 uM) on N'-acetyl-5-hydroxytryptamine (N’-acetyl-5-HT) produc-
tion induced by noradrenaline (10 nM) and noradrenaline (10 nm)
plus ATP (0.1 mM) as measured in tissue (a) and incubation medium
(b). a,p-mATP was added 10 min prior to other treatments. Values
are the mean with s.e.mean; n=5-12. *P<0.05 compared to
noradrenaline; $P<0.05 compared to noradrenaline plus ATP.
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The experiments with purinoceptor agonists and suramin
indicate that this potentiation is mediated by P, purinocep-
tors. The effect of ATP was mimicked by the less-
hydrolysable analogue AMP-PNP and blocked by the com-
petitive antagonist, suramin. o,f-Methylene-ATP, which
selectively desensitizes P,-purinoceptors in several tissues,
also blocked the potentiating effect of ATP. On the other
hand, the effect of adenosine, which is mediated by A,-
purinoceptors (Sarda et al., 1989; Nikodijevic & Klein, 1989),
was not blocked by suramin. Thus, the denervated pineal
gland possesses P,-purinoceptors which when stimulated
potentiate the effect of noradrenaline but do not, by
themselves, induce an increase in N’-acetyl-5-HT production.

Extracellular ATP serves as messenger in many tissues
(Burnstock, 1990). Specific receptors for ATP mediate a vari-
ety of effects, some involving second messenger pathways
(endothelial cells, Pirotton et al., 1987; hepatocytes, Charest
et al., 1985; adrenal chromaffin cells, Sasakawa et al., 1989)
and others involving the entry of extracellular calcium via
direct activation of ion channels (arterial smooth muscle,
Benham & Tsien, 1987; chick skeletal muscle, Thomas &
Hume, 1990; urinary bladder smooth muscle, Schneider et
al., 1991), or opening of calcium voltage-dependent channels
(rat vas deferens, French & Scott, 1981). In all the cases
mentioned there is an increase of intracellular calcium.

In the pineal gland, agents that elevate cytosolic calcium,
including potassium, ouabain, ionomycin, ionophore A23187
or a;-adrenoceptor agonists (Sugden et al., 1986; 1987), are
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Figure 4 Effect of suramin on N'acetyl-5-hydroxytryptamine (N'-
acetyl-5-HT) production induced by noradrenaline (10 nm) plus ATP
(0.1 mM) or plus adenosine (0.1 mM) as measured in tissue (a) and
incubation medium (b). Suramin (0.1 mm) was added 15 min prior to
other treatments. Values are the mean with s.e.mean; n=6-12.
*P<0.05 compared to noradrenaline; +P<<0.05 compared to
noradrenaline plus ATP.
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ineffective by themselves, but potentiate the p-adrenoceptor-
mediated cyclic AMP increase and stimulation of NAT
(Klein et al., 1981). The potentiating effect of a,—adrenocep-
tor agonists depends on the activation of protein kinase C
and an increase in intracellular calcium (Sugden e al., 1986;
1987). If stimulation of P,-purinoceptors increases the
cytosolic calcium concentration in the pineal gland, as it does
in other tissues, then ATP or analogues should not increase
N'-acetyl-5-HT production by themselves, but should, poten-
tiate noradrenaline-induced N’-acetyl-5-HT production as
observed. It must be pointed out that noradrenaline, by
stimulating «;-adrenoceptors, increases intracellular calcium
concentration; thus, if ATP is acting via calcium it should
further increase the intracellular calcium concentration.

In summary, ATP and the less-hydrolysable analogue
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Drug modulation of antigen-induced paw oedema in
guinea-pigs: effects of lipopolysaccharide, tumour necrosis
factor and leucocyte depletion
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1 In guinea-pigs previously sensitized with ovalbumin, the intra-plantar administration of the antigen
induced dose-dependent and sustained oedema. An intense infiltrate of neutrophils and eosinophils was
observed at the peak of the oedema (4 h).

2 Oedema induced by ovalbumin at the doses of 50 or 200 pg/paw was not inhibited by antihistamines
(meclizine and cetirizine), a PAF antagonist (BN 50730), a cyclo-oxygenase inhibitor (indomethacin), a
lipoxygenase inhibitor (MK-886), a dual type lipo- and cyclo-oxygenase inhibitor (NDGA), a bradykinin
antagonist (Hoe 140) or the combination of cetirizine, MK-886, indomethacin and BN 50730. These
drugs did inhibit paw oedema induced by their specific agonists or by carrageenin. These results suggest
that histamine, PAF, prostaglandins, leukotrienes or bradykinin are not important in the development
of immune paw oedema in guinea-pigs.

4 Dexamethasone (10 mg kg™') inhibited oedema induced by ovalbumin (50 or 200 pg/paw, P <0.05).
This effect apparently does not result from inhibition of arachidonate metabolism, since indomethacin,
MK-886 and NDGA were without effect.

5 Oedema induced by ovalbumin (50 or 200 pug/paw) was also inhibited by azelastine. This effect was
not due to the anti-histaminic property of azelastine since two other potent-antihistamines, meclizine
and cetirizine, were ineffective.

6 Intravenous injection of lipopolysaccharide (LPS) dose-dependently inhibited the oedema induced by
ovalbumin (200 pg/paw). This effect could not be attributed to hypotension or leucopenia since the
maximal dose applied (81 ug kg™') did not induce significant changes in the blood pressure or in the
white blood cell levels of the animals. It is suggested that the effect of LPS is mediated by the
endogenous release of cytokines, including tumour necrosis factor (TNFa). Murine TNFa dose-
dependently (9-81 pg kg™') inhibited the paw oedema induced by ovalbumin.

7 The anti-oedematogenic effects of LPS and/or TNFa are possibly associated with their capacity to
inhibit leucocyte emigration. Accordingly, guinea-pigs rendered leucopenic with vinblastine exhibited less
intense oedema after ovalbumin. Vinblastine did not affect oedema induced by PAF or bradykinin,
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indicating that vascular responsiveness was not involved.
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Introduction

Guinea-pigs are commonly used in the study of immediate
hypersensitivity, particularly that involving the bronchopul-
monary system (Cortijo et al., 1989; Pretolani ez al., 1992).
However, there have been no studies of paw oedema in the
guinea-pig, specifically induced by antigens, as a model for
allergy in connective tissue. Histamine, leukotrienes and PAF
are the main mediators of the early response of the bron-
chopulmonary tissue of the guinea-pig to the administration
of antigen in vivo or in vitro (Daffonchio et al., 1987; Des-
quand et al., 1990).

In the present study employing specific antagonists, we
initially investigated the importance of various putative med-
iators of inflammation in the development of the oedema
induced by ovalbumin, in the paw of sensitized guinea-pigs.
This oedema was not modified by antagonists or inhibitors of
histamine, bradykinin, PAF or arachidonate metabolites, but
was inhibited by dexamethasone and by azelastine, an anti-
allergic drug used clinically (Magnussen, 1987).

! Author for correspondence.

Considering that in the ovalbumin injected paw, there is a
massive migration of neutrophils and eosinophils to the
extravascular tissues, and given that dexamethasone blocks
the migration of leucocytes to the inflammatory site (Cunha
et al., 1985), we evaluated the contribution of leucocyte
migration to the development of such allergic oedema. Lip-
opolysaccharide (LPS) has been shown to suppress leucocyte
recruitment to inflamed tissues, and cell-dependent oedema in
the rat and rabbit (Rosenbaum et al., 1983; Rocha & Fer-
reira, 1986). Several of the effects of LPS are mediated by
tumour necrosis factor (TNF) which, when injected intraven-
ously, also inhibits neutrophil emigration to the
inflammatory site (Cunha & Tamashiro, 1992). To evaluate
the importance of the blockade of leucocyte migration in the
development of allergic oedema, sensitized guinea-pigs were
pretreated with intravenous injections of either LPS or
murine TNF-« (muTNF-x) and were challenged with oval-
bumin. Both muTNF and LPS significantly inhibited
ovalbumin-induced oedema. We also show that in leucopenic
guinea-pigs, the development of oedema induced by oval-
bumin is reduced.
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Methods

Animals

Male, short-haired guinea-pigs (250-350 g) were housed in
temperature-controlled rooms and received food and water
ad libitum until use.

Procedures for active sensitization

On day 0 the animals received a single dorsal, subcutaneous,
injection of 1.0 ml of phosphate buffered saline (PBS), con-
taining 20 pg of ovalbumin, dispersed in 1 mg A1(OH);. The
animals were boosted with a similar injection of antigen on
days 14, 21 and 28. In all experiments, the animals were used
35 days after the initial injection. Control groups were
injected with PBS containing A1(OH); alone.

Measurement of ovalbumin-specific IgG by ELISA

The titres of ovalbumin-specific IgG in the plasma of sen-
sitized and control guinea-pigs were measured by enzyme-
linked immunoabsorbent assay (ELISA).

Quantification of paw oedema

Thirty five days after the first injection of antigen or Al
(OH); (control), the animals received an intraplantar injec-
tion of 0.5, 5, 50 or 200 pg of ovalbumin, diluted in 100 pl of
PBS. Oedema was measured plethysmographically (7150 ples-
timomether, Ugo Basile) 2, 4, 6, 8, 24 and 48 h after the
challenge. In non-immunized animals, paw oedema was mea-
sured 4 h after the intraplantar injection of carrageenin (300
pg/paw), or 2 h after histamine (10 pg/paw) or PAF (2 pg/
paw). The increase in paw volume (A volume) was obtained
by subtracting the paw volume measured prior to the app-
lication of stimuli from the volumes for the different time-
points.

Histopathological study

The animals were killed by cervical dislocation 4 h after the
paw challenge. The paws were removed, washed with tap
water and immediately fixed in Millonig’s solution. Paraffin
blocks were prepared by conventional techniques and sec-
tions stained with Giemsa.

Effects of drugs on ovalbumin-induced paw oedema

Drugs were administered at the times indicated below, prior
to the intraplantar injection of ovalbumin (50 or 200 pg/
paw). Their effects on the subsequent oedema were evaluated
4 h later: meclizine (25 mgkg~!, s.c. 30 min), cetirizine (20
mgkg!, s.c., 30 min), MK-886 (10 mg kg~', p.o., 2 h), nor-
dihydroguaiaretic acid (NDGA; 100 mg kg~', i.p., 1 h), indo-
methacin (10 mg kg™!, s.c., 30 min), BN 50730 (10 mg kg™,
s.C., 1 h), dexamethasone (10 mg kg™, s.c., 1 h), azelastine (1,
10 and 30mgkg~!, i.p., 1 h), Hoe 140 (1 mgkg™', i.p., 30
min) and the combination of cetirizine (20 mg kg=', 1 h) +
MK-886 (10 mg kg~!, 1 h) + indomethacin (10 mg kg™, 1h)
+ BN 50730 (10 mg kg~!, 1h). The effects of identical pre-
treatment with MK-886, NDGA, indomethacin, Hoe 140,
dexamethasone on paw oedema induced by carrageenin were
also evaluated. The effects of meclizine, cetirizine and azelas-
tine were evaluated against histamine (10 pg/paw) and that of
BN 50730 against PAF (2 pg/paw).

Effects of LPS and muTNFua on ovalbumin-induced paw
oedema

Ovalbumin-sensitized and control animals received an i.v.
injection through the penian venous sinus of LPS (9, 27 and
81 pg kg~!) or muTNFa (9, 27 and 81 pg kg™") 1 h before the

intraplantar injection of 200 pg/paw of ovalbumin. Paw
oedema was measured 2, 4 and 6 h after challenge.

Evaluation of blood pressure

The effect of 81 ugkg~! of LPS on the blood pressure of
conscious guinea-pigs was also investigated. Normal guinea-
pigs (350-450 g) were anaesthetized with sodium pentobar-
bitone (20 mgkg~!, i.p.) and the carotid artery and the
jugular vein were cannulated with a polyethylene tube (PE
10). Twenty-four hours later, the conscious animals were
prepared for the recording of carotid blood pressure on a
Beckman polygraph (Model R611, transducer 9872), before
and after the jugular vein injection of acetylcholine (1.5 pg
kg~!). When the blood pressure returned to normal, LPS
(81 pg kg~') was injected i.v. (jugular vein) and arterial pres-
sure was measured 1, 2, 3 and 4 h later, followed by acetyl-
choline injection.

Effects of LPS and azelastine on circulating leucocytes

The animals were injected i.v. with LPS (81 pg kg~!, penial
venous sinus) or i.p. with azelastine (30 mgkg~') and the
leucogram performed 4h after. For this, blood samples
(1 ml) were collected by cardiac puncture from ether-anaes-
thetized animals and total and differential cell counts were
performed by standard methods (Souza & Ferreira, 1985).
Results are expressed by means * s.e.mean X 10° cells ml~! of
blood. The number of animals per group was five.

Procedures for the induction of leucopenia

Groups of normal or sensitized guinea-pigs were injected s.c.
with vinblastine (0.15 mg kg~') and a leucogram performed 5
days later. Blood samples (1 ml) were collected by cardiac
puncture from ether-anaesthetized animals. Blood was dilu-
ted in Tiirk solution and the number of leucocytes counted in
Neubauer chambers. Leucopenic or normal (control) animals
were injected with bradykinin (10 pg/paw), PAF (2 pg/paw),
or with ovalbumin and paw oedema was measured 0.5, 2 or
4 h later, respectively.

Drugs and solutions

The composition of the Millonig solution was (in mM):
NaH,PO,.H,O (130), NaOH (470) and formaline 10% v/v.
The reagents used were (sources in parentheses); carrageenin
(Marine Colloids, U.S.A.); lipopolysaccharide (LPS) B from
E. coli 026 B6, control number 792386 (Difco Laboratories,
U.S.A)); chicken ovalbumin (Merck, Brazil); dexamethasone,
Decadron (Merck Sharp & Dohme, Brazil); sodium pento-
barbitone, histamine, indomethacin and nordihydroguaiaretic
acid, NDGA (Sigma, U.S.A.); cetirizine (UCB, Belgium);
azelastine (Asta, Germany); meclizine (Pfizer, Brazil); PAF
(Bachem, Switzerland); MK-886 (L-663,536(3-[1-(4-chloro-
benzyl)-3-t-butyl-thio-5-isopropylindol-2-yl]-2,2-dimethylpro-
panoic acid) (Merck, Canada); BN 50730 ([3-1,1-dimethyl-
ethyllhexahydro-1,4,4,7b-trihydroxy-8-methyl-9H-1,7a(epoxy-
methano)-1H, 6aH-cyclopenta-(c) furo {2,3b] furo[3,2,3,4]cycl-
penta[l,2-d]furan-5,9,12 (4H)trione) (Institut Henri Beaufour,
France); acetylcholine (Merck, Germany); muTNFa (Genen-
tech, U.S.A.); vinblastine sulphate, Velban (Eli Lilly, Brazil);
Hoe 140 (D-Arg-[Hyp®,Thi®,D-Tic’,Oic’]bradykinin) (Hoescht,
Germany).

Statistical analyses

Student’s unpaired t test or an analysis of variance (ANO-
VA) followed by Bonferroni’s test were used. Statistical
differences were considered significant at P < 0.05.
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Results

Time course of paw oedema induced by ovalbumin and
measurement of specific anti-ovalbumin immunoglobulin
G in serum

The intraplantar injection of ovalbumin at doses up to
200 pg induced dose-dependent oedema in sensitized animals
(Figure la). At the highest dose, oedema peaked after 4 h
and disappeared 48 h later (Figure 1b). Non-sensitized con-
trol animals were not affected by ovalbumin. The plasma
titre of IgG specific against ovalbumin in sensitized animals
was 1/4390; non-sensitized control animals had a titre of
approximately 1/2, i.e., no anti-ovalbumin IgG was found in
the serum. Isolated preparations of ileum strips from sen-
sitized guinea-pigs contracted on the addition of ovalbumin
to the organ bath (results not shown). The challenge with
ovalbumin of the paw of naive guinea-pig which has been
injected 9 days before with heated serum obtained from
immunized animals gave an oedematogenic response similar
to that observed in animals treated with non heated serum
(results not shown).

Histological study of the paw after injection with
ovalbumin

Histological analysis of the paws injected with ovalbumin
revealed a massive infiltration of neutrophils and eosinophils
in the hypodermis (data not shown).

Response of ovalbumin-induced oedema to standard
antagonists

Table 1 shows that meclizine (25 mg kg™!), cetirizine (20 mg
kg™'), MK-886 (10 mg kg~'), NDGA (100 mg kg~!), indome-
thacin (10 mgkg~'), BN 50730 (10 mg kg™'), and Hoe 140
(1 mg kg") failed to prevent oedema induced by ovalbumin
(50 or 200 pg/paw). The combination of citirizine + MK 886

113

+ indomethacin + BN 50730 (doses indicated above) also
failed to reduce the oedema induced by ovalbumin (50 pug/
paw). Table 1 shows that these drugs inhibited the oedema
induced by the specific agonists or inflammatory agents (his-
tamine for meclizine and cetirizine; carrageenin for MK-886,
NDGA, indomethacin, Hoe 140; and PAF for BN 50730),
thus validating the negative results against ovalbumin.

Protection by dexamethasone against ovalbumin-induced
oedema

Dexamethasone (10 mg kg~!, s.c.) inhibited oedema induced
by ovalbumin at 50 or 200 pg/paw (Figure 2b). This concen-
tration of dexamethasone also inhibited oedema induced by
carrageenin (300 pg/paw) in non-sensitized guinea-pigs (Figure
2a), but failed to inhibit the oedema induced by histamine
(Control: histamine 10 pg/paw = 300 £ 30 pl; Dexamethasone
treated =290 £ 40 ul (n = 5)).
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Figure 1 Dose-dependence (a) and time-course (b) of paw oedema
induced by ovalbumin in the immunized guinea-pig. (a) Ovalbumin
was injected intraplantar at the doses indicated and oedema was
measured after 4 h; (b) time-course of oedema induced by ovalbumin
(200 ug/paw) injected in sensitized (O) or non-sensitized guinea-pigs
(®). The volume injected per paw was 100 ul. Data are the mean
+ s.e.mean of 5-8 animals per group.

Table 1A Failure of standard agents to inhibit paw oedema in ovalbumin-sensitized guinea-pigs

Antagonist (mgkg~")
Solvent

Meclizine 25
Cetirizine 20
MK-886 10
NDGA 100
Indomethacin 10
BN 50730 10
Hoe 140 1
Combinationt -

Intensity of oedema (ul)

Ovalbumin (50 pg/paw)

Ovalbumin (200 pg/paw)

520 £ 30 (6) 680 £ 30 (8)
500 £ 20 (6) 630 £ 40 (6)
430 + 40 (6) 550 % 60 (6)
550 £ 30 (6) 600 % 20 (6)
530 20 (6) 560 £ 20 (6)
530 20 (6) 630 % 20 (6)
504 £ 15 (6) 660 £ 70 (5)
430 60 (5) NP*

450 + 40 (5) NP*

B Inhibitory effect of standard agents on oedema induced by different stimuli

Agonist Antagonist
Histamine
(10 pg/paw)
Meclizine
Cetirizine
Carrageenin
(300 pg/paw)
MK-886
NDGA
Indomethacin
Hoe 140
Combinationt
PAF
(2 pg/paw)
BN 50730

(mgkg-") Intensity of oedema (ul)

36040 (5)

25 90 + 10* (5)
10 30 +20* (5)
450 £ 30 (5)

10 160 £ 20* (5)
100 280 + 40* (4)
10 170 £ 30* (5)
0.1 240 + 60* (4)
- 150 £+ 30* (4)
280 £ 17 (6)

10 110 £ 22* (5)

Oedema induced by carrageenin, PAF and ovalbumin was evaluated 4 h after challenge, and histamine after 2h. NP* = not
performed. Combinationt = cetirizine + MK-886 + indomethacin + BN 50730 in the indicated doses. Values are the mean * s.e.mean,
n shown in parentheses, *P < 0.05 compared to value for agonist alone.
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Dose-dependent protection by azelastine against
ovalbumin-induced oedema

Figure 3b shows that oedema induced by 50 or 200 ug of
ovalbumin per paw was inhibited dose-dependently by azelas-
tine (Azel, 10 and 30 mgkg~', i.p.). The concentration of
1 mg kg~', which was ineffective against ovalbumin, antago-
nized oedema by histamine (10 pg/paw) in non-sensitized
guinea-pigs (Figure 3a).

Time course and dose-dependent protection by LPS and
muTNFa. against ovalbumin-induced oedema

As seen in Figure 4a, oedema induced by ovalbumin was
dose-dependently blocked by LPS (9, 27 and 81 pugkg~!, i.v.)
and muTNFa (9, 27 and 81pgkg~!, i.v.). A significant
inhibition induced by LPS was noted at all time points
(Figure 4b). Administration of LPS (81 ug kg™, i.v.) did not
reduce the blood pressure of conscious guinea-pigs under
conditions where ACh (1.5 pgkg™!, i.v.) was effective (Table
2).

Effect of LPS and azelastine on circulating white blood
cells

Administration of LPS (81pugkg™', i.v.) or of azelastine
(30 mg kg~!, i.p.) did not reduce the circulating leucocytes in
control (PBS, i.p.) animals, neutrophils 1.0 £ 0.3, mononu-
clear cells 6.5+ 0.9; in LPS-pretreated animals, neutrophils
1.3+ 0.6, mononuclear cells 6.1 £ 1.0 or in azelastine-pre-
treated animals, neutrophils 1.8 * 0.4; mononuclear cells 10
+ 1.0 x 10° cells ml~! blood.

Effect of vinblastine on ovalbumin -induced paw oedema

Vinblastine (0.15mgkg~', s.c.) induced drastic leucopenia
after 5 days (normal 7550 £ 1445, n = 8; vinblastine-treated
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Figure 2 Inhibition by dexamethasone of paw oedema induced by
ovalbumin in the immunized guinea-pig. Oedema was induced in
non-sensitized guinea-pigs with carrageenin (Cg, 300 pg/paw; a) and
in immunized guinea-pigs with ovalbumin (50 or 200 pg/paw, b).
Open and cross-hatched bars represent oedema in guinea-pigs pre-
treated with PBS or dexamethasone (Dx, 10 mg kg~!, s.c.), respec-
tively. Oedema was measured 4 h after the intraplantar challenge.
Columns are the mean t s.e.mean of values from six animals per
group. Asterisks indicate significant differences compared to respec-
tive controls (c, untreated animals) (P < 0.05, Student’s unpaired ¢
test). !

2381 % 854 leucocytes mm~* of blood, n=7). However the
paw oedema induced by bradykinin and PAF were as intense
in leucopenic as in normal animals, although oedema induced
by ovalbumin (200 pg/paw) was reduced (Figure 5).

Discussion

In the first part of this study, we demonstrated that dose-
dependent and prolonged, anaphylactic paw oedema follow-
ed the intra-plantar administration of ovalbumin in sensitized
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Figure 3 Inhibition by azelastine (Azel) of paw oedema induced by
ovalbumin in the immunized guinea-pig. Oedema was induced in
non-sensitized guinea-pigs with histamine (10 pg/paw; a) and in
immunized guinea-pigs with ovalbumin (50 or 200 pg/paw, b).
Oedema was measured 2 h after the intraplantar injection of hista-
mine or 4h after ovalbumin challenge. Open and hatched bars
represent oedema in guinea-pigs pretreated with PBS (c) or with
azelastine at doses of 1, 10 and 30 mgkg~', i.p. Columns are the
mean * s.e.mean of 6-11 animals per group. Asterisks indicate
significant differences compared to respective controls (P < 0.05,
compared to untreated animals; ANOVA followed by Bonferroni’s
test).
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Figure 4 Inhibition by lipopolysaccharide (LPS) and murine tumour
necrosis factor (muTNFa) of paw oedema induced by ovalbumin in
the sensitized guinea-pig. (a) The sensitized animals were pretreated
i.v. with PBS, LPS or muTNFa at the doses indicated before the
injection of ovalbumin (200 pg/paw). Paw oedema was measured 4 h
after challenge. (b) Time-course of paw oedema induced by oval-
bumin (200 pg/paw) in PBS-pretreated animals (O), TNF-pretreated
animals (81 pg kg~', M) or LPS-pretreated animals (81 pgkg™', A).
In (a) and (b), data are the mean * s.e.mean of 4-6 animals per
group. Asterisks indicate significant differences compared to respec-
tive controls (P <0.05 compared to untreated animals; ANOVA
followed by Bonferroni’s test).

Table 2 Blood pressure (mmHg) of normal guinea-pigs injected with lipopolysaccharide (LPS, 81 ug kg~'); the animals were injected
with acetylcholine (1.5 pgkg~') at the beginning and end of each experiment

Time after LPS injection (h)

Normal ACh 0 1

71.25+7.37 36.25*£3.61 71.25%737 63.33+£5.77

2 3 4 ACh

65.00 £ 8.66 66.67+289 68.75%13.75 32.50*%5.00

Acetylcholine (ACh) and LPS were injected i.v. Data are the mean * s.e.mean, n=4; *P <0.05 compared to normal group.
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Figure 5 Effect of vinblastine on paw oedema induced by brady-
kinin (BK), PAF or ovalbumin. BK, PAF and ovalbumin were
injected intraplantar at the doses indicated in normal or immunized
guinea-pigs and the oedema was measured 0.5, 2 or 4 h later, respec-
tively. The open and hatched columns represent oedema in PBS- or
vinblastine- (0.15 mg kg~'; 5 days prior to challenge) treated animals,
respectively. Data are the mean * s.e.mean of 5-6 animals per
group. Asterisk indicates significant difference compared to respec-
tive control (P < 0.05; Student’s unpaired ¢ test).

guinea-pigs. Sensitized animals had a high titre of specific
IgG in the plasma and isolated ileum preparations from these
animals contracted in response to ovalbumin, indicating that
homocytotropic antibodies were present in the tissues. More-
over the heating of the serum obtained from immunized
animals did not abolish its capacity to transfer to naive
animals the ability to react to an intraplantar injection of
ovalbumin, suggesting that the antibodies involved in the
process are not IgE. However, in the present investigation we
have not discarded the possibility that in addition to the
participation of the homocytotropic antibodies, there is also
an additional Arthus type response.

The accumulation of neutrophils in the tissues during the
early phase of the inflammatory process is a common phen-
omenon in acute, non-immunological states and in various
immunological inflammatory reactions (Sedgwick & Wil-
loughby, 1985). Four hours after ovalbumin injection, a mas-
sive infiltration of neutrophils and eosinophils was noted
concomitant with the oedema. Eosinophils are frequently
found in tissues provoked by immunological stimuli (Lel-
louch-Tubiana et al., 1988; Sanjar et al, 1990). To our
knowledge, this is the first demonstration that this event
occurs in immunologically sensitized guinea-pig paws challen-
ged with antigen. The significance of these cells, however, is
unclear, since their presence may either aggravate the expres-
sion of anaphylaxis or down-regulate the process. Eosino-
phils release chemotactic stimuli which may amplify the
inflammatory reaction or, since they contain enzymes which
degrade inflammatory mediators, they may help to reduce the
process (Wasserman et al., 1975; Kay et al., 1976). Agents
effective in the guinea-pig against histamine, PAF or car-
rageenin were ineffective against ovalbumin-induced oedema.
The combination of these agents also were ineffective, sugges-
ting that histamine, arachidonate metabolites, PAF and brad-
ykinin are not important in this specific oedema, in contrast
to findings in guinea-pig skin, where combination of antag-
onists inhibited oedema (Weg et al., 1991).

Since guinea-pigs are claimed to be resistant to glucocor-
ticoseroids (Claman, 1972), a high dose of dexamethasone
(10 mg kg~') was used which significantly blocked oedema
induced by either carrageenin or ovalbumin (50 pg and 200
ug/paw), but not induced by histamine. Several effects of
glucocorticoids may be explained by their capacity to inhibit

the formation of arachidonate metabolites via lipocortin
(Flower, 1988) and/or the release of cytokines with inflam-
matory properties (Besedovsky et al., 1986; Dinarello, 1991).
The inhibitory effect of dexamethasone on oedema of the
guinea-pig paw induced by ovalbumin is probably not due to
interference with eicosanoid formation, since drugs that
block cyclo-oxygenase and lipoxygenase were ineffective. The
absence of effect of dexamethasone on histamine paw oede-
ma supports the suggestion that in this model the glucocor-
ticoids do not interfere with the vascular responsiveness.
Considering that the release of cytokines is inhibited by
glucocorticoids (Besedovsky e al., 1986) and given that we
have already demonstrated the association of oedema and
leucocyte recruitment (Rocha & Ferreira, 1986), the inhibi-
tory effect of dexamethasone on guinea-pig paw oedema may
result, at least in part, from inhibition of the release of the
inflammatory cytokines. In fact, the inhibitory effect of dex-
amethasone has been shown already on the release of cyto-
kines like TNF, interleukin-1 (IL-1), and IL-8 which are
chemotactic for neutrophils (Faccioli et al., 1990; Ribeiro et
al., 1991), or of IL-8, IL-5 and IL-2, which are chemotactic
for eosinophils (Rand et al., 1991; Smith et al., 1991; Iwama
et al., 1993).

In the second part of the study, we demonstrated that LPS
and TNFa dose-dependently inhibited the oedema induced
by ovalbumin. This protective effect was not due to hypoten-
sion, since the maximal dose of LPS used (81 pug kg~') failed
to induce hypotension. The LPS effect was also not due to a
leucopenia in the animals, since the dose of 81 ugkg~! did
not change the white blood cell counts of the animals. LPS
inhibits the oedema and leucocyte migration induced by car-
rageenin in rats (Rocha & Ferreira, 1986) as well as ana-
phylaxis in guinea-pigs (Vannier et al., 1991). Several effects
of LPS are mediated by the release of cytokines; the intra-
venous injection of TNF alone or associated with other
cytokines, such as IL-1, mimics LPS effects (Beutler et al.,
1985; Tracey et al., 1987). TNFa inhibits neutrophil migra-
tion in mice (Otsuka er al, 1990) and in rats (Cunha &
Tamashiro, 1992) as well as the chemotaxis of human neu-
trophils in vitro (Salyer et al., 1990). Thus it is possible that
the inhibition of ovalbumin-induced oedema by intravenous
injections of LPS was due, at least partially, to impairment of
leucocyte migration and/or the adhesiveness of the leucocytes
in the endothelium, via the release of TNF. To test further
the contribution of leucocytes to the ovalbumin-induced
oedema, the animals were pretreated with vinblastine which
depleted the level of circulating leucocytes by 70% and
significantly reduced ovalbumin-induced oedema. This treat-
ment did not affect PAF- or bradykinin-induced oedema
which are thought to be cell independent. However, we have
not discarded the possibility that vinblastine may be affecting
the release of mediators by resident cells such as mac-
rophages or mast cells.

In addition to dexamethasone, azelastine also inhibited the
paw oedema induced by ovalbumin. Although azelastine has
a well established anti-histamine activity (Magnussen, 1987),
its anti-edematogenic effect in the sensitized guinea-pig may
not necessarily be associated with this property. In fact,
similarly to cetirizine and meclizine, azelastine effectively
inhibited histamine-induced oedema, although only azelastine
blocked ovalbumin-induced oedema. Furthermore, an effec-
tive dose against histamine (1 mgkg~') was ineffective
against ovalbumin-induced oedema. Azelastine is known to
have a significant effect in various other models of inflam-
mation such as the bronchoconstriction induced by PAF or
metabolites of arachidonic acid in the sensitized guinea-pig,
which appears to be dependent on the inhibition of leuko-
triene synthesis (Pretolani et al., 1992). In our model, leuko-
trienes apparently play no relevant role in oedema formation
as demonstrated by the absence of effect of MK-886 and
NDGA. Azelastine inhibits immunologically-induced, pleural
exudation by a mechanism not yet known (Lima et al., 1991).
In our model, the mode of action of azelastine is also not
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clear but is not due to a decrease in the number of circulating
leucocytes. The possible inhibition of neutrophil and/or
eosinophil migration by azelastine in our test is currently
under investigation.

In conclusion, our results show that antigen-induced paw
oedema is associated with infiltration of neutrophils and
eosinophils. This oedema is not dependent on histamine
release, eicosanoid, bradykinin or PAF formation, since stan-
dard antagonists and inhibitors were ineffective in preventing
it. Dexamethasone and azelastine were effective by mechan-
isms unrelated to arachidonate metabolites and antagonism
of histamine respectively. Ovalbumin-induced oedema was
inhibited dose-dependently by LPS and TNF, thus suggesting
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Subtypes of purinoceptors in rat and dog urinary bladder
smooth muscles

Hideka Suzuki & 'Shinichiro Kokubun

Department of Physiology, Nihon University School of Medicine, 30-1 Ohyaguchi-kamimachi, Itabashi-ku Tokyo, 173 Japan

1 Both adenosine and adenosine 5'-triphosphate (ATP) (10 uM and 100 uM) relaxed 10 uM acetyl-
choline (ACh)-induced contraction of rat bladder strips, which was completely antagonized by 100 uM
8-(p-sulphophenyl) theophylline. In dog bladder neither adenosine nor ATP inhibited ACh-induced
contraction.

2 P,-purinoceptor agonists contracted both rat and dog bladder strips with the potency order of
o,B-MeATP > ATP> ADP.

3 a,B-MeADP (100 uM) induced a contraction of the rat bladder strip even after desensitization of
P,.-purinoceptors but failed to contract the dog bladder strip.

4 2-MeSATP (1 uM to 300 uM) concentration-dependently induced contraction of rat bladder strips;
this contraction was significantly inhibited after desensitization of P,,-purinoceptors. Cibacron blue 3GA
(100 uM) antagonized the drug at concentrations lower than 30 pM, whereas it augmented the response
to the drug at concentrations above 30 uM.

5 ADPSS (1 uM to 1 mM) concentration-dependently induced contraction of rat bladder strips after
desensitization of P,,-purinoceptors; a contraction which was significantly antagonized by cibacron blue
3GA (100 uMm).

6 It is concluded that three subtypes of purinoceptors, P, (mediating relaxation), and P,, and another
type of P, (mediating contraction), exist in rat urinary bladder smooth muscle, whereas a single subtype
of the receptor, P,,-purinoceptor (mediating contraction) occurs in dog urinary bladder smooth muscle.
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Introduction

Physiological and pharmacological effects of purines have
been investigated in a number of smooth muscles (Burnstock
et al., 1978; Muramatsu et al., 1980; Fedan et al., 1982), and
have become a matter of importance. These effects are
mediated via two main classes of receptors, designated as P,
and P,, which respond primarily to adenosine and ATP,
respectively (Burnstock ez al., 1978). P,-purinoceptors in
smooth muscles usually mediate relaxation (Burnstock,
1978), although in a number of smooth muscle preparations
adenosine causes contraction via these receptors (Kenakin &
Pike, 1987; Bailey et al., 1992). P,-purinoceptors in these
tissues are subdivided into P,, which mediates contraction
and P,, which mediates relaxation (Burnstock & Kennedy,
1985).

However, in the rat colon, contraction mediated by P,,-
purinoceptors has recently been reported (Bailey & Hourani,
1990). A new type of P,-purinoceptor mediating contraction
was found in rat ileum (Wiklund & Gustafsson, 1988); this
type of receptor showed P,-type order of potency of ago-
nists, although it was not sensitive to P,-purinoceptor antag-
onists - but sensitive to P,,-purinoceptor antagonists. The
authors designated the receptor as P,,. These findings do not
fit the classification of purinoceptors by Burnstock & Ken-
nedy (1985). In addition, it was reported that two different
types of purinoceptors, both of P, and P,,, existed in rabbit
mesenteric artery smooth muscle (Burnstock & Warland,
1987). This means that ATP could induce either contraction
or relaxation, depending on the type of receptor occupied by
ATP. Thus, in smooth muscles the classification of purino-
ceptors has become complicated and the physiological role of
purines is still obscure.

It is well known that there is a variety of receptors in
urinary bladder smooth muscles (Hisayama et al, 1988;
Iacovou et al., 1990). The existence of P,-purinoceptors was

! Author for correspondence.

confirmed in guinea-pig urinary bladder (Iacovou et al.,
1988) and in rat urinary bladder, P,- and P,,-purinoceptors
(Bhat et al., 1989; Nicholls ez al., 1992) were shown to exist.
In mouse urinary bladder it has recently been reported that
P~ and P,-purinoceptors coexist (Boland et al., 1993). In
the present study, the effects of various purinoceptor agonists
were investigated in rat and dog urinary bladder smooth
muscles in order to clarify the subtypes of purinoceptors.

Methods

Male Wistar strain rats (weighing 200 to 250 g) and mongrel
dogs of either sex (weighing 15 to 20 kg) were anaesthetized
with pentobarbitone sodium (40 mgkg~'), and the urinary
bladder was rapidly removed. The bladder was transferred
into Ca?*, Mg?*-free Tyrode solution (4°C) and then cut into
small tissue strips of 7.5 X 2 mm. The strip was suspended in
an organ bath which contained 10 ml of control Tyrode
solution. The solution was aerated with atmospheric air and
maintained at 37°C. Responses to drugs were monitored by
measuring isotonic tension under the resting load of 0.5 g,
after the strip had been equilibrated for 60 min. After each
application of the drug, it was washed out with more than
100 ml of control Tyrode solution, and the next application
of the drug was made 30 min later. The composition of
control Tyrode solution was (mMm): NaCl 136.9, KCl5.4,
CaCl, 2.0, MgCl, 2.0, MgCl, 0.5, NaH,PO, 0.33, HEPES 5.0
and glucose 5.0 (pH = 7.4). Ca?*, Mg?*-free Tyrode solution
was made by omitting both Ca?* and Mg** ions from the
control Tyrode solution.

Drugs

Adenosine (Adn), adenosine 5'-diphosphate (ADP), adenosine
5'-triphosphate (ATP), «,B-methylene adenosine 5'-diphos-
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phate («,8-MeADP), a,p-methylene adenosine 5'-triphosphate
(«,8-MeATP), adenosine 5'-0-2-tiodiphosphate (ADPBS) and
cibacron blue 3GA were purchased from Sigma Chemical
Company. 2-methylthio-adenosine 5'-triphosphate (2-MeSA-
TP) and 8-(p-sulphophenyl) theophylline (8-SPT) were pur-
chased from Research Biochemicals. Acetylcholine chloride
(ACh) was purchased from Daiichiseiyaku. All drugs were
prepared freshly before each experiment by dissolving them
in control Tyrode solution.

Statistical analysis

Results are expressed as mean * s.e.mean. One-way analysis
of variance (one-way ANOVA) was used to test for statistical
significance. Probability of 0.05 or less was considered signi-
ficant.

Results

Relaxant effects of Adn and ATP on rat and dog urinary
bladder smooth muscles

We examined whether Adn and ATP induced relaxation in
rat and dog urinary bladder smooth muscles (Figure 1).
Relaxant responses were measured in strips contracted with
ACh (10 uM). As shown in Figure la, 10 um ACh induced
tonic-type contraction of the rat bladder strip. Adn concen-
tration-dependently induced relaxation of the strip contracted
with 10 uM ACh; Adn 10 uM produced relaxation and 100
uM induced further relaxation of the strip (n = 8). ATP also
concentration-dependently induced relaxation of the rat blad-
der strip contracted with 10umM ACh (n=38). ATP 10uM
induced relaxation of the strip and at 100 uM induced tran-
sient contraction of the strip followed by relaxation. Al-
though we did not compare quantitatively the relaxant effects

of Adn and ATP, Adn seemed to show more potent relaxant
effects than ATP. In three experiments a,8-MeATP (100 pm)
did not induce relaxation of the strip contracted by 10 uM
ACh (data not shown). In dog urinary bladder smooth mus-
cle (Figure 1b), although 10uM ACh induced tonic-type
contraction, neither Adn (100 uM) nor ATP (100 uM) showed
relaxant effects (n = 8).

Inhibitory effects of 8-SPT on relaxation of rat urinary
bladder smooth muscles by Adn and ATP

We examined whether 8-SPT, a specific blocker of P,-purin-
oceptors (Collis et al., 1987), inhibited the relaxant effects of
Adn and ATP in the rat urinary bladder smooth muscle.
Figure 2a shows the inhibitory effects of 8-SPT of various
concentrations on the Adn-induced relaxation: 1 pum 8-SPT
did not significantly affect the Adn-induced relaxation of the
strip; in the presence of 10 uM 8-SPT, the relaxation induced
by 100 uM Adn was slightly inhibited though the relaxation
by 10uM Adn was obviously inhibited. With 100 uM anta-
gonist, relaxant effects of adenosine were almost completely
inhibited (n=5).

Figure 2b shows the inhibitory effects of 8-SPT on the
ATP-induced relaxation in rat urinary bladder smooth mus-
cle. As already shown in Figure 1, ATP concentration-
dependently induced relaxation of the strip contracted by
ACh, and 100 uM ATP induced a transient contraction of the
strip followed by the relaxation. 8-SPT (100 uM) completely
inhibited the relaxant effects of ATP, although it did not
inhibit the ATP-induced transient contraction observed at
100 uM. We also examined whether a P, -receptor agonist,
2-MeSATP (Burnstock & Kennedy, 1985), induced relaxation
of the strip contracted by ACh (n = 3); 2-MeSATP produced
no significant relaxation of the strip at 100 uM (data not
shown). These results suggested that Adn and ATP induced
relaxation of rat bladder strip via P,-receptors.
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Figure 1 Relaxant effects of Adn and ATP on rat (a) and dog (b) urinary bladder smooth muscles contracted with ACh (10~° m).
Control ACh-induced contractions (left), effects of Adn (middle) and those of ATP (right) are shown in both panels. ACh was

applied at (@) and Adn and ATP were cumulatively applied at

(V). Numbers in each panel indicate the concentrations of Adn and

ATP in — log M. Traces in each panel were obtained from the same strip, respectively. Horizontal bar indicates 2 min, and vertical

1 mm.
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Contractile effects of Prreceptor agonists on rat and dog
urinary bladder smooth muscles

We compared contractile responses to various P,-receptor
agonists in rat and dog urinary bladder smooth muscles. As
shown in Figure 3, in rat bladder strips, ATP (1 mM), ADP
(1 mM) and a,8-MeATP (10 uM) induced phasic contractions.
The rank order of potency was a,f-MeATP>ATP> ADP.
An ADP-analogue, «,8-MeADP (100 uM) induced rather to-
nic-type contraction of the rat bladder strip which showed a
small maximum shortening velocity and lasted for a relatively
long time (see also Figure 4).

In dog urinary bladder smooth muscle, ATP (1 mm), ADP
(1 mM) and a,8-MeATP (10 uM) also induced phasic contrac-
tions (Figure 3). The rank order of potency was also a,f-
MeATP> ATP> ADP in dog bladder strips. However, in
dog bladder strips, a,p-MeADP (100 uM) did not induce
contraction (n = 4). It should be noted that strips unrespon-
sive to «,p-MeADP were contracted by subsequent applica-
tion of ADP (1 mM) (n = 3). These results indicated that the
o,B-MeADP-induced contraction was only observed in the rat
urinary bladder smooth muscle.

Effects of o,B-MeADP on rat urinary bladder smooth
muscle

We investigated the type of receptor that mediated the con-
tractile response of the rat bladder strip by «,f-MeADP
(Figure 4). Since it is known that o,f-MeATP is a specific
agonist of P,.-purinoceptors and desensitizes the receptor
(Kasakov & Burnstock, 1983), we first examined the desen-
sitization of the muscle to «,8-MeATP. As shown in Figure
4a, the response to cumulative application of «,f-MeATP
(final concentration = 20 pM) was 17.36 £ 2.33% (n=15) of
that obtained by the first application of the drug (10 uM),
suggesting that P,.-receptors were almost, though not com-
pletely, desensitized by a,8-MeATP, 10 puM.

We next examined whether a,8-MeADP induced contrac-
tion after desensitization of P,.-receptors. The left side of
Figure 4b shows the contraction of the rat bladder strip
induced by a,8-MeADP (100 uMm). The drug induced tonic-
type contraction similar to that observed in Figure 3. The
right side of Figure 4b shows the contraction induced by
o,B-MeADP (100 uM) of the same strip after pretreatment
with «,8-MeATP (10 uM). Although P,.-purinoceptors were
almost desensitized in this condition, the application of «,f-
MeADP (100 uM) 7.5 min after exposure to o,f-MeATP
induced a large contraction of the rat bladder strip. The
response to a,f-MeADP after desensitization of P,,-receptors
was 86.25+4.59% (n=15) of that in the control. These
results suggested that a,8-MeADP contracted the rat bladder
strip mainly via the receptors other than P-receptors.

The contraction induced by 2-MeSATP in rat urinary
bladder smooth muscle

Since it has been suggested in the previous section that the
contraction of rat urinary bladder smooth muscles by a,p-
MeADP is mediated by receptors other than P,-receptors,
we examined the effect of 2-MeSATP on the rat bladder
strip.

In Figure 5a the contraction of the rat bladder strip by
cumulative application of 2-MeSATP is shown. 2-MeSATP
induced phasic contraction of the strip concentration-depen-
dently. In this particular experiment, the drug at concentra-
tions higher than 3 puM induced obvious contraction. In
Figure 5b we examined whether the contractile response of
the rat bladder strip to 2-MeSATP was affected after desen-
sitization of P,.-receptors. As shown in the figure, the cumu-
lative application of 2-MeSATP 12 min after exposure to
o,B-MeATP (10 uM) induced smaller contraction of the rat
bladder strip than that observed in the absence of a.p-
MeATP. After desensitization of P,.-receptors, 2-MeSATP at

Adn (—log m)
8765 2 min
a 8765 Tmm
\RAA]
4
A
+8-SPT10"6m
ACh'10"5m
766 4
8765 HA
4
\
+8-SPT105m +8-SPT107%m
ATP (-log m)
b 8765 87654
ey ' Ttvevr v
.r\..u j\‘h\\ ’+ 8':"‘: mi'
ACh10-%m

Figure 2 Inhibitory effects of 8-SPT on Adn- and ATP-induced
relaxation of rat urinary bladder smooth muscles. (a) Effects of Adn
(10% to 10-*M) in the absence and presence of 8-SPT (10-¢ to
10-4m). (b) Effects of ATP (10~% to 10~*M) in the absence and
presence of 8-SPT (10~* Mm). Traces in (a) and (b) were obtained from
the same strip, respectively. Effects of 8-SPT were observed after
strips had been incubated with the drug for 10 min. Symbols,
numbers and calibrations are the same as those in Figure 1. Similar
results were obtained in five experiments.
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Figure 3 Contractile effects of various purines on rat (a) and dog
(b) urinary bladder smooth muscles. Contractions were induced by
10-*M ATP, 10-3M ADP, 10~°M «,B-MeATP and 10~*M af-
MeADP. In each panel contractions induced by ATP, ADP and
o,B-MeATP were obtained from the same strip, whereas those
induced by a,8-MeADP was obtained in a different strip. Drugs were
applied at (@) or (V). Horizontal bar and vertical bar indicate
1 min and 1 mm, respectively.
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a 1 min

1mm

a, B-Me ATP 2 x 1075 m
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«, B-Me ATP 10-5 m

a,8-Me ADP 10™*m
\

«,B-Me ADP 10~%m o, B-Me ATP 105 m

Figure 4 Contractions of rat urinary bladder smooth muscles in-
duced by a,8-MeATP (a) and a,B-MeADP (b) after desensitization of
P,.-purinoceptors. In (a) the contraction by cumulative application
of a,B-MeATP (final concentration =2 X 10~°M) is shown. At the
left side of (b), the control contraction induced by a,f-MeADP
(10~*M) is shown. At the right side the contraction induced by
«,B-MeADP (10-* M) after pretreatment with «,8-MeATP (10~° M) is
shown. Records were obtained from the same strip. Symbols and
calibrations are the same as those in Figure 3. Similar results were
obtained in five experiments.

concentrations higher than 30 uM induced contraction in this
experiment.

Figure 5c shows the concentration-response curves of 2-
MeSATP in the absence and the presence of a,8-MeATP, and
in the presence of cibacron blue 3GA (100 uM). The contrac-
tile effect of 2-MeSATP was observed at 1 uM in the absence
of a,-MeATP, although in its presence 30 uM 2-MeSATP
was required to contract the rat bladder strips. At 300 uMm
2-MeSATP the response was 47.79 £+ 11.81% of that to ACh
(10 uM™) in the absence of a,8-MeATP, which was decreased
to 15.58 + 6.55% in its presence. In the presence of 100 uM
cibacron blue 3GA, 2-MeSATP also induced contraction of
rat bladder strips concentration-dependently. The contractile
responses of strips to 2-MeSATP at concentrations lower
than 30 uM were significantly inhibited by cibacron blue 3GA
(P<0.01), though those observed at concentrations higher
than 30 uM were enhanced by cibacron blue 3GA. The res-
ponses at 100 uM and 300 uM 2-MeSATP were increased by
21.1% and 57.9%, respectively, in the presence of cibacron
blue 3GA. The augmentation of the contraction by cibacron
blue 3GA was significant at 300 uM 2-MeSATP (P <0.05).

The effect of cibacron blue 3GA on contractions induced
by a,B-MeATP and ADPBS in rat urinary bladder
smooth muscles

Figure 6a shows effects of cibacron blue 3GA (10 uM and
100 uM) on the concentration-response curve to a,f-MeATP.
a,B-MeATP induced contraction of rat bladder strips at con-
centrations higher than 30 nM and the contractile effect of
the drug was almost maximal at 300 uM; 10 pM cibacron blue
3GA significantly inhibited the contractile response to a,B-
MeATP 30 nM (P<0.01) and 100 nM (P <0.01), but did not
significantly inhibit the contraction induced by a,p-MeATP at
concentrations greater than 100 nM. At 10 uM, cibacron blue
3GA seemed to increase slightly the contractile response of
strips to «,8-MeATP above 3 uM; 100 uM cibacron blue 3GA
inhibited the response to «,8-MeATP more significantly than
10 uM. In the presence of 100 uM cibacron blue 3GA the
contractile response to the agonist was significantly inhibited
up to 3 puM (P <<0.01 between 30 nM and 1 uM and P <0.05
at 3 puM). Similarly to 10uM, 100 uM cibacron blue 3GA
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Figure 5§ Contraction induced by cumulative application of 2-
MeSATP and effects of desensitization of P,-purinoceptors and
effects of cibacron blue 3GA on the 2-MeSATP-induced contraction
in rat urinary bladder smooth muscles. (a) Trace shows contraction
induced by cumulative application of 2-MeSATP (10-%, 3 x 10-7,
10-7,3 x 107, 1075, 3 x 10-5, 10-%, 3 x 10-%, 10~* and 3 x 10~* m).
(b) The effect of pretreatment with «,f-MeATP (10 uM) on contrac-
tion induced by cumulative application of 2-MeSATP is shown.
Concentrations of 2-MeSATP used in this experiment were the same
as those in (a). The trace was obtained from a different preparation
from (a). In (a) and (b) symbols and calibrations are the same as
those in Figure 3. (c) Cumulative concentration-response curves to
2-MeSATP in the control, after desensitization of P,,-receptors and
in the presence of cibacron blue 3GA (10-*M). Responses to 2-
MeSATP in control (@), in the presence of cibacron blue 3GA (A)
and after desensitization of P,,-purinoceptors () are plotted against
the concentration of 2-MeSATP (M). Each point represents mean +
s.e.mean (n = 5), expressed as percentage of response to 10~°M ACh.

significantly enhanced the contractile responses to the agonist
at 100 uM and 300 puM (P <0.05). In the presence of 100 uM
cibacron blue 3GA the responses to the agonist at 100 uM
and 300 uM increased by 17.9% and 17.6%, respectively.

Figure 6b shows effects of cibacron blue 3GA (10 uM and
100 uM) on the concentration-response curve to ADPSS.
ADPSBS induced contraction of rat bladder strips at concen-
trations higher than 1 uM. The contractile effect of the drug
was not maximal even at 1 mM. In the presence of 10 uM
cibacron blue 3GA, 10 uM ADPBS was required to induce an
obvious contraction. Cibacron blue 3GA significantly inhibi-
ted the contractile response induced by 10 uM (P <<0.05) and
100 uM (P<<0.05) ADPBS, whereas it did not significantly
inhibit the effect of ADPBS at concentrations higher than
100 uM. Cibacron blue 3GA, 100 uM, completely antagonized
the effects of ADPBS lower than 1 mM (P <0.05 at 3 uM and
P<0.01 between 10 uM and 300 uM of ADPBS). At 300 uM
ADPBS, cibacron blue 3GA, inhibited the contraction by
68%; at 1 mM ADPBS the drug did not inhibit the contrac-
tion at all. These results suggested that low concentration of
ADPBS (1 to 100 uM) induced contraction of the rat urinary
bladder smooth muscle mainly via receptors other than P,-
receptors.
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Figure 6 Effects of cibacron blue 3GA on cumulative concentration-
response curves to o,8-MeATP and ADPSS in rat urinary bladder
smooth muscles. (a) Responses to «,8-MeATP in the absence of
cibacron blue 3GA (@) and in the presence of 10~°M (A) and
10-* M (M) cibacron blue 3GA are plotted against the concentration
of a,f-MeATP (M). (b) Responses to ADPBS in the absence of
cibacron blue 3GA (@) and in the presence of 10-°>M (A) and
10-*M (M) cibacron blue 3GA are plotted against the concentration
of ADPBS (M). In (a) and (b) each point represents mean * s.e.mean
(n=6), expressed as percentage of response to 10~°M ACh.
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Figure 7 Effects of cibacron blue 3GA on the cumulative concen-
tration-response curve to ADPBS after desensitization of P,.-puri-
noceptors by a,f-MeATP in rat urinary bladder smooth muscles.
Responses to ADPBS in the control (@ @), those after desen-
sitization of P,.-purinoceptors (@———@®) and those in the presence
of cibacron blue 3GA (10-* M) after desensitization of P,-purino-
ceptors (ll—-M) are plotted against the concentration of ADPBS
(M). Each point represents mean * s.e.mean (n=6), expressed as
percentage of response to 10~5M ACh.

The contraction by ADPBS and its inhibition by cibacron
blue 3G A after desensitization of P,.-purinoceptors

Figure 7 shows the concentration-response curve to ADPSS
in the control, after desensitization of P,-receptors by pre-
treatment with o,8-MeATP (10 uM) and in the presence of
cibacron blue 3GA (100 uM) after desensitization of P,,-
receptors. At relatively low concentrations of ADPSS (1 to
100 uM) there was no significant change in response to the
drug between a,B-MeATP-pretreated and non-treated strips.
At concentrations higher than 300 uM, the contraction was
significantly inhibited in o,8-MeATP-pretreated strips (P <
0.01). When we examined the inhibitory effect of cibacron
blue 3GA (100 pM) on the contraction induced by ADPBS in
o,B-MeATP-pretreated strips, as expected from previous ex-
periments, the contractile effects of ADPBS between 3 puM
and 100 pM were completely antagonized by the drug (P<
0.05 at 3puM and P<0.01 between 10 uM and 100 uM). Res-
ponses induced by 300 uM and 1 mM ADPBS were inhibited
by 84.2% and 67.4% respectively by the drug (P<<0.01).

Discussion

It is known that in smooth muscles Adn and ADP induce
relaxation via P,-purinoceptors and P,,-purinoceptors, respec-
tively (Burnstock, 1978; Burnstock & Kennedy, 1985). In the
present study, both Adn and ATP induced relaxation of rat
urinary bladder strips, and the relaxant effects of both drugs
were antagonized by the P,-purinoceptor antagonist, 8-SPT.
These findings suggest that in the rat urinary bladder smooth
muscle Adn and ATP induce relaxation via P,-purinoceptors,
probably A,, as reported in this tissue by Nicholls et al.
(1992). The relaxant effects by ATP observed in this study
might be due to Adn produced by hydrolysis of ATP as
previously reported (Ribeiro & Lima, 1985). Actually, we did
not observe any relaxant effect of a nonhydrolyzable ana-
logue of ATP, a,8-MeATP. Since both Adn and ATP did not
induce relaxation of dog bladder strips, we consider that
mechanisms which induce relaxation via P,- and P,;-purino-
ceptors do not exist in dog urinary bladder smooth muscle.

Previous studies indicate that ATP induces contraction via
P,.-purinoceptors in rat urinary bladder, which is dependent
on extracellular calcium (Iacovou er al., 1988; Bhat et al.,
1989). The rank order of agonist potency was proposed to be
o,p-MeATP > ATP> ATP, which was the same as that ob-
tained in rat and dog urinary bladder smooth muscles in our
study. Therefore, the existence of P,.-purinoceptors was re-
vealed not only in rat but also in dog urinary bladders.

Another important finding concerning P,-purinoceptors
obtained in our study was that the contractile response of rat
urinary bladder smooth muscles induced by a,8-MeATP was
not observed in dog. The contractile response of the rat
bladder to this drug was also observed after desensitization
of Pj-purinoceptors by a,-MeATP. These findings suggest
that a subtype of P,-purinoceptor other than P,, exists in rat
bladder.

P,y-purinoceptors in smooth muscles have been thought to
mediate relaxation (Burnstock & Kennedy, 1985). However,
Bailey & Hourani (1990) reported a contraction mediated by
P,,-purinoceptors. The P,,-purinoceptors in other types of
cells has been shown to mobilize intracellular calcium by
activation of phospholipase C and inositol-triphosphate for-
mation (Forsberg et al., 1987; Okajima et al., 1988; Boyer et
al., 1989). In rat cultured aortic smooth muscle cells, ATP
was reported to stimulate inositol phosphate accumulation
and calcium mobilization, although the type of receptor
which mediated the response to ATP was not completely
clarified (Phaneuf er al., 1986). Therefore, it seemed possible
that a,8-MeADP induced contraction of rat urinary bladder
smooth muscle was via P,-purinoceptors. However, after
desensitization of P,.-purinoceptors, 2-MeSATP induced a
contraction the magnitude of which was less than one third
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of that in the control. Furthermore, the effects of cibacron
blue 3GA (100 uM), a putative P,-selective antagonist (Burn-
stock & Warland, 1987) on the contraction induced by 2-
MeSATP were similar to those on the contraction induced by
the P,-purinoceptor selective agonist, a,f-MeATP (Kasakov
& Burnstock, 1983). These findings indicated that a contrac-
tile response via P, -purinoceptors hardly existed in this tis-
sue. Since 2-MeSATP is known to be roughly equipotent
with ATP on P,-purinoceptors (Burnstock & Kennedy,
1985), 2-MeSATP may contract rat urinary bladder smooth
muscles predominantly via P,-purinoceptors.

Cibacron blue 3GA at high concentrations, (100 pM) was
reported to inhibit the contraction produced by ATP in
guinea-pig and rat urinary bladders (Choo, 1981). This was
also the case in our study. The drug antagonized the effects
of a,8-MeATP at concentrations lower than 3 uM. The effects
of 2-MeSATP lower than 30 uM were also antagonized by
cibacron blue 3GA. However, the drug significantly enhanced
the contractile response to relatively high concentrations of
both «,-MeATP and 2-MeSATP. Therefore, cibacron blue
3GA was considered not to be an effective inhibitor for
P,,-purinoceptors in the rat urinary bladder smooth muscle.

As cibacron blue 3GA did not significantly inhibit the
contraction induced by ADPBS at high concentrations, the
possibility of stimulating P,,.-purinoceptor by the drug was
considered. In fact, the contractile responses to ADPBS at
300 uM and 1 mM were significantly reduced by desensitiza-
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Evoked noradrenaline release in the rabbit ear artery:
enhancement by purines, attenuation by neuropeptide Y and
lack of effect of calcitonin gene-related peptide

K.I. Maynard & 2G. Burnstock

Department of Anatomy and Developmental Biology and Centre for Neuroscience, University College London, Gower Street,

London WCIE 6BT

1 Adenosine (30 uM) and its analogues 5'-N-ethylcarboxaminoadenosine (5 and 30uM) and L-
phenylisopropyladenosine (5 and 30 uM), potentiated the evoked but not spontaneous release of tritiated

noradrenaline in the rabbit central ear artery.

2 Prejunctional inhibition of the evoked but not spontaneous release of tritiated noradrenaline by
100 nM neuropeptide Y is greater at 2 min than at 10 min after superfusion of the peptide.

3 Calcitonin gene-related peptide (2.63 to 263 nM) did not affect the evoked or spontaneous release of

tritiated noradrenaline in this preparation.

4 These results are discussed in terms of prejunctional modulation of sympathetic transmission in the

rabbit central ear artery.

Keywords: Rabbit ear artery; prejunctional modulation; adenosine; sympathetic transmission; neuropeptide Y; calcitonin

gene-related peptide

Introduction

Purines are known to be inhibitors of adrenergic neurotrans-
mission and act to inhibit the release of noradrenaline (NA)
prejunctionally via P,-purinoceptors activated by adenosine
(ADO) following the breakdown of adenosine 5'-triphos-
phate (ATP) which is released with NA (Starke, 1977; Wal-
lin, 1981; Burnstock, 1990). This phenomenon is known to
occur in many blood vessels and is thought to be mediated
by the A,-subtype, but not A,-subtype of the P,-purinoceptor
(see Burnstock, 1990; Rivilla et al., 1992). In contrast, in the
rabbit ear artery (REA) (Zhang e? al., 1989) and guinea-pig
pulmonary artery (Wiklund er al., 1989), ADO has been
reported to enhance the release of NA, although the subtype
of P,-purinoceptor involved is not known.

Neuropeptide Y (NPY) is reported to inhibit the release of
NA prejunctionally (Pernow et al., 1986; Wong-Dusting &
Rand, 1988), but to enhance sympathetically-mediated
vasoconstriction (Glover, 1985; Daly & Hieble, 1987; Budai
et al., 1989; Saville et al., 1990) in the REA. It has been
suggested that the modulatory actions of NPY conserves
sympathetic cotransmitters NA and ATP, whilst maintaining
or enhancing postjunctional excitator actions (Stjirne et al.,
1986; Wong-Dusting & Rand, 1988).

Calcitonin gene-related peptide (CGRP) is known to
inhibit the vasoconstriction elicited by electrical field stimula-
tion (EFS) in the REA (Hanko er al., 1985; Maynard et al.,
1990; Moritoki et al., 1990). It is therefore possible that in
addition to its potent postjunctional inhibitory action on
NA- and ATP-induced contractions and its endothelium-
independent relaxant action (Maynard et al., 1990), CGRP
may also be acting prejunctionally to inhibit the release of
the sympathetic cotransmitter(s) NA and/or ATP as it does
in the guinea-pig vas deferens (Ellis & Burnstock, 1989).

In this study we have examined the effect of ADO, a mixed
A/A, receptor agonist, its analogues 5'-N-ethylcarbox-
aminoadenosine (NECA), a selective A,-receptor agonist and
L-phenylisopropyladenosine (L-PIA), a selective A,-receptor
agonist (see Burnstock et al.,, 1984) on the spontaneous and

' Present address: Neurosurgical Service, Massachusetts General
Hospital, 32 Fruit Street, Boston, Massachusetts 02114, U.S.A.
2 Author for correspondence.

evoked release of tritiated noradrenaline ([*H]}-NA) from the
REA in order to try to identify the excitatory, prejunctional
P,-purinoceptor subclass involved. We compare these
findings with those previously presented (Maynard & Burn-
stock, 1989) on the effect of CGRP on the spontaneous and
evoked release of [PH]-NA in the REA, in order to clarify
whether it acts prejunctionally to inhibit the release of NA.
In addition, the prejunctional, inhibitory action of NPY was
examined after two different incubation times to investigate
whether the pre- and postjunctional modulatory actions of
NPY occur simultaneously. The findings are combined with
previous reports to discuss the modulation of sympathetic
transmission in the REA.

Methods

Isolated REA segments were dissected out from New Zea-
land White male rabbits (2.5-3.0kg) and prepared as
previously described (Maynard et al., 1991).

Briefly, once cleaned of excess connective and fatty tissue
the 4 mm, endothelium-intact, REA segments were loaded
with PH]-NA. The tissues were then mounted under an initial
0.5-1.0g tension and superfused (1 mlmin~') with oxy-
genated (95% O, and 5% CO,), physiological solution (com-
position (mM): NaCl 133, KCl 4.7, NaHPO, 1.35, NaHCO,
16.3, MgSO, 0.61, CaCl, 2.52 and glucose 7.8). The prepara-
tions were then stimulated twice at 6 (S,) and 32 min (S,),
with trains of monophasic square wave pulses using 30V,
0.3ms, SHz for 90s by Grass SD9 stimulators.

Superfusate samples were collected before, during and after
the stimulation periods. In addition, a further collection was
made halfway between S; and S,, and 14 min after S, to
ensure that the prestimulation, spontaneous, radioactive
overflow had returned to its initial level at the beginning of
the experiment before the addition of a test drug or peptide,
and after each stimulation period.

Superfusion times for the test substances varied in order to
test the most effective time of action for each substance.
CGRP was superfused for 2 min before electrical stimulation
(S,) which is known to be its optimal incubation time
(Maynard et al., 1990), whilst superfusion with NPY was
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begun 2 or 10 min before electrical stimulation (S,) (Saville et
al., 1990). ADO was superfused for 20 min before electrical
stimulation (S,), and a pilot study showed no difference in
the evoked or spontaneous release of [’H}-NA between 5 min
and 20 min of superfusion with ADO prior to electrical
stimulation (S,). Both L-PIA and NECA were superfused for
5 min; the vehicle/control containing dimethyl sulphoxide
(DMSO), the solvent used for L-PIA (50 ul in 100 ml Krebs
solution) was superfused for 5 min and tetrodotoxin (TTX)
for 10 min prior to electrical stimulation (S,).

Concentrations used for test substances were near the ECs,
value for each drug/peptide: ADO (30 uM, Kennedy & Burn-
stock, 1985; Zhang et al., 1989); NECA and L-PIA (5,
30 pM, Burnstock et al., 1984; Rivilla et al., 1992); CGRP
(2.63-263 nM, Hanko er al., 1985; Moritoki et al., 1990);
NPY (100 nM, Glover, 1985; Daly & Hieble, 1987; Wong-
Dusting & Rand, 1988).

Results were calculated as previously detailed (Maynard et
al., 1991) and analysed with Student’s ¢ test for paired and
unpaired observations as necessary. They are expressed as
mean t s.e.mean, and a probability of 0.05 or less was con-
sidered significant.

All drugs were obtained from the Sigma Chemical Com-
pany and peptides were purchased from Cambridge Research
Biochemicals. [*H}-NA was purchased from New England
Nuclear, West Germany.

Results

Throughout all experiments the spontaneous overflow of
[PH]-NA was not significantly different before or 14 min after
the S, and S, periods, i.e. none of the peptides or drugs
investigated affected the spontaneous overflow of [HJ-NA,
and the background levels returned to normal after the
evoked-release stimulation periods (S, and S,).

In control (#n = 10) (no drug or peptide in superfusate) and
vehicle/control (n = 4) experiments the evoked release of [*HJ-
NA was stable such that the S,/S, ratio was not significantly
different from 1.0 (Figures 1 and 2). Tetrodotoxin (TTX,
1 uM) blocked the evoked-release of [FH}-NA (n=6),
indicating that the parameters of stimulation were neurogenic
(Figure 2).

ADO (30 uM, n = 6) and its analogues L-PIA (SpM, n=4;
30uM, n=6) and NECA (5pM, n=6; 30uM, n=>5)
significantly potentiated the evoked-release of [*H}-NA such
that the S,/S, ratio was increased (Figure 1). L-PIA, but not
NECA, exhibited a concentration-dependent enhancement of
the evoked release of [PH]-NA.

After 10min of superfusion (n=11), NPY (100 nM)
significantly (P<<0.01) inhibited the evoked-release of [*H]-
NA. This inhibition was more pronounced (P<<0.001) after
2 min superfusion (n = 6) (Figure 2).

CGRP (2.63 nM, n=4; 26.3nM, n = 4; 263 nM, n = 6) had
no effect on the evoked-release of [PH]-NA (Figure 2).
Experiments using superfusion times of 30 s to 5 min showed
no difference in the effect of 263 nM CGRP on the evoked-
release of [PH]-NA. Longer superfusion times were not
examined as the action of CGRP on neurogenic contractions
is reversed after 5 min (Maynard et al., 1990).

Discussion

In most tissues, the prejunctional P,-purinoceptor has been
shown to be of the A, subtype (see Burnstock, 1990), and
L-PIA is known to be a more potent A,-receptor agonist than
is NECA (Londos et al., 1980; Snyder, 1985; Rivilla et al.,
1990). In light of these reports, our results suggest the
likelihood of the A,-subtype of excitatory, prejunctional P;-
purinoceptor in the REA. This conclusion is based on the
observations that L-PIA, but not NECA, potentiated the
evoked release of [PH]-NA in a concentration-dependent
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Figure 1 Histograms showing the potentiating action of adenosine
(ADO) and its analogues 5’-N-ethylcarboxaminoadenosine (NECA)
and L-phenylisopropyladenosine (L-PIA) on the evoked release of
[*H}-noradrenaline in the rabbit central ear artery. The results were
calculated as the ratio of the second stimulation (S,), after super-
fusion of the drug or vehicle/control (Veh/Con, 50 ul dimethylsul-
phoxide in 100 ml Krebs solution), to the first (S,) stimulation period
i.e. (S,/S;)), and are expressed as the mean * s.e.mean. The level of
significance was calculated with Student’s unpaired ¢ test. *P <0.05;
**P<0.01 and ***P<0.001. n>>4 for each data point (see text).
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Figure 2 Histograms showing the effect of calcitonin gene-related
peptide (CGRP), neuropeptide Y (NPY) and tetrodotoxin (TTX) on
the evoked release of [*H]-noradrenaline in the rabbit central ear
artery. The results were calculated as the ratio of the second stimula-
tion (S,), after superfusion of the drug or no drug (Control), to the
first (S,) stimulation period i.e. (S,/S,), and are expressed as the
mean * s.e.mean. The level of significance was calculated with
Student’s unpaired ¢ test. **P<<0.01 and ***P<0.001. n>4 for
each data point (see text).

manner. The presence of A,-subtype receptors in the REA,
however, cannot be ruled out since NECA also significantly
enhanced the evoked release of [PH]-NA, albeit not in a
concentration-dependent manner. NECA is also known to
act at both A)- and Aj-receptor subtypes (Nicholls et al.,
1992). Experiments using recently available selective P;-
purinoceptor agonists and antagonists (Nicholls ez al., 1992)
are necessary for further clarification.

Although we have provided additional pharmacological
evidence that prejunctional P,-purinoceptor agonists augment
the release of NA, it has been reported that ADO, inhibits
neurogenic contractile responses in the REA (Zhang et al.,
1989). It is likely, however, that the potent postjunctional,
endothelium-independent relaxant action of ADO (usually
mediated by the A,-subtype of P,-purinoceptor in the REA
(Kennedy & Burnstock, 1985; see also Burnstock, 1990))
might overcome the prejunctional enhancement of sym-
pathetic transmitter(s) released. This would explain the
reduced neurogenic contractions observed in the REA in the
presence of ADO (Zhang et al., 1989).
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Both inhibitory prejunctional and augmenting postjunc-
tional modulatory actions of NPY on sympathetic transmis-
sion exist in the REA (Glover, 1985; Daly & Hieble, 1987
Potter, 1988; Wong-Dusting & Rand, 1988; Budai et al.,
1989; Gustafsson & Nilsson, 1990; Saville et al., 1990; this
study). The present results in combination with data from
previous studies, puts these observations in a chronological
framework. The inhibitory action of NPY on the release of
[*H]}-NA was significantly more effective at the earlier super-
fusion time of 2 than at 10 min in these experiments.

In contrast, we and others have shown that the time of
maximum potentiation of the sympathetic postjunctional res-
ponse by NPY observed in this preparation occurs after
5-10min of incubation and remains enhanced in the
presence of exogenous NPY for 20-30 min (Glover, 198S;
Budai er al., 1989; Saville et al., 1990). This critical time
difference might explain why earlier studies demonstrated
only the enhancing post-, but not the inhibitory prejunctional
action of NPY in other preparations (Edvinsson & Skarby,
1984; Ekblad er al., 1984; Zukowska-Grojec er al., 1986),
resulting in the suggestion that it is difficult to demonstrate
both pre- and postjunctional actions of NPY in a given
sympathetically-innervated tissue (Wahlestedt er al., 1990).
Since in this study, NPY was applied exogenously, it is
reasonable to assume that NPY encountered both pre- and
postjunctional receptors simultaneously. Consequently, the
time difference between the maximum inhibitory, prejunc-
tional and enhancing postjunctional actions may have a
physiological basis. Whether the explanation is due to: (a)
heterogeneity of NPY receptors and their actions (e.g. Y-
receptors can be found both pre- and postjunctionally in
vascular smooth muscle, and it is possible that these may
desensitize faster than Y, postjunctional receptors); (b)
interactions amongst «,- and a,-adrenoceptors and Y, and Y,
receptors during ‘cross-talk’ or reciprocal regulation, and (c)
differences between and/or regulation at the second-mes-
senger level as yet unknown (Burnstock, 1990; Wahlestedt ez
al., 1990).

The present results also show that CGRP does not act
prejunctionally to modulate the release of NA in the REA,
even though, like ADO (Zhang et al., 1989), it causes a
significant reduction in sympathetically-mediated contrac-
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tions (Maynard er al, 1990). This strongly suggests,
therefore, that like ADO, the attenuation of sympathetically-
mediated contractions by CGRP is likely to be due to its
potent endothelium-independent relaxant action. Further
experiments need to be conducted to elucidate whether
CGRP might affect the prejunctional release of ATP in the
REA, since both NA and ATP act as cotransmitters in this
preparation (Suzuki, 1985; Benham er al., 1987; Saville &
Burnstock, 1988). In addition, it has been shown that CGRP
may inhibit prejunctionally the release of ATP, but not NA
in the guinea-pig vas deferens (Ellis & Burnstock, 1989).

Recently, high levels of receptor binding sites have been
reported for somatostatin and substance P (SP), but not for
CGRP in the rabbit superior cervical ganglion, which pro-
vides the REA with its main sympathetic supply (Manth et
al., 1992). These anatomical findings therefore corroborate
the pharmacological data that somatostatin (Maynard et al.,
1991) and SP (Illes & van Falkenhausen, 1986), but not
CGRP (this study) have inhibitory prejunctional actions on
the release of NA in the REA.

In conclusion, we have shown that ADO and its
analogues, probably via A,-subtype, prejunctional, P,-
purinoceptors augment the release of NA in the REA. In
contrast, all the peptides localized in perivascular nerves of
the REA to date (i.e. NPY (Saville et al., 1990); SP, CGRP
(Maynard et al., 1990), and somatostatin (Maynard et al.,
1991)), with the exception of CGRP, which has no effect,
inhibit the prejunctional release of NA in the REA. In
addition, we propose that NPY might initially exert its
prejunctional, inhibitory action, before its postjunctional,
augmenting action on sympathetically-mediated contractile
responses. We also postulate that ADO and CGRP inhibit
sympathetically-mediated contractions not by inhibiting the
release of NA prejunctionally, but through their potent
endothelium-independent relaxant actions.
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Role of endopeptidase 3.4.24.16 in the catabolism of
neurotensin, in vivo, in the vascularly perfused dog ileum

H. Barelli, *J.E.T. Fox-Threlkeld, 1V. Dive, **E.E. Daniel, J.P. Vincent
& 'F. Checler
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1 The degradation of tritiated and unlabelled neurotensin (NT) following close intra-arterial infusion
of the peptides in ileal segments of anaesthetized dogs was examined.

2 Intact NT and its catabolites recovered in the venous effluents were purified by chromatography on
Sep-Pak columns followed by reverse-phase h.p.lc. and identified by their retention times or by
radioimmunoassay.

3 The half-life of neurotensin was estimated to be between 2 and 6 min. Four labelled catabolites,
corresponding to free tyrosine, neurotensin (1-8), neurotensin (1-10) and neurotensin (1-11), were
detected.

4 Neurotensin (1-11) was mainly generated by a phosphoramidon-sensitive cleavage, probably elicited
by endopeptidase 24—11.

5 Two endopeptidase 3.4.24.16 inhibitors, phosphodiepryl 03 and the dipeptide Pro-Ile, dose-de-
pendently potentiated the recovery of intact neurotensin. Furthermore, both agents inhibited the
formation of neurotensin (1-10), the product that results from the hydrolysis of neurotensin by purified
endopeptidase 3.4.24.16. In contrast, the endopeptidase 3.4.24.15 inhibitor Cpp-AAY-pAB neither
protected neurotensin from degradation nor modifed the production of neurotensin (1-10).

6 Our study is the first evidence to indicate that endopeptidase 3.4.24.16 contributes to the catabolism

of neurotensin, in vivo, in the dog intestine.

Keywords: Neurotensin; degradation; dog ileum; endopeptidase 24.15; endopeptidase 24.16; peptidases; phosphodiepryl 03;

Pro-Ile

Introduction

Neurotensin  (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-
Tyr-Ile-Leu) functions as a paracrine regulator of intestinal
motility. This statement is supported by the presence of
neurotensin-like immunoreactivity (NT-LI) in mucosal N
cells (Orci et al., 1976) from which the peptide can be
released upon various humoral or luminal stimuli (Mashford
et al., 1978; Hammer et al., 1982). Furthermore, neurotensin
receptor sites have been described in smooth muscle tissues
and in enteric nerve synaptosomes of intestine from various
species (Kitabgi & Freychet, 1979; Goedert et al., 1984;
Ahmad et al., 1987; Ahmad & Daniel, 1991). These binding
sites probably modulate the contractility of several gastro-
intestinal tissue preparations in vitro and in vivo (for review
see Kitabgi, 1982). Thus, in an ex vivo model of vascularly
perfused ileum of the dog, Sakai et al. (1984) demonstrated
that intra-arterial administration of neurotensin inhibited the
field-stimulated, atropine-sensitive contractile response of the
ileum by both neural and myogenic actions.

We have established the distribution of various exo- and
endopeptidases in purified membranes from muscular, ner-
vous and mucosal origin (Checler et al., 1987; Barelli et al.,
1989; 1993a), prepared from dog ileum. In agreement with
the concept of a local regulation that implies a short term
action, we have demonstrated that the various layers of the
intestinal wall contain peptidases that efficiently catabolize
neurotensin. In particular, our in vitro studies clearly demon-
strated that endopeptidase 3.4.24.16 mainly contributed to
neurotensin degradation in these muscular and nervous layers

! Author for correspondence.

(Checler et al., 1987; Barelli et al., 1989), as previously shown
in membrane preparations and cells from central origin
(Checler et al., 1988a). However, the assessment of the
involvement of endopeptidase 24.16 in the physiological inac-
tivation of neurotensin has awaited the development of selec-
tive inhibitors of the enzyme. We have previously described a
dipeptide, Pro-Ile (Dauch et al., 1991) and more recently a
phosphonamide peptide (Barelli ez al., 1992) that behave as
potent and selective inhibitors of purified endopeptidase
3.4.24.16. In the present study, we have used these novel
tools to examine the contribution of endopeptidase 3.4.24.16
to the inactivation of neurotensin, in vivo, in the dog ileum.

Methods

Canine isolated perfused ileum

All procedures were approved by the McMaster Animal Care
Committee. Ileal segments were prepared as previously des-
cribed (Manaka et al., 1989). Briefly, fasted mongrel dogs of
either sex (weighing 15-30 kg) were anaesthetized with a-
chlorasole (50 mg kg~'; Sigma) and urethane (500 mg kg~!;
Sigma). Ventilation was set up at approximately 15 strokes
min~' with a Harvard animal ventilator pump. The femoral
artery and vein were cannulated for monitoring blood pres-
sure and for administration of sodium pentobarbitone (25—
50mg) in order to maintain anaesthesia throughout the
experiment. The abdominal cavity was opened with a midline
incision and an ileal segment (about 15-20cm long and
15-35 g weight) was prepared. The largest vein and artery
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irrigating a single ileal segment were cannulated and the
venous cannula left open to drain. The arterial cannula was
perfused at a flow rate of 12mlmin~! with a peristaltic
pump (Harvard apparatus) with Krebs-Ringer bicarbonate
solution (warmed to 37°C and gassed with 95% O,, 5% CO,)
containing (mM): NaCl137.4, MgSO,1.2, NaHPO,1.2,
NaHCO; 21.1, CaCl, 2.5 and glucose 5.5 The ileal segment
was then ligated and the collateral circulation tied off. Five
to seven segments, separated from each other by at least one
complete vascular arcade, were sequentially prepared for
each dog.

Experimental procedure

An equilibration period preceded the start of each experiment
until the venous effluent became free of haematies by inspec-
tion. Dog ileum segments were pretreated for 10 min by
perfusion of Krebs-Ringer bicarbonate buffer either without
(control) or with freshly prepared solutions of peptidase
inhibitors before neurotensin injection. At zero time, a mix-
ture of tritiated (10°c.p.m., 107 Ci mmol~') and unlabelled
(10 nmol) neurotensin was injected in 1 ml. After 20s, the
peristaltic pump was stopped for 2 min in order to facilitate
neurotensin diffusion inside ileal tissues, then the perfusion
was continued for a period of 8 min (from injection). Per-
fusates corresponding to 2 min time intervals were collected.

Venous effluents were passed through ODS-Silica cart-
ridges (C18 Sep-pak, Millipore) that had been previously
activated by several washes with acetonitrile (2 X 5 ml) then
with 4 x 5ml of 0.1% (v/v) trifluoroacetic acid (TFA),
0.05% (v/v) triethylamine (TEA) in water. After loading of
samples, resin was washed with 0.1% (v/v) TFA, 0.05% (v/v)
TEA in water, then peptides were eluted with 4 ml of 80%
acetonitrile containing 0.1% (v/v) TFA, 0.05% (v/v) TEA.
More than 90% of the radioactivity applied was recovered
after the various step-elutions. Eluates were lyophilized and
reconstituted in 2ml of water containing 0.02% bovine
serum albumen. Aliquots containing about 6000 c.p.m. were
submitted to reverse-phase h.p.l.c.

Reverse-phase h.p.l.c. analysis

The h.p.l.c. procedure has been described previously (Checler
et al., 1988a). Briefly, aliquots of reconstituted samples were
loaded onto a RP18 lichrosorb column (Merck, France) and
eluted at room temperature. Elutions were performed at a
flow rate of 1 ml min~! and absorbing material was detected
at 230 nm. Intact neurotensin and its catabolites were sep-
arated by means of a 42 min linear gradient of 0.1% TFA,
0.05% TEA in water/0.1% TFA, 0.05% TEA in acetonitrile
from 90:10 (v/v) to 60:40 (v/v) and 500 pl fractions were
collected. Radioactive products were identified by their reten-
tion times as compared with synthetic standards run in the
same conditions and neurotensin-like immunoreactivity con-
tents were estimated by radioimmunoassay.

Radioimmunoassays

Neurotensin-like immunoreactivity (NT-LI) was determined
with an antiserum directed towards the C-terminal end of
NT (antiserum 29G) (Cuber et al., 1990). This polyclonal
antiserum does not cross-react with neurotensin (1-12) or
neurotensin (9-13) (<0.1%) and displays a detection limit
and an ECs, value of 0.5 and 5fmol of neurotensin/tube,
respectively. Radioimmunoassays were carried out at 4°C in
a final volume of 500 pl in phosphate-buffered saline (50 mM
Na,HPO, and 140 mM NaCl, pH 7.5) containing 0.1% gela-
tin, 6000—7000 c.p.m. of '*I-labelled neurotensin (Sadoul et
al., 1984) and various concentrations of unlabelled com-
petitor (synthetic neurotensin) or diluted samples (De Nadai
et al., 1989). Incubations with a final dilution of antiserum
1:50,000 were allowed to reach equilibrium for 24 h, then

separation of bound and free peptide was classically per-
formed by charcoal precipitation.

Peptides and drugs

Synthetic NT was purchased from Neosystem (Strasbourg,
France). Tritiated neurotensin [3,11-tyrosyl-3-5-*H(N)] (107
Cimmol~!) was obtained from New England Nuclear
(France). Bestatin ((2s,3r)-3 amino 2-hydroxy-4-phenyl-buta-
noyl leucine), phosphoramidon (N-(a-rhamno-pyranosyloxy-
hydroxyphosphynyl)-leucyl-tryptophan) and prolyl-isoleucine
were from Sigma Chemicals. Captopril (2-D-methyl-3-mer-
captopropanoyl-L-proline) was from the Squibb Institute
(Princeton, U.S.A.). CPP-AAY-pAB (N-(1(R,S)-carboxyl-3-
phenyl-propyl)-alanyl-alanyl-tyrosyl-pAB) was kindly given
by Dr M. Orlowski (Mount Sinai School of Medicine, New
York, U.S.A.). Phosphodiepryl 03 (N-(phenylethylphospho-
nyl)-glycyl-prolyl-hexanoic acid) was synthesized as described
by Dive et al. (1990).

Results

Data presented in Table 1 indicated that 83.6 * 10.1% of the
infused radioactivity was recovered under control conditions.
The distribution of the label within the three time-intervals
indicated that most of the radioactivity (84.4 £ 1% of total
radioactivity recovered) appeared in the 0—4 min interval
while the radioactivity recovered in the two following periods
(4-6 min and 6-8 min) represented 9.3+ 1.3 and 6.3+ 0.4
of total radioactivity, respectively (Table 1). It was notewor-
thy that pretreatment of ileal segments with various specific
peptidase inhibitors neither influence the recovery of radioac-
tivity nor affected the distribution of the label within the
sequential time intervals (Table 1).

Degradation rate of neurotensin in dog ileum

The perfusion of tritiated and unlabelled neurotensin in dog
ileum led to a linear decrease in the recovery of intact peptide
until the 4-6 min time interval. Then, the percentage of
native neurotensin remained constant, corresponding to
about 30% of intact tritiated peptide (Figure 1). The same
values were obtained when recovery of unlabelled neuroten-
sin was estimated by radioimmunoassay (not shown). This
plateau value probably reflected a steady state between the
rate of peptide diffusion within the ileal tissues and the
degradation process taking place inside these tissues. Taking
into account these considerations, it was estimated that the
half-life of neurotensin in this ex vivo model was between 2
and 6 min.

Catabolites of neurotensin in dog ileum

We examined the nature of the tritiated catabolites recovered
in the 4-6 min time interval. H.p.l.c. analysis of the fraction
corresponding to the Sep-Pak washout (see Methods) indi-
cated that all the radioactivity eluted with the retention time
of free tritiated tyrosine (not shown). Accordingly, this frac-
tion did not display any neurotensin-like immunoreactivity.
Radioactivity recovered by elution of the Sep-Pak columns
with acetonitrile indicated five major radiolabelled products
following h.p.l.c. analysis (Figure 2a). Three of these eluted
with the retention times of neurotensin(l-8), neurotensin
(1-10) and neurotensin(1—11). The main radioactive product
exhibited the retention time of standard neurotensin and
probably accounted for the remaining intact peptide since it
corresponded to immunoreactive material (Figure 2b). In
contrast, other peaks did not display neurotensin-like im-
munoreactivity, thereby confirming that the neurotensin anti-
serum used in the present study did not cross-react with any
of the neurotensin catabolites (Figure 2b). Finally, the small
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Pretreatment Recovery
Control 83.6 = 10.1
Bestatin 90.3+9.7
Captopril 86.2%2.0
Phosphoramidon 96.3+0.9
Pro-Ile 914104
Cpp-AAY-pAB 862+ 1.3
P03 87.1+£0.7

Distribution of radioactivity recovered

0-4 min 4-6 min 6-8 min
844110 93+13 6.3+0.4
867+ 1.8 8.21+0.7 521 1.1
84.6+3.0 99+20 55110
89.71+0.3 75106 2.81+09
86.0+2.7 89+25 50%0.2
82.0+0.6 11.5£0.1 6.410.6
883+ 4.8 8.1+3.6 361 1.0

Perfused dog ileum segments were pretreated for 10 min in the absence (control) or in the presence of the indicated peptidase inhibitor.
At zero time, tritiated NT (10¢c.p.m., 107 Ci mmol-') was injected and perfusion was continued for a total period of 8 min. Samples
collected during the 0-4, 4-6 and 6—8 min time-intervals were counted. Recovery corresponds to the total radioactivity recovered
expressed as the percentage of initial radioactivity infused. The distribution of radioactivity between the various time-intervals is
expressed as the percentage of total radioactivity recovered. Values are the mean  s.e.mean of three to six independent experiments
carried out with three independent dogs. Peptidase inhibitors were perfused at the following final concentrations: bestatin, 10 uM;
captopril, 1uM; phosphoramidon, 1puM; Pro-Ile, 10 mm; Cpp-AAY-pAB, 2 uM; P03 (phosphodiepryl 03) 0.5 pMm.
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Figure 1 Kinetics of disappearance of tritiated neurotensin (NT)
after infusion in dog ileum. Dog ileum segments were pretreated for
10 min by perfusion with Krebs-Ringer-bicarbonate buffer. Tritiated
neurotensin (10°c.p.m., 107 Ci mmol-') was then infused in a 1 ml
bolus. Labelled catabolites and intact tritiated neurotensin recovered
in the venous effluent during the three time-intervals were loaded on
Sep-Pak cartridges. Samples corresponding to the acetonitrile step
elution were lyophilysed, reconstituted in water and an aliquot
(about 6000 c.p.m.) was applied to reverse-phase h.p.l.c. as described
in Methods. Labelled peptides were identified by comparison of their
retention times with those of synthetic standards run in the same
conditions. Values represented the radioactivity corresponding to
intact tritiated NT recovered after h.p.l.c. analysis and are expressed
as the percentage of total radioactivity recovered in the two Sep-Pak
elution steps. Values are the mean % s.e.mean of four separate
experiments carried out with four dogs.

amount of radioactivity that behaved as free labelled tyrosine
could reflect a small proportion of tyrosine that would have
resisted the washing step of the Sep-Pak procedure.

It was noteworthy that the nature of the catabolites gen-
erated during the various time intervals appeared identical
although they were recovered in lesser amounts (Table 2) in
the 0—4 min interval. By contrast, a quantitatively similar
production of the different catabolites was observed between
4-6 and 6-8 min. This indicated that the plateau value
observed for intact neurotensin recovery (Figure 1) was
accompanied by a steady-state level of the catabolites forma-
tion (Table 2).

Effect of peptidase inhibitors on the recovery of intact
neurotensin and on the neurotensin (1—-10) formation

We recently described a potent phosphonamide peptide in-
hibitor, phosphodiepryl 03, that displayed a K; value of
about 1 nM towards endopeptidase 3.4.24.16 (Barelli er al.,
1992). This agent elicited a dose-dependent increase of the
neurotensin-like immunoreactivity recovered in the venous
effluent (Figure 3). This protecting effect of phosphodiepryl
03 on neurotensin was accompanied by a concomitant de-
crease of the production of tritiated neurotensin (1-10)
estimated after h.p.l.c. (Figure 3). This inhibitor appeared to
be without effect on the formation of the other neurotensin
catabolites (not shown).

It was crucial to examine the effect of the endopeptidase
3.4.24.15 inhibitor, Cpp-AAY-pAB since we have reported
that phosphodiepryl 03 not only blocks endopeptidase
3.4.24.16, but also inhibits endopeptidase 3.4.24.15 although
with a lower potency (K;=7.5nM) (Barelli et al., 1992).
Figure 3 clearly shows that Cpp-AAY-pAB neither modified
neurotensin recovery nor affected neurotensin (1-10) produc-
tion. Altogether, these data strengthen the hypothesis that
the protective effect of phosphodiepryl 03 on neurotensin
catabolism is mediated via the inhibition of endopeptidase
3.4. 24.16. Such a conclusion was further confirmed by the
examination of the effect of Pro-lle, a dipeptide which we
have previously reported is a selective blocker of endopep-
tidase 3.4.24.16 (Dauch et al., 1991). Figure 4 indicates that
Pro-lle elicited a drastic increase in the recovery of NT-LI,
together with an important decrease in neurotensin (1-10)
formation. These data confirm the involvement of endopep-
tidase 24.16 in the catabolism of neurotensin, in vivo, in dog
ileum. It should be noted that 10 uM phosphoramidon, a
potent and specific inhibitor of endopeptidase 24.11 (Suda et
al., 1973), also induced a protection of NT-LI and slowed
down the formation of neurotensin(1-10) (Figure 4) and
neurotensin(1-11) (data not shown). This was in keeping
with our previous data showing that thiorphan (another
endopeptidase 24.11 inhibitor, Roques ez al., 1980) led to the
partial protection of neurotensin in dog ileum (Checler et al.,
1988b). Finally, the aminopeptidase M inhibitor, bestatin
(Umezawa et al., 1976) slightly affected neurotensin recovery
and neurotensin(1-10) formation (Figure 4). This effect
could probably be explained by the slight inhibition (12% at
10 uM) elicited by this inhibitor on purified endopeptidase
3.4.24.16 (Barelli et al., 1988b).

Finally, the angiotensin-converting enzyme inhibitor cap-
topril (10 uM) did not modify neurotensin recovery and
neurotensin(l-10) production (Figure 4). This is in agree-
ment with our previous work showing that angiotensin-
converting enzyme does not contribute to the primary cata-
bolism of neurotensin, in dog ileum (Checler et al., 1988b).
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Discussion

In this study, we have shown that neurotensin is rapidly
catabolized in a vascularly perfused isolated ileal segment of
anaesthetized dog with an estimated half-life between 2 and
6 min. This agrees with the very short-life of the peptide
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Figure 2 High performance liquid chromatography (h.p.l.c.) analy-
sis of neurotensin catabolites recovered in 4-6 min time-interval of
the venous effluent. Dog ileum segments were pretreated for 10 min
by perfusion with Krebs-Ringer bicarbonate buffer. Tritiated neuro-
tensin (10°c.p.m., 107 Ci mmol-') and unlabelled neurotensin (10
nmol) were then infused in a 1 ml bolus. Peptides recovered in the
venous effluent were extracted on Sep-Pak cartridges, lyophilyzed
and reconstituted in 2ml of water as described in Methods. An
aliquot (about 6000 c.p.m.) of the sample corresponding to the
acetonitrile elution step was applied to reverse-phase h.p.l.c. and

eluted in the conditions described in Methods. Fractions correspon—

ding to 0.5 min (500 pl) were collected, counted and tested for their
content in neurotensin-LI as described in Methods. Labelled peptides
(a) were identified by comparison of their retention times with those
of synthetic standards run under the same conditions. The radioac-
tivity (a) and NT-LI (b) contents are expressed as the percentage of
total radioactivity or total NT-LI recovered after h.p.l.c. analysis.

(about 1 min) after intravenous bolus administration in rat
and man (for review see Checler, 1991). It is noteworthy that
the experimental procedure that included the flushing of the
intestinal segment prior to administration of neurotensin
precluded the possibility that plasma or blood cell factors
could contribute to peptide degradation.

The major N-terminal degradation products of neurotensin
generated during the transit of the peptide across intestinal
tissues corresponded to neurotensin(l-8), neurotensin(l-10)
and neurotensin(1-11). The formation of these products in-
creased and reached an apparent plateau value at the 4-6
min and 6-8 min time intervals. This probably reflected a
resistance of these products to secondary cleavages. This was
not the case for their C-terminal counterparts neuroten-
sin(9-13) and neurotensin(11-13) that were recovered in
much lower amounts. This explained the recovery of free
tyrosine that probably corresponded to the production of the
tyrosine 11 resulting from the proteolytic subsequent break-
down of neurotensin(11-13) and neurotensin(9-13).
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Figure 3 Effect of phosphodiepryl 03 and Cpp-AAY-pAB on neuro-
tensin recovery and neurotensin (1-10) formation. Dog ileum
segments were pretreated for 10 min by perfusion with Krebs-Ringer-
bicarbonate buffer in the absence (A) or in the presence of phos-
phodiepryl 03 0.05um (B) or 0.5uM (C) or with Cpp-AAY-pAB
0.5um (D) or 2puM (E). At zero time, tritiated neurotensin (10°
c.p.m., 107 Cimmol~') and unlabelled neurotensin (10 nmol) were
injected in 1 ml, then the perfusion was continued for a total period
(from injection) of 8 min and 2 min-samples were collected. Samples
were loaded on Sep-Pak cartridges and the peptides eluted in the
acetonitrile step were lyophilyzed, reconstituted in 2 ml of water and
an aliquot was h.p.l.c. analyzed as described in Methods. All collected
fractions were counted and tested for their content of neurotensin-
LI. Values are expressed as pmol of neurotensin-like immunoreact-
ivity (a) or correspond to tritiated neurotensin (1-10) formation (b)
expressed as the percentage of neurotensin(l-10) recovered in ab-
sence of inhibitor (control). Values are the means * s.e.mean of ten
determinations derived from three independent experiments carried
out on three dogs. Asterisks indicate the statistical significance deter-
mined by Student’s unpaired ¢ test of inhibitory versus control
conditions: *P<<0.0001. NS = non-significant.

Table 2 Identification and quantification of the tritiated catabolites recovered after perfusion of tritiated neurotensin in dog ileal

segments
Time Radioactivity
interval recovered in the
(min) Sep-Pak washout Radioactivity recovered in the Sep-Pak acetonitrile step

Tyr NT(1-8) NT(1-10) NT(1-11) NT(11-13) NT(9-13) NT

0-4 18.0%6.2 2.71+03 22103 2.7%07 23105 2.1x04 70.0+ 1.7
4-6 37.416.5 86%1.6 72%15 7.4%20 1.6+04 25108 353133
6-8 373143 110+ 1.8 74112 89+13 1.3+06 1.910.1 322%1.8

Dog ileum segments were pretreated for 10 min with Krebs-Ringer Bicarbonate buffer. Tritiated NT (10° c.p.m., 107 Ci mmol~') was
infused as a 1 ml bolus and the labelled products recovered in the various time-intervals were submitted to the Sep-Pak extraction
procedure described in the Methods. Samples recovered in the washout and acetonitrile steps were lyophilyzed, reconstituted in water
and aliquots were h.p.l.c. analyzed as described. Neurotensin catabolites were identified by comparison of their retention times with
those of synthetic standards run in the same conditions. The content of radioactivity under each peak was expressed as the percentage
of total radioactivity recovered by the Sep-Pak extraction procedure. Values are the means % s.e.mean of four independent experiments

performed with four dogs.
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Figure 4 Effect of specific peptidase inhibitors on the degradation of
neurotensin in perfused ileum segment of dog. Dog ileum segments
were pretreated for 10 min by perfusion with Krebs-Ringer-bicar-
bonate buffer in the absence (control conditions) or in the presence
of various peptidase inhibitors. At zero time, tritiated neurotensin
(10°c.p.m., 107 Cimmol~') and unlabelled neurotensin (10 nmol)
were injected in a 1 ml bolus then the perfusion was continued for a
total period (from injection) of 8 min and 2 min-samples were col-
lected. Samples were loaded on Sep-Pak cartridges, and the peptides
recovered in the acetonitrile step were lyophilyzed, reconstituted in
2 ml of water and an aliquot was h.p.l.c. analyzed as described in
Methods. Labelled peptides were identified by their retention time as
compared with those of synthetic standards run under the same
conditions. Values are the mean *s.e.mean of six determinations
(three independent experiments carried out on three dogs). Asterisks
indicate the statistical significance determined by Student’s unpaired
t test of inhibitory versus control conditions: *P <0.01, **P <0.005,
**+*P <0.001. Peptidase inhibitors were used at the following final
concentrations in the perfusion buffer: control without inhibitor (A);
bestatin, 10 uM (B); captopril, 1 uM (C); phosphoramidon, 1 um (D);
Pro-Ile, 10 mMm (E).

We previously showed that endopeptidase 24.11 is respon-
sible for neurotensin(l-11) formation and also contributes to
neurotensin(1—-10) production (Checler et al., 1988b) in dog
ileum. In agreement with these studies, the present data
indicate that the endopeptidase 24.11 inhibitor phosphora-
midon fully blocked neurotensin(l1-11) formation and partly
inhibited neurotensin(l-10) production. However, there is an
important phosphoramidon-insensitive generation of neuro-
tensin(1-10). A good candidate for mediating the formation
of this peptide could be endopeptidase 3.4.24.16. Thus, endo-
peptidase 3.4.24.16 was first detected and later purified from
central (Checler et al., 1986; Barelli et al., 1988a) and
peripheral (Barelli er al., 1988b; 1993a,b) tissue sources on
the basis of its ability to degrade neurotensin, leading to
neurotensin(1-10) formation. This activity remains the major
candidate for the catabolism of neurotensin since we have
established that endopeptidase 3.4.24.16 is the only pro-
teolytic activity that was shown to participate ubiquitously in
the inactivation of neurotensin in various tissue sources, cells
or membrane preparations from central or peripheral origin
(Checler et al., 1988a).

We recently described various inhibitors which allowed us
to examine the putative contribution of endopeptidase 3.4.
24.16 in the formation of neurotensin(l-10). Phosphodiepryl
03 was reported to block endopeptidase 3.4.24.16 with a K;
value of about 1nM (Barelli et al., 1992). This inhibitor
clearly protected neurotensin from degradation in dog ileum
and induced a selective inhibition of the expected catabolite
i.e. neurotensin(l1-10) (Figure 3). Although phosphodiepryl
03 (at a 1000 fold concentration above its K; value for
endopeptidase 24.16) did not inhibit purified endopeptidase
3.4.24.11, angiotensin-converting enzyme, leucine aminopep-
tidase and carboxypeptidase A, we established that this
inhibitor also inhibited endopeptidase 24.15 (K; ~ 7.5 nM)
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Characterization of the prostaglandin E, sensitive (EP)-receptor

in the rat isolated trachea

'S.J. Lydford & K. McKechnie

Department of Pharmacology, Fisons plc, Pharmaceutical Division, Bakewell Road, Loughborough, Leicestershire LE11 ORH

1 Using a range of natural and synthetic prostanoid receptor agonists and antagonists, we have shown
that the rat isolated trachea contains a heterogeneous population of prostaglandin receptor sub-types
mediating both relaxation and contraction of the smooth muscle. Prostaglandin E, (PGE,) elicits smooth
muscle relaxation of pre-contracted preparations, the responses being well defined, with a mean potency
(p[As]) of 7.81 % 0.05.

2 1l-deoxy PGE, 16,16-dimethyl PGE, and misoprostol were all full agonists at this receptor, whilst
AH13205 was a low potency agonist, and sulprostone was inactive.

3 The EP, receptor antagonist, AH6809 (S uM), and the selective DP receptor antagonist, BW A868C
(0.1 pM), had no significant effect on the concentration-effect (E/[A]) curves to PGE,.

4 The putative EP,-receptor antagonist, AH23848B, produced non-competitive antagonism of the
PGE, response curves; pA, values of 5.07 £ 0.15 and 5.24 £ 0.19 were obtained at concentrations of
30uM and 100 uM respectively.

5 The synthetic thromboxane A, mimetic, U46619, caused smooth muscle contractions, with a mean
plAse] of 6.90 * 0.11. This response was antagonized by the TP receptor antagonist, GR32191B, yielding
a mean pA, of 8.31.

6 At concentrations of 1uM and above, prostaglandin D, (PGD,) and the IP-receptor agonist,
cicaprost, generally elicited concentration-dependent relaxations of the rat trachea. Prostaglandin F,,
(PGF,,) was without affinity or efficacy.

7 These data suggest that the rat isolated trachea contains EP-receptors, TP-receptors, and few, if any,
DP, IP or FP-receptors. The inactivity of sulprostone (EP;/EP, receptor selective) and the low potency
of AH13205 (EP,-receptor selective) suggest that the rat trachea contains an atypical EP-receptor that

does not conform to the current classification system.
Keywords: Rat trachea; prostaglandin EP-receptors; smooth muscle relaxation; receptor characterization

Introduction

Prostanoid receptors at which prostaglandin E, (PGE,) is the
most potent natural agonist have been termed EP-receptors
(Kennedy et al., 1982; Coleman et al., 1984) and by use of a
range of synthetic agonists and antagonists, these can be
further classified into at least three distinct subtypes (Cole-
man et al., 1987a,b). Prostanoid EP-receptors which generally
mediate smooth muscle contraction and are susceptible to
block by the antagonists AH6809 and SC 19220 have been
termed EP,-receptors. Those receptors that are not blocked
with the EP,-receptor antagonists have been designated as
either EP, or EPs-receptors, EP,-receptors generally
mediating smooth muscle relaxation and EP;-receptors
inhibition of neurotransmitter release and smooth muscle
contraction (Ahluwalia et al., 1988). Further evidence for the
existence of at least three distinct sub-types of EP-receptors is
the recent isolation of functional cDNA clones encoding
murine EP,, EP, and EP; receptors (Sugimoto et al., 1992;
Watabe et al., 1993; Honda et al., 1993). Receptors at which
thromboxane A, (TXA,), PGD,, PGF,, and PGI, are the
most potent natural agonists have been correspondingly
termed TP, DP, FP and IP-receptors.

This classification is hampered by a lack of selective
antagonists, the fact that most prostanoid agonists display
activity at a number of these receptors and that most tissues
do not contain homogeneous populations of prostanoid
receptors. To date, selective antagonists are available only for
EP,-receptors (e.g. AH6809 and SC 19220), TP-receptors
(e.g. GR32191B and BM 13.177) and DP-receptors (e.g. BW
A868C).

! Author for correspondence.

The aims of the present study were as follows: firstly, to
characterize the prostaglandin EP-receptor mediating smooth
muscle relaxation of the rat isolated trachea using agonist
potency order information and selective antagonists; and
secondly, to characterize any other prostanoid receptors
located in this tissue.

Methods

Male Sprague-Dawley rats (300—500 g) were killed by cer-
vical dislocation, the trachea removed and cleared of fat and
connective tissue. The trachea was cut into 6 rings containing
approximately 2 cartilage bands which were mounted
between parallel wire hooks in 10 ml organ baths containing
Krebs solution (composition, mM: NaCl 117.56, KCl 5.36,
CaCl, 2.55, MgSO, 1.18, NaH,PO, 1.15, NaHCO; 25.00 and
glucose 11.10). The buffer was maintained at 37°C and gassed
with 95% 0,/5% CO,. Indomethacin (2.8 pM) was routinely
present to inhibit endogenous prostanoid production.
Changes in tension were recorded isometrically by means of
an Ormed Beam force displacement transducer connected to
Sekonic SS-250 chart recorders.

Experimental protocols

General At the beginning of each experiment a force of
1.0 g was applied to each preparation; these were allowed to
equilibrate for 60 min during which time the tissues were
retensioned and the buffer changed three times. To prevent
any possible TP-receptor-mediated contractile effects, 1 um
GR32191B (approximately 200 fold greater than its Kg) was
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added to the bathing solution 30 min prior to constructing
agonist E/[A] curves.

Relaxant effects Tissues were contracted with 5puM beth-
anechol (previous experiments having shown that this con-
centration was approximately equivalent to its [As] in this
preparation; data not shown). A paired curve design was
used throughout, first curves were to the standard agonist,
PGE,, and second curves either a time control or to one of
the test agonists. A 45min washout period was allowed
between curves. In experiments to measure the effects of
antagonists on the PGE, response, antagonists were added to
the Krebs solution 30 min before the construction of second
curves.

Contractile effects To measure the contractile effects of
prostanoid agonists, a similar experimental protocol was
used; however, the tissues were not pre-contracted with beth-
anechol and in studies involving U46619, the TP receptor
antagonist GR32191B was omitted from the bathing solution.

Data analysis

Individual E/[A] curves were fitted to a logistic function of
this form:

- _Ar
[As]" + [AF

where a, [As)] and n are the asymptote, location (expressed as
logis [As]) and slope parameters respectively. All agonist
E/[A] curves were fitted using the data analysis package
‘KaleidaGraph’ on a Macintosh IIcx computer whilst statis-
tical differences were assessed using the ‘StatWorks’ package.
Individual relative potencies were calculated as [As)] test
agonist/[As] PGE, and a geometric mean calculated.

Individual pA, values from paired curve data were cal-
culated using the equation;

logo (CR-1) = logi[B] + pA,
where CR = [Ay] agonist curve in the presence of the anta-

gonist/[As] agonist control curve and [B] is the concentration
of antagonist.

E

Statistical analysis

Agonist data Differences between the computer generated
values of o, p[Asy) and n for each paired E/[A] curve data set
were calculated. One-way analysis of variance (ANOVA) was
subsequently performed using the delta values from all treat-
ment groups; if ANOVA indicated a difference, further com-
parisons were made using the modified ¢ statistic.

Antagonist data Differences between the computer
generated values of «, p[As)] and n for each paired E/[A]
curve data set were calculated. Two-way analysis of variance
was subsequently performed using the delta values from all
treatment groups; if ANOVA indicated a difference, further
comparisons were made using the modified ¢ statistic.

Differences were considered significant at the level of
P<0.05.

Drugs

PGE,, PGD,, PGF,,, 11-deoxy PGE,, 16,16-dimethyl PGE,
and U46619 (9, 11-dideoxy-9a, 1la-methanoepoxy-PGF,,)
were purchased from Cascade Biochemicals, Reading, Berk-
shire. AH13205 (rrans-2-[4-(1-hydroxyhexyl)pentyl)phenyl]-5-
oxocyclo pentaneheptanoic acid), AH6809 (6-isopropoxy-9-
oxaxanthene-2-carboxylic acid), GR32191B ([1a(Z), 28, 3, 5a}-
(+)-7-[5-[1,1'-biphenyl]-4-ylmethoxy)-3-hydroxy-2-(1-piper-
idinyl) cyclopentyl]-4-heptenoic acid) and AH23848B ([1a(Z),
2B, 5a)-(x)-7-[5-[[(1,1’-biphenyl)-4-yllmethoxy]-2-(4-morpho-
linyl)-3-oxocyclopentyl]-4-heptenoic acid) were obtained from

Glaxo Group Research, U.K. Misoprostol was a gift
from Searle, U.S.A., sulprostone and cicaprost were gifts
from Schering A.G., Germany and BW A868C ((%)-3-ben-
zyl-5-(6-carboxyhexyl)- 1-(2-cyclohexyl-2-hydroxyethylamino)-
hydantoin) was a gift from Wellcome Research Laboratories,
Beckenham, Kent. Bethanechol chloride and indomethacin
were purchased from Sigma Chemical Co., Poole, Dorset.

Prostaglandins were stored at —20°C as either ethanolic or
methyl acetate stocks and diluted in Krebs buffer; indo-
methacin was dissolved in 10% w/v Na,CO;.

Results

Relaxant effects of PGE, and analogues

In the presence of 1puM GR32191B, PGE, caused a
concentration-dependent smooth muscle relaxation in all
preparations tested, with a mean p[As] of 7.81 £ 0.05 (s.e.,
n=16) and a maximal relaxation of 78.98 * 3.54% (n = 16)
of the induced tone. First and second curve data were
generally superimposable. Figure 1 shows the relaxant effects
of PGE, and four analogues. 11-deoxy PGE,, 16,16-dimethyl
PGE, (16,16-dME,) and misoprostol were all less potent than
PGE,, their respective concentration-effect curves were all
well defined and reached similar asymptotes to PGE,.
AH13205 was a low potency agonist and complete E/[A]
curves were unobtainable. Sulprostone was inactive at con-
centrations of up to 3uM. ll-deoxy PGE, and 16,16-
dimethyl PGE, E/[A] curves were not significantly different
from one another. The rank order of potencies of the EP-
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Figure 1 Concentration-effect curves for relaxation of the bethane-
chol contracted rat trachea by prostaglandin E, (PGE,) and related
analogues in the presence of 1 umM GR32191B. PGE, (O, n= 16);
11-deoxy PGE, (@, n="7), 16,16-dimethyl PGE, (A, n = 7); miso-
prostol (A, n=8) and AH13205 (O, n = 6). Mean values are shown
with s.e.mean.

Table 1 Comparison of potencies of prostanoid EP-
receptor agonists in rat isolated trachea

Relative
Compound plAs] potency 95% CL n
PGE, 7.81 £0.05 1.0 - 16
11-deoxy PVE, 7.36 £ 0.11 24 1.3-44 7
16,16 dME, 7.20£0.13 2.8 1.3-5.8 7
Misoprostol 6.57 £ 0.08 16.1 12.2-21.2 8
AH13205 - 1118 339-3684 6
Sulprostone Inactive - - 3

Relative potency is the mean of individual tissue results and
relative to the standard agonist (PGE, = 1). p[As] values are
mean * s.e.mean.



receptor agonists was, PGE,>11-deoxy PGE, = 16,16-di-
methyl PGE,>misoprostol>AH13205>sulprostone = 0. The
mean p[As]s and relative potencies are shown in Table 1.

Relaxant effects of other prostanoid agonists

To check for the presence of other prostanoid receptors
mediating smooth muscle relaxation, PGD, and cicaprost
were tested in this system following the same protocol as
above. Relaxant responses to PGD, and cicaprost were
observed only at concentrations greater than 1 puM giving
potencies relative to PGE,, calculated graphically from p[As}
values, of >3300 and >200 respectively (n = 3).

Contractile effects of prostanoid agonists

PGE,, PGF,, and sulprostone (0.1 uM—10 uM) had no con-
tractile effects on quiescent tissues. In contrast, U46619 pro-
duced concentration-related smooth muscle contractions,
paired control curve data yielding p[As] values of 6.90 £ 0.11
(n=4) and 6.87 £ 0.22 (n = 4) for 1st and 2nd curves respec-
tively (data not shown).

Effect of antagonists on the relaxant response of PGE,

The putative EP,-receptor antagonist, AH23848B (30 uM and
100 uM), caused significant rightward shifts in location, and
depression of the asymptotes of the PGE, response curves,
apparent pA,s of 5.0710.15 (n=4) and 5.24 £ 0.19 (n=4)
being obtained at these concentrations respectively (Figure
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Figure 2 Antagonism of prostaglandin E, (PGE,) concentration-
response curves (O) in rat isolated trachea by 30 um (@) and 100 pm
(A) AH23848B. Each point is the mean with s.e.mean of 4 deter-
minations.

Table 2 Comparison of the relative potencies of prosta-
glandin E, analogues in various isolated tissue preparations

Rabbit Pig
Rat Jjugular Cat saphenous
Agonist trachea vein trachea vein
(Relative potencies, PGE; = 1)

11-deoxy PGE, 24 2.1% 13+t NT
16,16-dME, 2.8 2.1t 20ttt NT
Misoprostol 16.1 8.3t 3.7ttt NT
AH13205 1118 NT 29% 11,040*
Butaprost NT 685t 17*%* NT
Sulprostone Inactive  >3000t  >10,000% 6,480*

Published data: tLawrence & Jones (1992); ttDong et al.
(1986); tttColeman er al. (1988); iNials er al. (1993);
*Louttit et al. (1992b); **Gardiner (1986).

NT, not tested.
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2). Neither the EP,/DP-receptor antagonist, AH6809 (5 uM),
nor the DP receptor antagonist, BW A868C (0.1 uM), had
any significant effect on PGE, E/[A] curves.

Effect of GR32191B on the contractile response to
U46619

The TP receptor antagonist, GR32191B (30 nM and 0.3 pM,
n = 2), produced rightward shifts of the U46619 curves, and
a pA; of 8.31 (range, 8.24 to 8.40) was calculated.

Discussion

The aim of this study was to classify the receptors subserving
prostanoid activities in the rat isolated trachea, in particular
the prostaglandin EP-receptors mediating smooth muscle
relaxation of the preparation.

Due to limited antagonist availability, the classification of
prostanoid receptors is based mainly on agonist potency
orders in carefully chosen bioassays, although further
evidence for this subclassification comes from the recent
cloning and expression of cDNA for various prostanoid
receptors. The rank order of agonist potencies obtained in
the present study is very similar to that reported by Lawrence
& Jones (1992) as an EP,receptor in the histamine-
contracted rabbit jugular vein. However, they found the EP,-
selective agonist, butaprost, to be 685 times less potent than
PGE, in relaxing this preparation (Table 2), which is not
consistent with the result obtained by Gardiner (1986) who
found butaprost to be approximately 17 times less potent
than PGE, at the EP,-receptors in cat isolated trachea (Table
2). The low potency of this EP,-receptor ligand in the rabbit
jugular vein is a similar result to the one that we obtained
using another EP,-selective agonist, AH13205 (Nials et al.,
1993), which we found to be more than 1000 times less
potent than PGE, in relaxing the rat trachea. Further
similarities between the rabbit jugular vein and rat trachea
can be shown using the EP;/EP, selective agonist, sulpros-
tone, which has a relative potency of >3000 in the rabbit
and is inactive in the rat. Coupled with the similarity of the
relative potencies of 11-deoxy PGE,, 16,16-dimethyl PGE,
and misoprostol, it would suggest that both preparations
contain similar, atypical prostaglandin EP-receptors. These
seem to be different receptors from those present in the cat
trachea and the rabbit ear artery (Humbles er al., 1991)
where misoprostol is more potent than either 11-deoxy PGE,
or 16,16-dimethyl PGE,.

AH23848B, originally identified as a TP-receptor antag-
onist (Brittain ez al., 1985) or partial agonist (Lumley, 1986),
has been shown to be a weak antagonist at the putative
EP,-receptor in the pig saphenous vein (Louttit et al.,
1992a,b), with a pA, of 50X 0.1. In the present study,
increasing concentrations of the antagonist caused concen-
tration-dependent rightward displacements and reductions in
maximal response of the PGE, curves. The apparent pA,
values obtained at each antagonist concentration are consis-
tent with that obtained by Louttit ez al. (1992a). The depres-
sion in asymptote of the PGE, response may be due to the
relatively high concentrations used, and the lack of selectivity
of AH23848B. The low potencies of AH13205 and sulpros-
tone in the pig saphenous vein and rat trachea also suggest
that both preparations may contain a similar EP,-receptor.
However, clarification of the situation would require
antagonist studies using AH23848B in the rabbit jugular vein
and agonist potency order information from a range of
prostaglandin E, analogues in the pig saphenous vein.

The rat trachea appears to contain few, if any, DP-
receptors because of the previously mentioned finding that
PGD, is weak or inactive. The selective DP-receptor
antagonist, BW A868C (Giles et al., 1989) failed to
antagonize the response to PGE, at a concentration 100
times greater than its pKp at DP-receptors. Similarly,
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AH6809 which has some DP (Keery & Lumley, 1988) as well
as EP,-receptor blocking activity, failed to antagonize the
PGE, response. In the rabbit jugular vein, relaxant responses
can also be mediated by prostanoid IP receptors (Giles et al.,
1990) and we found that the IP-receptor agonist, cicaprost
did cause relaxations in most tissues. However, due to the
low potency of cicaprost, full agonist-response curves could
not be obtained. These results suggest that the rat trachea
probably contains a small population of IP-receptors.

In addition to atypical EP-receptors mediating smooth
muscle relaxation, the rat trachea also contains prostanoid
receptors mediating smooth muscle contraction. U46619 was
shown to contract the trachea (p[As)] = 6.90), and this res-
ponse was antagonized by GR32191B. A pA, of 8.31 was
calculated, consistent with an action at TP-receptors (Lumley
et al., 1989). As the effects of PGE, were resistant to
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Studies of the nucleoside transporter inhibitor, draflazine, in the

human myocardium
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Bohm, Hermann Reichenspurner, Bruno Reichart & Erland Erdmann
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1 The aim of the present study was to determine the effect of the nucleoside transporter inhibitor,
draflazine, on the force of contraction in human myocardium and the affinity of the compound for the
nucleoside transporter. Nucleoside transport inhibitors, like draflazine, are of potential importance for
cardiopreservation of donor hearts for heart transplantation.

2 Functional experiments were performed in isolated electrically driven (1 Hz, 1.8 mmoll-! Ca?*)
human atrial trabeculae and ventricular papillary muscle strips. The affinity of draflazine for the
myocardial nucleoside transporter was studied in isolated membranes from human ventricular myocar-
dium and human erythrocytes in radioligand binding experiments using [*H]-nitrobenzylthioinosine
(PH)-NBTI). Dipyridamole was studied for comparison.

3 In membranes from human myocardium and erythrocytes, ['H]-NTBI labelled 1.18 pmol mg™!
protein and 23.0 pmol mg~! protein, respectively, nucleoside transporter molecules with a K, value of
0.8 nmol I~'. Draflazine concentration-dependently inhibited binding of [*H}-NBTI to myocardial and
erythrocyte membranes with a Ki-value of 4.5 nmol1~'. The potency as judged from the K; values was
ten times greater than that of dipyridamole in both myocardial and erythrocyte membranes.

4 Draflazine, at concentrations up to 100 umol 1!, did not produce negative inotropic effects in atrial
and ventricular myocardium. (—)-N®-phenylisopropyladenosine (R-PIA) and carbachol did not reduce
force of contraction in ventricular myocardium, but exerted concentration-dependent direct negative
inotropic effects in atrial myocardium.

5 The data provide evidence that draflazine specifically binds to the nucleoside transporter of the
human heart and erythrocytes with high affinity. The compound does not produce negative inotropic
effects at concentrations as high as 100 umol 1-'.

6 Draflazine could be a useful agent for cardiopreservation because it does not produce cardiodepres-
sant effects. Thus, it may be possible to perfuse explanted hearts directly with this agent without the

hazard of cardiodepression.

Keywords: Nucleoside transporter; nucleoside uptake inhibition; adenosine; human myocardium; cardiac transplantation

Introduction

Adenosine is released from the heart during ischaemia (Fox
et al., 1974), increased cardiac workload (Foley et al., 1978;
McKenzie et al., 1981) and during excessive catecholamine
stimulation (Schrader et al., 1977). Adenosine receptors on
the external surface of myocardial, smooth muscle and endo-
thelial cells mediate antiadrenergic effects (Schrader et al.,
1977, Bohm et al., 1984; 1985) and produce vasodilator
actions (Berne, 1963) thereby limiting oxygen demand and
increasing blood flow to the critically challenged myocar-
dium. These effects led investigators to suggest that endo-
genously formed adenosine is an endogenous feed back
inhibitor against catecholamine overstimulation and a
retaliatory metabolite for the temporal and local control of
cellular functions (Newby, 1984; Bellardinelli et al., 1989).
Conceivably, a cardioprotective effect has been observed (for
review see Forman et al.,1993; van Belle, 1993). Adenosine is
rapidly taken up by the nucleoside transporter into endo-
thelial cells and into erythrocytes (Klabunde & Althouse,
1981; Plagemann et al., 1988). As a consequence, the plasma
half-life of adenosine is about 10 s when given intravenously
in man (Klabunde, 1983). From these data it appeared worth-
while to inhibit the nucleoside transporter so as to enhance
the adenosine concentration at its extracellular receptor sites,
thereby increasing its cardioprotective effects. Nucleoside

! Author for correspondence: at Klinik III fiir Innere Medizin,
Universitit zu Koéln, Joseph-Stelzmann-Str.9, D-50924 Koln, Ger-
many.

transporter inhibitors have been used in cardioplegic solu-
tions to improve myocardial viability (Ledingham et al.,
1990). Draflazine is a compound which selectively inhibits the
purine nucleoside transporter (Van Belle & Janssen, 1991)
and does not possess other effects as does dipyridamole
(Blass et al., 1980; Ahn ez al., 1989). Draflazine has also been
reported to prevent catecholamine-induced myocardial
damage (van Belle ef al., 1992). The pharmacological profile
of draflazine appears to be advantagous as a compound for
cardiac protection, and could be useful as an additional
compound in cardioplegic solutions (Flameng et al., 1991). In
cardiac transplantation, the availability of donor hearts is
markedly limited by the time for which the heart can be kept
in cardioplegia for transportation. Thus, the availability of
pharmacological agents which preserve cardiac function is of
great clinical relevance. Perfusion of the hearts during ex-
plantation with cardioprotective agents would allow high
myocardial drug concentrations to be achieved. However,
this practical approach could be hampered by potential car-
diodepressant side effects. In order to evaluate this poten-
tially important question, the effects of draflazine on myocar-
dial force of contraction were investigated on human
isolated, electrically driven atrial and ventricular cardiac
preparations and were compared to the affinity of the agent
at the nucleoside transporter in human myocardial and
human erythrocyte membranes. The use of isolated, human
myocardial preparations is important because inotropic
effects can markedly differ between human and animal tissue
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(B6hm et al., 1989a) and because effects on force of contrac-
tion can be studied without interference from pre- or after-
load changes or chronotropic effects.

Methods

Mpyocardial tissue

Experiments were performed on human isolated, electrically
stimulated, ventricular papillary muscle strips and right auri-
cular trabeculae or on membrane preparations from human
left ventricular myocardium. Tissue was obtained during aor-
tocoronary bypass operations (without heart failure) (n =7, 4
female, 3 male; age:mean 61.4 years, range 41-71) or cardiac
transplantation (n =3, 2 female, 1 male; dilated cardiomyo-
pathy). All patients gave written informed consent before
surgery. Medical therapy consisted of diuretics, nitrates, ACE-
inhibitors and cardiac glycosides. Patients receiving
catecholamines, B-adrenoceptor- or Ca’*-antagonists were
withdrawn from the study. Drugs used for general anaes-
thesia were flunitrazepam and pancuronium bromide with
isoflurane. Cardiac surgery was performed on cardiopul-
monary bypass with cardioplegic arrest during hypothermia.
The cardioplegic solution (a modified Bretschneider solution)
contained (in mmol 1-!): NaCl 15, KClI 10, MgCl, 4, histidine
180, tryptophan 2, mannitol 30 and potassium dihydrogen
oxoglutarate 1.

Contraction experiments

Immediately after excision, the papillary muscles and atrial
trabeculae were placed in ice-cold preaerated modified Ty-
rode solution (composition see below) and delivered to the
laboratory within 10 min. The experiments were performed
on isolated, electrically driven (1 Hz) muscle preparations.
Muscle strips of uniform size with muscle fibres running
parallel to the length of the strips (diameter <1.0 mm,
length 5-9 mm) were dissected in aerated bathing solution
(composition see below) at room temperature. Connective
tissue, if visibly present, was carefully trimmed away. The
preparations were attached to a bipolar platinum stimulating
electrode and suspended individually in 75ml glass tissue
chambers for recording of isometric contractions. The ba-
thing solution used was a modified Tyrode solution contain-
ing in mmol 1-!: NaCl 119.8, KCl 5.4, CaCl, 1.8, MgCl, 1.05,
NaH,PO, 0.42, NaHCO, 22.6, Na,EDTA 0.05, ascorbic acid
0.28 and glucose 5.0. It was continuously gassed with 95%
0, and 5% CO, and maintained at 37°C; its pH was 7.4.
Muscle strip preparations were attached to two stainless
metal pins, one of which was connected to a force trans-
ducer. Isometric force of contraction was measured with an
inductive force transducer (W. Fleck, Mainz, Germany) at-
tached to a Hellige Helco Scriptor (Hellige, Freiburg, Ger-
many) or Gould recorder (Gould Inc., Cleveland, Ohio,
U.S.A.). Each muscle was stretched to the length at which
developed force was maximal and the resting load was kept
constant throughout the experiments. The preparations were
electrically paced at 1 Hz with rectangular pulses of 5ms
duration (Grass stimulator SD9), the voltage was 20%
above threshold. All preparations were allowed to equilibrate
at least 90 min in a drug-free bathing solution until complete
mechanical stabilization. After 45 min, the solution was
changed. Concentration-dependent mechanical effects of
draflazine and other drugs were obtained. To test mechanical
performance, after each experiment the positive inotropic
effect mediated by elevation of the extracellular Ca?*-concen-
tration (15 mmol 1-') was measured. All preparations in this
experimental series developed an increase in force of contrac-
tion after increase in the Ca’*-ion-concentration. Control
strips in Tyrode solution revealed a maximally 20% reduc-
tion of baseline isometric developed tension over the period
necessary to complete pharmacological testing. Agents were

applied cumulatively to the organ bath. Each muscle was
used only once to record a concentration-response curve.

Human myocardial membrane preparations

Left ventricular myocardium was chilled in 30 ml ice-cold
homogenization buffer (20 mmol1-! Tris/HCl, 1 mmol1-!
EDTA, 1 mmoll-! dithiothreitol, pH 8.0). Connective tissue
was trimmed away and myocardial tissue was minced with
scissors, disrupted with an Ultraturrax (Janke and Kunkel,
Staufenbreisgau, Germany) and homogenized with a motor-
driven glass teflon Elvejhem-Potter for 1 min. The homoge-
nate was spun at 480 g for 10 min (JA 20, Beckman, Palo
Alto, U.S.A.). The supernatant was retained and the pellet
discarded. This homogenate was diluted with an equal vol-
ume of ice-cold 1 mol1-! KCI and stored on ice for 10 min.
The supernatant was centrifuged at 100,000 g for 45 min. The
pellet was resuspended in 50 volumes of homogenization
buffer and recentrifuged at 100,000 g for 45 min. The final
pellet was resuspended in incubation buffer (50 mmoll-!
Tris/HC]l, 10 mmol1-! MgCl,, pH 7.4). Assays were per-
formed in a total volume of 250 ul incubation buffer.

Human erythrocyte membrane preparation

Heparinized blood (15 ml) was taken from healthy volunteers
and centrifuged at 150 g for 20 min at room temperature
(Beckman J21B, rotor JA 20). The supernatant was discarded
and the sediment was washed twice in 30 ml buffer (50 mmol
17! Tris/HCl, 10 mmol 1-! MgCl,, 1 mmol 1! dithiothreitol)
and again centrifuged at 150 g. The sediment was resuspen-
ded in 10ml buffer and diluted with an equal volume of
1 mol I-! KCl and treated with five strokes of a motor-driven
glass teflon Elvejhem-Potter homogenizer. Following an incu-
bation period for 15 min at 40°C, the suspension was centri-
fuged for 30 min at 100,000 g. The sediment was resuspended
in hypotonic medium (25 mmol 1-! MgCl,, 10 mmol 1-! KH-
CO;, 20 mmol 1-! Tris/HCI) and again centrifuged at 100,000
g for 30 min. This final pellet was pottered and suspended in
buffer without dithiothreitol, frozen in liquid nitrogen and
stored at — 80°C.

Radioligand binding experiment

The nucleoside transporter in human erythrocytes and myo-
cardial membranes was investigated with [*H]}-nitrobenzylthi-
oinosine (*H-NBTI) as radiolabelled ligand. The incubation
was carried out for 60 min at 37°C in a buffer containing
50 mmol 1-! Tris/HCl, 10 mmol1-! MgCl, and 1 mmoll-!
dithiothreitol at a final volume of 250 ul. The assay was
started with membrane suspension (20 pg for erythrocytes,
150 pl for myocardial membranes). Nonspecific binding was
determined with 30 pmol 1-! dipyridamole. The conditions
used allowed complete equilibration with the nucleoside
transporter. The reaction was terminated by rapid vacuum
filtration through Whatman GB/C filters. The filters were
washed three times immediately with 6 ml incubation buffer.
Filters were dried and placed in 10 ml of scintillation fluid
(Quickszint 501, Zinsser Analytics, Frankfurt, Germany) and
radioactivity determined with a LKB-B-liquid scintillation
counter. Each determination was performed in triplicate.

Miscellaneous

Protein was determined according to Lowry et al. (1951).
Binding data (B,,, and Kp-values) were determined according
to Scatchard (1949). K values were determined according to
Cheng & Prusoff (1973) from the ICs-values which were
graphically determined in each individual experiment.



Materials

Draflazine CR 75231, 2-(aminocarbonyl)-N-(4 amino-2,6-di-
chlorophenyl)-4-(55-bis-(4-fluorphenylpentyl)-1-piperazine acet-
amide) was from Janssen Co, Beerse, Belgium. Dipyridamole,
R-N’-phenyl-isopropyladenosine (R-PIA) and carbachol were
purchased from Boehringer-Mannheim (Germany). All other
chemicals were of analytical grade or the best grade commer-
cially available. For studies with isolated cardiac prepara-
tions, stock solutions were prepared and applied to the organ
bath. Applied compounds did not change the pH in the
bathing solution.

Results

[°H]-NBTI-binding to the nucleoside transporter

Human erythrocyte membranes were prepared from three
samples obtained from human volunteers. A typical ex-
periment to characterize binding of [PH]-NBTI to human
erythrocyte membranes is shown in Figure 1. Binding of
[H]-NBTI was monophasic and saturable. Transformation
of the data according to Scatchard (1949) revealed a linear
plot with a density of 23 pmolmg~! protein [*H]-NBTI
bound and an apparent Kp-value of 0.8 nmol 1-!. Nonspecific
binding was low amounting to about 1% of total binding at
Kp and about 5% at 30 nmoll-! PH)-NBTL In order to
evaluate the affinity of the nucleoside transporter inhibitors,
draflazine and dipyridamole, competition experiments were
performed. Figure 2 illustrates the concentration-dependent
antagonism of [*’H]-NBTI-binding by dipyridamole and dra-
flazine. Both compounds completely antagonized binding of
[*H]-NBTI to the erythrocyte nucleoside transporter. Analysis
of binding data revealed K; values of 4.5nmoll~' and 48
nmol 1! for drafalzine and dipyridamole, respectively. Figure
3 demonstrates a representative radioligand binding experi-
ment with [*’H]-NBTI on membranes from the human left
ventricle. As in erythrocyte membranes, PH}-NBTI concen-
tration-dependently bound to the membranes with a Kp, value
of 0.8nmoll1-! and a By, value of 1.18 nmol [’H])-NBTI
bound mg~! protein. Figure 4 shows concentration-depen-
dent inhibition of PH}-NBTI-binding by draflazine and dipy-
ridamole in human ventricular membranes. As in erythrocyte
membranes, the potency of draflazine in inhibiting binding of
[FH]-NBTI to membranes was about 10 times higher than
that of dipyridamole. Taken together, in radioligand binding
studies with [PH}-NBTI, the density of the nucleoside trans-
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Figure 1 Binding of [*H}-nitrobenzylthioinosine (°PH]-NBTI) (0.1
30 nmol1-') to the nucleoside transporter of human erythrocyte
membranes. The inset shows the linear transformation of the data
obtained in the saturation experiment. Bound [*H]-NBTI (pmol mg~'
protein) is plotted as a function of the ratio of bound to free
[*H]-NBTI (B/F x 10~3). The intercept with the abscissa scale is the
number of binding sites (Bp,,); the slope is the apparent affinity.
Each point represents the mean of triplicate observations: (O) total
binding; (A) specific binding; () nonspecific binding.

MYOCARDIAL EFFECTS OF DRAFLAZINE 139

porter in erythrocytes was determined to be about 19 times
higher than in human ventricular membranes. In both sys-
tems, the potency of draflazine was about 10 times greater
than that of dipyridamole in binding to the nucleoside trans-
porter.
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Figure 2 Inhibition of [*H]-nitrobenzylthioinosine (PH]-NBTI) (0.8
nmol 1-') binding to the nucleoside transporter of human erythrocyte
membranes by the nucleoside transporter inhibitors, draflazine (A)
and dipyridamole (@). Ordinate scale: specific binding as a percen-
tage of maximal bound [*H}-NBTI. Abscissa scale: concentration of
competitors.
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Figure 3 Binding of [*H]-nitrobenzylthioinosine ([*H}-NBTI)
(0.1-30 nmol 1-!) to the nucleoside transporter of human ventricular
membranes. The inset shows the linear transformation of the data
obtained in the saturation experiment. Bound [*H]-NBTI (pmol mg~!
protein) is plotted as a function of the ratio of bound to free
[*H]-NBTI (B/F X 10%). The intercept with the abscissa scale is the
number of binding sites (By,,); the slope is the apparent affinity.
Each point represents the mean of triplicate observations: (O) total
binding; (A) specific binding; (®) nonspecific binding.
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Figure 4 Inhibition of [*H}-nitrobenzylthioinosine (*H]-NBTI) (0.8
mmol 1-!) binding to the nucleoside transporter of human ventricular
membranes by the nucleoside inhibitors, draflazine (A) and dipy-
ridamole (@). Ordinate scale: specific binding in percentage of max-
imal bound [*H]-NBTI. Abscissa scale: concentration of competitors.
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Figure 5 Original recordings illustrating the effects on force of contraction in isolated cardiac preparations from human atrial (left
tracings) and human ventricular (right tracings) myocardium of drug-free bathing solution (a,b), draflazine (c,d), the adenosine

receptor agonist, R-PIA (e,f) and carbachol (g,h).
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Figure 6 Concentration-response curves for the effects on contrac-
tion in human isolated, electrically driven atrial trabeculae of dra-
flazine (O0), R-PIA (A) and carbachol (O) (0.0001-100 pmol 1-).
Basal force of contraction was 11.6 £ 0.6 mN (n=20). Ordinate
scale: force of contraction in % of predrug values. Abscissa scale:
concentration of studied drugs in pmol 1-".
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Figure 7 Concentration-response curves for the effects on force of
contraction in human isolated, electrically driven papillary muscle
strips of draflazine (O0), R-PIA (A) and carbachol (O) (0.0001-100
pmol 1-). Basal force of contraction was 3.0+ 0.5mN (n=31).
Ordinate scale: force of contraction in % of predrug values. Abscissa
scale: concentration of studied drugs in pmoll1-!.



Effects of draflazine on force of contraction

Original recordings in Figure 5 demonstrate the effect of
draflazine on isometric force of contraction in isolated,
electrically driven right atrial and left ventricular cardiac
preparations. The effects of the A,-adenosine receptor ago-
nist, R-PIA and the muscarinic cholinoceptor agonist, car-
bachol, as well as the time course of force of contraction in
drug-free bathing solution are shown for comparison. Similar
to force generation in drug-free bathing solution, draflazine
did not produce negative inotropic responses up to 100 pmol
1-! in atrial or in ventricular cardiac preparations. In con-
trast, the A,-adenosine receptor agonist, R-PIA, and car-
bachol produced concentration-dependent negative inotropic
effects in atrial heart muscle without affecting force develop-
ment in ventricular heart muscle. Figure 6 shows the concen-
tration-response curves for effects of draflazine, R-PIA and
carbachol in atrial preparations. Draflazine had no effects on
developed tension over the concentration range 0.001-100
umol 1-!, R-PIA and carbachol concentration-dependently
reduced force of contraction. Carbachol was about ten times
more potent than R-PIA. In ventricular preparations, R-PIA
and carbachol did not reduce developed force of contraction
(Figure 7).

Discussion

Adenosine is an endogenous nucleoside which is released
from the myocardium in situations where an increased ATP-
breakdown occurs. In addition, adenosine acts as an anti-
platelet aggregating agent (Cronstein er al, 1985) and
potently inhibits leucocyte activation (van Belle, 1985). Ther-
apeutic applications of adenosine include the treatment of
supraventricular tachycardias (Di Marco er al., 1983) and
controlled hypothermia in neurosurgery (Sollevi et al., 1984).
From this profile of actions it has been suggested that
adenosine is a local endogenous regulator of cellular metabo-
lism and function (Newby, 1984). Consistently, adenosine has
been reported to protect the heart from ischaemia and stunn-
ing (Lasley et al., 1990; Bunch ez al., 1992). On the contrary,
uncoupling of adenosine A,-receptors by pertussis toxin
treatment was observed to produce myocardial lesions com-
parable to those observed following catecholamine-treatment
(B6hm et al., 1988). One possible physiological intervention
to increase the concentration of the nucleoside at its extracel-
lular receptor, is the application of nucleoside transport
inhibitors like dipyridamole or lidoflazine which could result
in an improved cardiac function following situations like
catecholamine stress, ischaemia or long term storage in car-
dioplegic solutions (Schubert et al., 1989).

The limited time for conservation of ischaemic donor
organs is still one important problem in heart transplanta-
tion. Cardiac function following cardiac transplantation is
inversely related to the time of ischaemic storage of the organ
and in general limited to 4-6 h post explanation (Heck et al.,
1989; Pflugfelder et al., 1989). Thus, nucleoside transporter
inhibition appears to be an attractive mechanism for increas-
ing the adenosine concentration at its extracellular receptor
sites thereby preserving mechanical function following stor-
age in cardioplegic solutions. Indeed lidoflazine was observed
to improve cardiac function during intermittent aortic cross
clamping in dogs (Chang-Chun et al., 1992). The most pro-
nounced effects of the nucleoside transporter inhibitor would
be expected at a 100% receptor occupation. In this study, we
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Block of ATP-sensitive K* channels in isolated mouse
pancreatic B-cells by 2,3-butanedione monoxime

'Paul A. Smith, Beatrice A. Williams & Frances M. Ashcroft

University Laboratory of Physiology, Parks Road, Oxford OX1 3PT

1 The patch-clamp technique has been used to examine the action of the chemical phosphatase
2,3-butanedione monoxime (BDM) on ATP-sensitive K* channels (K,rp-channels) from mouse isolated
pancreatic B-cells in the absence of ATP and Mg2*.

2 BDM reversibly inhibited whole-cell K rp-currents with a concentration for half maximal inhibition
(K) of 15+ 1 mM and a Hill coefficient (n) of 2.5+ 0.2 (n=4).

3 In outside-out patches, external BDM reversibly reduced the activity of single Kyp-channels with an
affinity similar to that observed in whole-cell recordings (K;=11*3mM, n=2.0%+0.3, n=7). In
inside-out patches, internally applied BDM also reversibly blocked the activity of K,yp-channels
(K;=3112mM, n=22%04, n=28). In both excised patch configurations, BDM decreased the mean
open life-time and the burst duration, thereby producing a decrease in the channel open probability. The

drug had no effect on the short intraburst closed times.
4 BDM had no effect on the single-channel current amplitude.
5 The results suggest that BDM blocks the K,qp-channel directly, by mechanisms independent of

channel dephosphorylation.

Keywords: ATP-sensitive K* channel; B-cell; 2,3-butanedione monoxime

Introduction

2,3-Butanedione monoxime (diacetyl monoxime, BDM) is a
well established chemical phosphatase. In cardiac myocytes
and dorsal root ganglion neurones, extracellularly applied
BDM has been shown to inhibit L-type Ca*-channels
(ICs, = 5.8 mM, Chapman, 1993; IC;, =20 mM, Huang &
McArdle, 1992). Inhibition was reversed by agents that are
thought to promote phosphorylation of the L-type calcium
channel, such as 8-bromo-cyclic AMP and isoprenaline.
These data are consistent with the idea that BDM can
behave as a chemical phosphatase and can decrease L-type
Ca?*-channel activity by dephosphorylation of the channel
protein (Huang & McArdle, 1992; Chapman, 1993). In ven-
tricular myocytes, BDM reduces both the slow inward cal-
cium current and the transient outward potassium current,
effects which have again been attributed to a phosphatase
action of BDM (Couloumbe et al., 1990). BDM has also
been shown to inhibit both ATP-sensitive K*-channels
(Katp-channels) in cardiac myocytes, K; ~21 mM, and
voltage-dependent K*-currents expressed in oocytes (Hardin
et al., 1993; Lopatin & Nichols, 1993). In these cases, how-
ever, inhibition was reversible in the absence of Mg?* ions
and ATP, conditions which do not support protein phos-
phorylation. This suggests that BDM may also block channel
activity by a mechanism that does not involve protein
dephosphorylation. We have used standard patch-clamp
techniques to investigate whether BDM acts as a direct
blocker of Karp-channels in mouse pancreatic B-cells.

Methods
Cells

Patch-clamp studies were made on primary cultured B-cells
isolated from mouse islets of Langerhans, as previously des-
cribed (Rorsman & Trube, 1985; Bokvist et al., 1990).

! Author for correspondence.

Solutions

In whole-cell and outside-out patch experiments the extracel-
lular face of the membrane was bathed in a solution contain-
ing (in mM). NaCl 138, KCl 5.6, CaCl, 2.6, MgCl, 1.1,
Na-HEPES 10 (pH 7.4). For the inside-out experiments the
extracellular, pipette, solution contained (in mM): KCl 140,
CaCl, 2.6, MgCl, 1.2, K-HEPES 10 (pH7.4). In all
experiments the intracellular face of the membrane was
bathed in a solution which contained (in mm): KCl 140,
CaCl, 4.6, EDTA 10, K-HEPES 10 (pH 7.2; free [Mg**]
<6 nM; free [Ca?*]< 30 nM). This solution does not support
protein phosphorylation since it does not contain Mg** or
ATP. It also reduces rundown of K,rp-channels in excised
patches and standard whole-cell recordings from pancreatic
B-cells (Kozlowski & Ashford, 1990; Williams, 1992). All
chemicals were from Sigma. 2,3-Butanedione monoxime
(BDM) was dissolved directly into the appropriate solution.

All experiments were carried out at room temperature
(23-26°C).

Electrophysiological recording

Membrane-currents were recorded with a List EPC-7
amplifier (List Electronik, Darmstadt, Germany), filtered at
2-5kHz (- 3dB) with an 8 pole Bessel filter (Frequency
devices, Burlingame, MA, U.S.A.) and subsequently digitized
at 5-10 kHz using AXOLAB hardware (Axon Instruments,
Foster City, CA, U.S.A.) and analysed using in-house soft-
ware.

Whole-cell currents flowing through K,rp-channels were
measured according to the protocol of Trube er al. (1986),
that is as the current elicited by alternate £10mV voltage
steps (200 ms duration at 0.5 Hz) from a holding potential of
—70 mV.

In inside-out patch experiments single Krp-channel cur-
rents were recorded at a membrane potential of —70 mV.
For outside-out patch studies the membrane potential was
held at 0 mV; although this potential lies above the threshold
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for activation of both the delayed-rectifier and calcium-
activated K-channels (Kc,-channels), these channels will be
substantially inactivated by the maintained depolarization.
Furthermore, the free Ca?* concentration in our intracellular
solution is below that required for activation of Kc,-channels
(Smith et al., 1990).

Data analysis

To determine the degree of K,rp-current inhibition, the
whole-cell Kpp-current (/) measured in the test solution was
normalized to the average (I) of its value in the control
solutions preceding, and following, exposure to the test solu-
tion. The data were fitted with the Hill equation:

I 1

gy )
L (1+(BDMYK))

where K; is the concentration at which half maximal inhibi-
tion occurs and n is the Hill coefficient.

When measuring channel activity (NP) we did not attempt
to discriminate between changes in the number of available
channels, N, and changes in the channel open probability, P.
NP was defined by (X ;Z,jt;)/T, where T is the total time of
the recording, t; is the total time for which the jth channel is
open and » is the maximum number of channels observed in
the patch. The relationship between BDM concentration and
channel activity was determined by normalizing the channel
activity in the test solution (NP) to the average of its value in
the control solution before and after exposure to BDM
(NPc). The data were then fitted by the Hill equation (Equa-
tion 1).

Single-channel currents were analysed using the half-
amplitude threshold technique following the methods detailed
by Colquhoun & Sigworth (1983). Lifetime distributions were
log-binned using the method of McManus et al. (1987)
where:

bin = 1 + integer(25 X logo(event duration in samples)) (2)

When the square root of the number of events in a bin is
plotted against the open or closed lifetime, the components
of the distribution appear as clear peaks with their respective
time constants falling in the vicinity of the distribution peaks
(Sigworth & Sine, 1987). Conditional probability density
functions (PDF) were fitted to the open, closed and burst
lifetime distributions by the method of maximum likelihood.
We used the following PDF:

k
T am ! exp(—1/1)
i=1

f(t) =

onin <t < lmax A3)
P(tin <t < tnay)

where:

k
Pllain <t<tpe) = Z 2 (eXP(— lmin/T) =~ €XP(— tmax/T)) (4)

1=

and a; is the relative area, and t; the time constant, of the ith
component. I, and ., define the shortest and longest
observations used in fitting the PDF. No correction was
made for missed events.

In patches where multiple channel openings were present,
we have limited our kinetic analysis to that of the open and
closed times within bursts of channel openings during periods
when only a single-channel was active. In patches in which
channel activity was low or was dramatically reduced by
BDM, we were able to perform a kinetic analysis of the burst
of channel openings. A burst was defined as one or more
openings which were separated by closures which were less
than the burst criteria time, #.. l; was determined from:

ac; [eXP(— tmin/Tci) — €XP(— Lerit/Te)] = cg €XP(— leri/Teg)  (5)

where a ¢ and t.¢ are the relative area and time constant of
the fastest component of the closed times, and a.; and 7 are
the relative area and time constant of the intermediate com-
ponent of the closed times (Jackson er al., 1983). Newton’s
method was used to find the implicit variable, t.;. Long
closed times composing the t., component were excluded
from this calculation as they occurred too infrequently to
substantially affect ;.

Values are quoted as mean * s.e.mean, n= number of
cells.

Results

Effects of BDM on whole-cell K ,;, currents

Following establishment of the whole-cell configuration, the
Karp-current rapidly increased, due to washout of ATP from
the cell into the pipette (Trube er al, 1986), reaching a
maximum within 2-3 min. The subsequent decline (run-
down) of K,rp-currents is markedly reduced when divalent
cations in the intracellular solution are buffered to nano-
molar concentrations (Kozlowski & Ashford, 1990; Williams,
1992) and with our intracellular solution we found that the
Karp-current remained stable for periods in excess of 30 min.
The effect of BDM was tested only after the whole-cell K orp
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Figure 1 Effect of BDM on whole-cell K,rp-channel currents. (a)
Whole-cell currents recorded in response to =10 mV pulses from a
holding potential of —70 mV. Current responses appear as vertical
lines due to the compressed time scale. BDM 40 mM was added to
the bath during the time indicated by the bar. (b) Relationship
between BDM concentration and the whole-cell K,yp-channel cur-
rent (/) expressed as a fraction of that in the absence of the drug
(I.). The data come from eight experiments and are expressed as
mean * s.e.mean. The latter was within the size of the symbol. The
number of observations at each BDM concentration are given within
the parentheses. The solid line is a fit to the data to equation 1 of the
text with K;=13mM and n=2.2.



currents had reached a stable level. As shown in Figure la
the addition of BDM to the extracellular solution caused a
rapid and reversible reduction of both the whole-cell Kpp-
current and the holding current. The relationship between
BDM concentration and the whole-cell K,rp-current (Figure
1b) was well fitted by the Hill equation (Equation 1) with a
K; of 14 mM and a Hill coefficient of 2.2. Individual fits to
four complete dose-response curves gave mean values for K|
of 15+ 1 mM and of 2.5 £ 0.2 for the Hill coefficient. Whole-
cell K rp-currents were unaffected by the addition of 60 mmMm
sucrose to the bath, indicating that the block by high BDM
concentrations does not result from the increase in osmotic
strength.

0mm

3.8 mm

NP/NPc

0 10 20 30 40 50
BDM (mm)

sim

Figure 2 Effect of BDM on single K,rp-channel currents in an
outside-out patch held at 0mV. (a) Single K,rp-channel currents
recorded at the indicated concentrations of external BDM. The
dashed line indicates the channel closed level. Data filtered at 1 kHz
for display. (b) Dose-response relationship of external BDM on the
channel activity (NP) normalized to that in the absence of the drug
(NPc). Each point is the mean from the number of experiments
indicated in parentheses. Vertical bars indicate s.e.mean except when
this is no larger than the symbol. The solid line is a fit to the Hill
equation with a K; of 10 and a Hill coefficient of 1.4.
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Effect of external BDM on single K ,,-channel currents
in outside-out patches

Channel activity In order to study the mechanism of block
in more detail, we examined the action of BDM on single
Karp-channel currents in outside-out patches held at 0 mV.
Increasing the concentration of external BDM reduced the
activity of the Karp-channel but had little effect on the
single-channel current amplitude (Figure 2a). Figure 2b
shows the relationship between BDM concentration and
channel activity. The fractional channel activity (NP/NPc)
was fitted by the Hill equation (Equation 1) with a K; of
11 £ 3 mM and a Hill coefficient of 2.0 £ 0.3 (n = 7). Inhibi-
tion was almost complete at 60 mM BDM with only
20X 1% (n=15) of channel activity remaining. Sucrose
(30 mM) had no effect on channel activity, single-channel
current amplitude or single-channel kinetics, supporting the
idea that the action of external BDM is not osmotic in
origin.

Kinetics of block Openings of the K,yp-channel are grouped
into bursts, which consist of a series of consecutive channel
openings separated by fast closures. BDM reduced the burst
duration in a dose-dependent manner (Figures 2a and 4b). It
also decreased both the number of the openings within a
burst and the mean open lifetimes (Figures 3 and 4a).

The distribution of open lifetimes of the K,rp-channel at
0 mV (Figure 3) was best described by a PDF consisting of
the sum of two exponentials (Equation 3, k=2). This is
indicated by the solid line in Figure 3a. In control solution,
the time constant of the fast component (1) illustrated was
0.21 ms (mean 0.19 £ 0.01 ms, » = 5) and that of the slower
component (t,;) was 3.1ms (mean 3.7 £0.4ms, n=>5).
BDM had little effect on t,¢ but greatly reduced t,; in this
particular patch, 30 mM BDM reduced 1, from 3.1 to 1.9 ms
(Figure 3c). In five patches 30 mM BDM reduced T, by 70%
to 1.1 £ 0.3 ms, but we could not detect a difference in 7,
which remained at 0.24 + 0.1 ms. Although the relative areas
(see Methods) of the two open lifetime components differed
between patches they were unchanged by BDM (Figure 3a,c).

The decrease in 1, by BDM is reminiscent of the block of
Karp-channels produced by external Ba?* (Quayle et al.,
1988) and suggests the following reaction scheme for the
action of external BDM:

k, ky [BDM]"
C ¢ > 0 > B

closed k_, open k_p1  blocked
where O represents the open state associated with 1., the
long open time component, C is the sum of the adjacent
closed states and B is the blocked state produced by BDM.
This scheme predicts that the reciprocal of t,, will be given
by:

(Scheme 1)

1
— = k_, + ks, [BDM]J" (6)
tO‘S

where k_, = 1/1,; in the absence of BDM. Figure 4a shows a
representative plot of 1/1,, against BDM concentration. The
solid line is the best fit of Equation 6 to the data with
ky, =84mM~'s~! and n= 1.6, taking 7., to be 4.6 ms in
the absence of BDM (the value measured in the patch illus-
trated). Mean values for k,, of 9.0+ 0.5mM~'s™! and of
1.5+ 0.1 for n were obtained in three patches.

The distribution of closed times was described by a PDF
consisting of the sum of three exponentials (Equation 3,
k = 3), representing the short, intermediate and long closures
and having time constants T, T.; and T, respectively. The
fast closures separating openings within bursts are defined
by t.; while t.; and T, represent the closures that separate
bursts of openings. The presence of two components of
closures between bursts suggest that the bursts are grouped
together in clusters. In control solution (Figure 3b), time
constants of 0.2 ms for 1. 2.8 ms for t.; and 13 ms for T,
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Figure 3 Effect of external BDM on K,yp-channel kinetics. Open
times (a and c) and closed times (b and d) are log-binned according
to equation 2. The solid lines are fits to the appropriate PDF using
equation 3 as described in the text. (a) and (b) Open time and closed
time distributions in the absence of BDM; (c) and (d) open time and
closed time distributions in the presence of 30 mM BDM. All data
come from the same patch. The data were filtered at 2.5 kHz for
analysis. See text for fitted parameters.
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Figure 4 Effect of external BDM on the mean open time, t,,, and
mean burst, #,;. (a) Plot of 1/t,, against BDM concentration. The
solid line is a fit of equation 6 to the data with kyy =84 mM~'s"!
and n = 1.6. (b) Plot of 1/1,, against BDM concentration. The solid
line is a fit of equation 6 to the data with k,,=0.44 mmM~'s~! and
n=18. Data are from the same patch as (a).

were obtained at 0 mV. BDM (30 mM) had no effect on T
(mean value 0.20 £ 0.05ms in the absence and 0.19 * 0.04
ms in the presence of 30 mM BDM, n = 5). BDM, however,
greatly prolonged the two slower time constants, t.; and t.g;
in this particular patch these increased to 5.5 ms and 40 ms
respectively (Figure 3d).

Burst of Karp-channel openings were analysed using a
burst criteria time, /., calculated for each experimental con-
dition from Equation 5. The distribution of the burst lengths
were fitted with a PDF consisting of the sum of two
exponential components, comprising the short and long
bursts (Equation 3, k =2), with mean lengths, #,, and t,,
respectively. In both the presence and absence of BDM, the
mean lifetime of the short burst, #,,, was almost identical to
that of the mean fast open time, T, (&= 0.22 % 0.04 ms,
Tor = 0.19 % 0.01 ms, n =5 in control solution). Furthermore,
the short bursts possessed a mean of one opening per burst
(1.03 £ 0.02, n=5) which suggest that the short bursts are
simply single openings of the Krp-channel to the short open
state (T,r). A similar phenomena has been described in
skeletal muscle (Spruce et al., 1985). The lifetime of the short
bursts did not appear to be affected by 30 mM BDM (mean
0.23 £ 0.07 ms, n=5), consistent with the lack of effect of
the drug on 7,

The longer component of burst lengths consisted of several
openings per burst. Both the mean burst length, #,, and the
number of openings per burst decreased with increasing
BDM concentration. In five patches the mean burst length
was 19 £ 5ms in control and 4.0 £ 0.9 ms in the presence of
30 mM BDM. The mean number of openings per long burst
was 5.0+ 0.7 in the absence of BDM and was reduced to
39+ 04 in the presence of the drug (n=7, P=0.016).



Figure 4b illustrates a plot of 1/t,, versus BDM concentra-
tion. The solid line is a fit to the data of:

1
— =k_,+k,, [BDM}J ©)]
o

with k,; =044 mM 's™! and n=1.8 (mean ky,=0.66t
0.12mM~'s™! and n=19%0.1, n=3). Equation 7 is
derived from the following reaction scheme:

k, ky.[BDM]"
C < > 0-0 < > B (Scheme 2)
closed k_, burst k_p>  blocked

where O-O represents openings that collectively form a burst,
C is the sum of the interburst closed states and B is the
blocked state produced by BDM. In the absence of BDM,
k_, = 1/t,), where t,; was 30 ms in the example illustrated in
Figure 4b.

NP/NPc

0 10 20 30 40 50 60
BDM (mm)

Figure 5 Effect of internal BDM on single K,rp-channel currents
recorded from an inside-out patch held at —70 mV. The dashed line
indicates the channel closed level. (a) Control; (b) 30 mmM BDM; (c)
60 mM BDM; (d) channel activity, NP, normalized to that in the
absence of the drug, NPc, plotted against the internal BDM concen-
tration. Each point is the mean from the number of experiments
indicated in parentheses. Vertical bars indicate s.e.mean except when
this is no larger than the symbol. The solid line is a fit to equation 1
of the text with K,=31mM and n=1.7.
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Figure 6 Effect of internal BDM on K,yp-channel kinetics. Open
times (a and c) and closed times (b and d) are log-binned according
to equation 2. The solid lines are fits to the appropriate PDF using
equation 3, as described in the text. (a) and (b) are the open time
and closed time distributions in the absence of BDM; (c) and (d) are
the open time and closed time distributions from the same patch in
the presence of 30 mm internal BDM. See text for fitted parameters.
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Voltage-dependence of block The block by BDM was
voltage-independent, since neither the reduction in channel
activity (NP/NPc=0.17 at O0mV compared with NP/
NPc =0.15 at —30mV) or the changes in channel kinetics
caused by 30 mM BDM varied with the holding potential.
Furthermore, 30 mM BDM had little effect on the single-
channel current amplitude or the variance of the open-
channel current at potentials between —30 mV and +30mV.
The similarity between the K; for channel inhibition deter-
mined in whole-cell (15 mM) and outside-out patch (11 mM)
recordings further supports the idea that the block by exter-
nal BDM is voltage-independent since the holding potentials
were —70 mV and 0 mV respectively in these configurations.

Effect of intracellular BDM on single K ,;p-channels in
inside-out patches

Channel activity When applied to the cytosolic face of an
inside-out patch, BDM rapidly and reversibly reduced ‘the
activity of the Karp-channel. Figure Sa—c shows single-
channel currents recorded at different BDM concentrations
and Figure 5d the relationship between channel activity and
BDM concentration. The data were fitted to Equation 1 with
a mean K, of 31 £2mM and a Hill coefficient of 2.0+ 0.4
(n=8). The effect of internal BDM on K,rp-channels was
thus less potent than that of externally applied BDM where
the K; was 11 mM.

Internal BDM did not affect the single-channel current
amplitude (Figure S5a, b and c).

Kinetics The kinetics of the K,rp-channel in the inside-out
patch differed from those in the outside-out patch. This
difference may be explained by the different holding poten-
tials used (Spruce et al., 1985; Davies et al., 1989), by the
different K* gradients used or by both, that is by differences
in the electromotive force (Zilberter er al, 1988). At
—70mV, the distribution of open lifetimes of the Karp-
channel in the absence of BDM was described by a PDF that
consisted of only one exponential component (Equation 2,
k = 1) with a single time constant, T,. A representative open
time distribution in control solution is shown in Figure 6a;
30 mM BDM had only a minor effect on the open channel
lifetime, reducing t, by 14% from 1.8 * 0.1 ms (n = 8, Figure
6a) to 1.6 £ 0.1 ms (n =4, Figure 6b).

Although channel openings were grouped into bursts, the
bursts did not appear to exhibit clustering behaviour, the
distribution of closed times being best described by a PDF
consisting of the sum of two exponentials (Equation 3,
k = 2). Representative examples are shown in Figure 6b and
d. The short closures (gaps) within bursts and the long
closures between bursts are represented by time constants, T,
and 1. respectively.

BDM had no effect on 7., which had a mean value of
0.41 £ 0.01 ms (# = 8) in control solution and of 0.40 + 0.02
ms in the presence of 50 mM BDM (n = 5). Due to the high
level of channel activity in the majority of inside-out patches
it was not possible to obtain an accurate measure of the long
closed time constant, 1.; in control solution, but it was
apparent from the records that BDM caused a graded reduc-
tion in burst length (Figure 5a—c).

Discussion

We show here that the block of Karp-channel activity by
BDM is fully reversible under non-phosphorylating condi-
tions in both whole-cell and excised patch recordings. This
indicates that BDM blocks channel activity by a mechanism
unrelated to its action as a phosphatase and instead functions
as a direct blocker of the Kaqp-channel. Similar findings have
been reported for ventricular myocytes, where BDM causes a
rapid and reversible block of the Karp-channel in the inside-
out patch configuration with a K; of 21.3mM and a Hill

coefficient of 1.8 (Hardin & Nichols, 1992). These values are
very close to those that we observe (K;= 31 mM and n=2)
in the same patch configuration. The higher potency of BDM
in blocking ventricular calcium currents (ICs = 5.8 mM,
Chapman, 1993) may reflect a phosphatase action, as a shift
in the potency of block by BDM occurs with conditions that
would be expected to affect both the degree and stability of
calcium channel phosphorylation (Chapman, 1993). We have
not explored any possible actions of BDM under phos-
phorylating conditions.

The ability of BDM to act as a chemical phosphatase has
often been exploited to investigate the role of protein phos-
phorylation in the regulation of ionic channel activity. Our
results imply, however, that it is essential to exclude the
possibility that the drug also acts as a direct channel blocker
in such studies.

The ability of BDM to reduce the open-channel lifetime,
the burst duration and the channel open probability without
affecting either the single-channel current amplitude or the fast
closed time is reminiscent of the actions of barium (Quayle et
al., 1988) and tolbutamide (Gillis ef al., 1989) on this channel
and suggests that like these agents BDM behaves as a ‘slow’
blocker according to the nomenclature of Hille (1992).

Although BDM is moderately lipid soluble, with a water/
octanol partition coefficient of 16 (Leo et al., 1971), our data
suggest that the drug may have both an external and internal
site of action. The K; for channel inhibition by external BDM
was 11 mM in outside-out patches and 15 mM in whole-cell
recordings suggesting that BDM acts at an extracellular site
in the latter case. Internal BDM was less effective at
inhibiting channel activity, the K; being 31 mM. This lower
sensitivity to internal BDM cannot be explained by the
difference in holding potential between inside-out (—70 mV)
and outside-out patches (0 mV) since the whole-cell currents
were also recorded at a holding potential of —70 mV. Fur-
thermore, the effects of both internal and external BDM are
voltage-independent. The effect of BDM on the channel
kinetics was also dependent on whether the drug was applied
to the external or internal face of the channel. Thus extracel-
lular applied BDM markedly reduced the longer of the two
channel open lifetimes, whereas BDM had only a minor effect
on T, when applied intracellularly.

An alternative explanation of the lower efficacy of BDM
when applied intracellularly, is that there is a single site of
action for BDM the affinity of which varies with the extracel-
lular K* concentration. In this model external K* ions
would allosterically reduce the binding of BDM, either by
acting at an extracellular binding site or within the pore. This
would explain why the K; for BDM inhibition is lower in
inside-out patches (where the concentration of K* is
140 mM) than in outside-out or whole-cell recordings, where
the concentration of K* is only 5 mMm.

The Hill coefficient for both external and internal block
was greater than one and suggests the cooperative action of
more than one BDM molecule is required to inhibit the
channel.

Our analysis of the kinetics of the K gp-channel in outside-
out patches from B-cells is the first to be documented at a
high temporal resolution. We observed that the channel
possesses both a short and a long lived open state with mean
lifetimes of 0.19 ms and 3.7 ms respectively. These openings
occur in bursts, with a mean intraburst closed time of 0.2 ms,
and there is an excess of bursts in which only a single
opening is present. Similar kinetics have been described for
inward Krp-channel currents in inside-out patches from frog
skeletal muscle by Spruce er al. (1985).

We attempted to quantify the effects of BDM on channel
kinetics using an empirical model in which the blocked state
represents a new closed state entered directly from the open
state. A model in which BDM facilitates entry into an exist-
ing closed state can also explain our results and would yield
the same rate constants. Theoretically these two models may
be distinguished because the former predicts the existence of



an additionally closed state, that produced by BDM block.
No additional closed state was observed in the presence of
BDM in our experiments. In practice however, a new closed
state may not be resolved if it is of a duration similar to that
of the closed states existing in the absence of BDM.
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Comparison of tachykinin NK,; and NK, receptors in the
circular muscle of the guinea-pig ileum and proximal colon

ICarlo Alberto Maggi, Riccardo Patacchini, Stefania Meini, Laura Quartara, *Alessandro
Sisto, *Edoardo Potier, Sandro Giuliani & Antonio Giachetti

Pharmacology and Chemistry Department, A. Menarini Pharmaceuticals, Via Sette Santi 3 50131 Florence, Italy, *Department
of Chemistry, Menarini Ricerche Sud, Pomezia, Rome, Italy

1 The aim of this study was the pharmacological characterization of tachykinin NK,; and NK,
receptors mediating contraction in the circular muscle of the guinea-pig ileum and proximal colon. The
action of substance P (SP), neurokinin A (NKA) and of the synthetic agonists [Sar’]SP sulphone,
[Glp®,Pro’]SP(6-11) (septide) and [BAla®]NKA(4-10) was investigated. The affinities of various peptide
and nonpeptide antagonists for the NK,; and NK, receptor was estimated by use of receptor selective
agonists.

2 The natural agonists, SP and NKA, produced concentration-dependent contraction in both prepara-
tions. ECs, values were 100 pM and 5nM for SP, 1.2 nM and 19 nM for NKA in the ileum and colon,
respectively. The action of SP and NKA was not significantly modified by peptidase inhibitors (bestatin,
captopril and thiorphan, 1 uM each).

3 Synthetic NK, and NK, receptor agonists produced concentration-dependent contraction of the
circular muscle of the ileum and proximal colon. ECs, values were 83 pM, 36 pM and 10 nM in the ileum,
8 nM, 0.7 nM and 12 nM in the colon for [Sar’]SP sulphone, septide and [BAl1a®]NKA(4-10), respectively.
The pseudopeptide derivative of NKA(4-10), MDL 28,564 behaved as a full or near-to-full agonist in
both preparations, its ECss being 474 nM and 55nM in the ileum and colon, respectively.

4 Nifedipine (1 uM) abolished the response to septide and [Sar’]SP sulphone in the ileum and produced
a rightward shift and large depression of the response in the colon. The response to [BAla®INKA(4-10)
was abolished in the ileum and largely unaffected in the colon.

5 The NK, receptor antagonists, ( + )-CP 96,34, FK 888 and GR 82,334 competitively antagonized the
response to septide and [Sar®]SP sulphone in both preparations without affecting that to [BAla®]NKA(4-
10). In general, the NK, receptor antagonists were significantly more potent toward septide than
[Sar’]SP sulphone in both preparations.

6 The NK, receptor antagonists, GR 94,800 and SR 48,968 selectively antagonized the response to
[BAla®]NKA(4-10) without affecting that to [Sar’]SP sulphone or septide in the ileum and colon.
SR 48,968 produced noncompetitive antagonism of the response to the NK, receptor agonist in the
ileum and competitive antagonism in the colon.

7 MEN 10,376 and the cyclic pseudopeptide MEN 10,573 antagonized in a competitive manner the
response to [BAla®]NKA(4-10) in the ileum and colon. While MEN 10,573 was equipotent in both
preparations, MEN 10,376 was significantly more potent in the colon than in the ileum. MEN 10,376
was also effective against septide in both preparations, without affecting the response to [Sar’]SP
sulphone. MEN 10,573 antagonized the response to [Sar’JSP sulphone and septide in both preparations,
pK; values against septide being intermediate, and significantly different from, those measured against
[BAla®INKA(4-10) and [Sar’]SP sulphone.
8 These findings show that tachykinin NK, and NK, receptors mediate contraction of the circular
muscle of the guinea-pig ileum and colon. In both preparations NK; receptor antagonists display higher
apparent affinity when tested against septide than [Sar’JSP sulphone. These findings are compatible with
the proposed existence of NK, receptor subtypes in guinea-pig, although alternative explanations (e.g.
agonist binding to different epitopes of the same receptor protein) cannot be excluded at present.
Furthermore, an intraspecies heterogeneity of the NK, receptor in the circular muscle of the guinea-pig
ileum and colon is suggested.

Keywords: Tachykinins; NK, receptor; NK, receptor; guinea-pig ileum; guinea-pig colon; circular muscle; tachykinin receptor
antagonist

Introduction

Three main types of receptors, NK,, NK, and NK;, mediate
the actions of tachykinins which are encoded by their com-
mon, C-terminal sequence (Maggi et al., 1993a for review). In
the circular muscle of the guinea-pig ileum, the contractile
response to NK; or NK, receptor stimulation occurs through
a direct excitation of smooth muscle cells, while the NK,;
receptor-mediated contraction is indirect, being produced
through activation of intramural neurones/nerves (Maggi et
al., 1990a).

! Author for correspondence.

The lack of a potent and selective NK; antagonist still
hampers the full pharmacological and physiological charac-
terization of this receptor in the intestine. On the other hand,
the use of selective antagonists has delineated the hierarchical
role of substance P (SP) and neurokinin A (NKA), via NK,
and NK, receptors, respectively, as enteric excitatory trans-
mitters in the guinea-pig ileum and colon (Bartho et al.,
1992; Zagorodnyuk et al., 1993a). The recent developments
in the pharmacology of tachykinin receptors, suggesting the
possible existence of receptor subtypes (Maggi et al., 1993a
for review), make it important to perform a systematic inves-



tigation of the apparent affinities of the various antagonists
toward various tachykinin receptor agonists.

Species-related pharmacological differences, detected by
variable affinities of competitive receptor antagonists, have
emerged for both NK,; and NK, receptors (Maggi et al.,
1993a for review). The nonpeptide antagonist, (% )-CP
96,345 (Snider et al., 1991) is about 100 times more potent at
NK, receptor expressed in e.g. man and guinea-pigs than rats
or mice (Gitter et al., 1991; Patacchini et al., 1992; Barr &
Watson, 1993), while the nonpeptide antagonist, RP 67,580
(Garret et al., 1991) is more potent at rat than guinea-pig or
human NK, receptors. For NK,-receptors, certain peptide
(e.g. MEN 10,376, Maggi er al, 1991a) and nonpeptide
antagonists (SR 48,968, Emonds-Alt er al., 1992; Maggi et
al., 1993b) are more potent at human, bovine, guinea-pig and
rabbit NK, receptors than at rat or hamster NK, receptors,
while the cyclic peptide antagonist, L 659,877 (Williams et
al., 1988) or the cyclic pseudopeptide MEN 10,573 (Quartara
et al., 1992a) present the converse pattern of affinities (Maggi
et al., 1990b; Van Giersbergen et al., 1991).

These species-related variations in antagonist potencies
probably reflect the existence of species-related changes in the
primary sequence of the NK, and NK, receptor protein:
point mutation studies have established that species-related
changes in aminoacid sequence at two discrete positions of
the NK, receptor are responsible for the species-dependent
variations in the affinities of CP 96,345 and RP 67,580 (Fong
et al., 1992b). The molecular bases for species-related varia-
tions in antagonists potencies at the NK, receptor have not
been similarly established.

In addition, pharmacological evidence supports the idea
that receptor subtypes (intraspecies heterogeneity) may exist
for tachykinin NK, and NK, receptors. For example, septide
or [Glp®,Pro’]SP(6-11), a synthetic ligand originally developed
as a selective NK, receptor agonist, displays a contractile
activity in the guinea-pig ileum which cannot easily be
explained by an interaction with the ‘classical’ NK, receptor
(Petitet et al., 1992). Petitet et al. (1992) proposed that a
novel, ‘septide-sensitive’, tachykinin receptor exists in the
guinea-pig ileum. A ‘septide-sensitive’ receptor was also de-
tected in the rat urinary bladder, which is recognized by NK,
receptor antagonists with higher affinity than that observed
toward a ‘classical’ NK, receptor agonist like [Sar’]SP sul-
phone (Meini er al., 1994). Likewise, (X )-CP 96,345 was
found to be significantly more potent in antagonizing septide
than [Sar’]SP sulphone in the circular muscle of the guinea-
pig ileum (Maggi et al., 1993c). Thus, the ‘septide-sensitive’
receptor may be an NK, receptor subtype.

An intraspecies heterogeneity of the NK, receptor has also
been evidenced by pharmacological studies (Xu et al., 1991;
Brunelleschi et al., 1992; Nimmo et al., 1992); it is at present
uncertain whether or not these examples fit with the criteria
used to define species-related differences in the NK, receptor
(Maggi et al., 1993a for review).

The aim of this study was to characterize the tachykinin
NK, and NK, receptors mediating contraction in the circular
muscle of two distinct intestinal segments (ileum and colon)
from the same species (guinea-pig) by use of synthetic recep-
tor selective agonists to stimulate the receptors and a panel
of antagonists of both peptide and non peptide nature to
block them. Some of these results were presented at the
Third meeting of the European Neuropeptlde Club, Cam-
bridge, April 5-7, 1993.

Methods

Male albino guinea-pigs weighing 200—-250 g were stunned
and bled. A 10—15cm length of ileum and 2-3 cm segment
of proximal colon were excised and placed in warmed (37°C)
and oxygenated (96% O, and 4% CO,, pH 7.4) Krebs solu-
tion of the following composition (mM): NaCl 119, NaHCO,
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25, KH,PO, 1.2, MgSO, 1.5, KC14.7, CaCl, 2.5 and glucose
11.

Guinea-pig ileum

The longitudinal muscle and attached myenteric plexus were
removed from the ileum as described by Paton & Zar (1968)
and discarded. All experiments were performed on longitu-
dinal muscle-myenteric plexus-free ileal rings (2—3 mm wide)
in the presence of 10 uM indomethacin. The ileal rings were
suspended in 5 ml baths for isolated organs by means of two
stainless steel hooks and connected to an isotonic transducer
(load 5 mN) to record the mechanical activity of the circular
muscle. The preparations were allowed to equilibrate for
90 min with renewal of the bathing solution every 15 min.
The rings were then exposed to 10 uM carbachol at 15 min
intervals until two reproducible responses were observed.
This usually occurred at 150—180 min from setup. The res-
ponse to 1puM [BAla®]NKA(4-10) was also determined in
some experiments before addition of various tachykinin re-
ceptor agonists. The addition of tachykinin receptor agonists
produced an increase in both phasic activity and a tonic
contraction of the circular muscle of the ileum (Figure 1). To
enable a more accurate quantitative evaluation of the effect
of agonists, the signal recorded from the isotonic transducer
was delivered to a Basile 7083 integrator and the contractile
activity of the rings was integrated every 10s. The level of
integration was set at about 10% of the spontaneous mech-
anical activity of the rings. The overall effect produced by the
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Figure 1 Typical tracings illustrating the contractile response of the
circular muscle of the guinea-pig ileum to cumulative addition of
neurokinin A (a), [BAla®]NKA(4-10) (b), [Sar’]SP sulphone (c) and
septide (d). For each panel the lower tracing shows the mechanical
activity recorded from isotonic transducers and the upper tracing the
integrated mechanical activity.
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various concentrations of agonists was calculated from the
integrated mechanical activity.

Guinea-pig colon

Strips of mucosa-free circular muscle from the proximal
colon were prepared as described in a previous study (Giul-
iani et al., 1993). All experiments were performed in the
presence of 10 uM indomethacin. The strips were suspended
in 5ml organ baths and connected to isotonic transducers
(load 10 mN). After setup, the strips were allowed to equili-
brate for 90 min with renewal of the bathing solution every
15min. The strips were then exposed to 80 mMm KCI at
15 min intervals until two reproducible responses were ob-
served. This usually occurred at 120 min from setup. The
response to 1 uM [BAla*]NKA(4-10) was also determined in
some experiments before addition of various tachykinin re-
ceptor agonists.

Experimental protocol

In both preparations, concentration-response curves to the
agonists were constructed in a cumulative manner. The con-
centration of the agonist was increased by a factor of 10 for
each successive dose of the cumulative curve, the next dose
being added when the effect of the preceding one had reached
its maximum. At the end of the concentration-response
curve, the agonist was removed by repeated washing. Pre-
liminary experiments showed that a second concentration-
response curve to the various agonists produced at 20 min
interval from the first one was fully reproducible in both
ileum and colon. For each antagonist, contact time before
application of the agonist was 15 min. In some experiments,
performed with SR 48,968 in the ileum, contact time was
45 min (see results). In some experiments performed with the
naturai agonists, SP and NKA, a control curve was estab-
lished first, then a mixture of peptidase inhibitors (bestatin,
captopril and thiorphan 1 pM each) was added and a new
curve obtained 15 min later.

Experiments with nifedipine

In a previous electrophysiological study (Zagorodnyuk et al.,
1993b) we showed that electrical and contractile responses to
[Sar’]SP sulphone and [BAla®]NKA(4-10) in the circular mus-
cle of guinea-pig proximal colon differ in a number of char-
acteristics, including sensitivity to nifedipine. Owing to the
possibility that septide stimulates a novel type of tachykinin
receptor (Petitet et al., 1992), we assessed the effect of
nifedipine (1 uM) on the concentration-response curve to
[Sar’]SP sulphone, septide and [BAla®]NKA(4-10). Responses
are expressed as % of the maximal response produced by the
agonist in the control curve. Contact time of nifedipine
(45 min) was determined in preliminary experiments showing
full blockade of the contractile response to KCl (80 mM).

Data evaluation and statistical analysis

The increase in integrated mechanical activity (ileum) or tone
(colon) produced by the various agonists was expressed as %
of the response to the internal standard, [BAla’JNKA(4-10),
for experiments aiming to compare the maximal effects (Epay)
produced by different agonists. ECs, and 95% CL were
calculated by the least square method. Dose-ratios were cal-
culated and the Schild plots constructed for each agonist/
antagonist pair tested. When the results of this analysis were
consistent with competitive antagonism (slopes of Schild plot
not significantly different from unity) pKp values were cal-
culated by the constrained Schild plot method; pKp values
are presented in Tables 2 and 3 with the corresponding 95%
CL. In the ileum, SR 48,968 caused nonparallel rightward
shifts of the concentration-response curves and decreased the
E_.\ to [BA12*]NKA(4-10). The method described by Kenakin

(1987a) for noncompetitive and/or pseudoirreversible antago-
nist was used to evaluate the equilibrium dissociation con-
stant (Kp) of SR 48,968. In practice, a double-reciprocal plot
of equieffective concentrations of agonist (A) in the absence
(1/A) and in the presence (1/A’') of SR 48,968 (B) was con-
structed, and Kp derived from the equation: Ky = [B]/slope
— 1 (Kenakin, 1987a). In order to obtain more accurate
estimates of Ky we selected the experiments in which E,,, to
the agonist was depressed to 50% or less than 50% of
control by SR 48,968. For the same reason, equieffective
concentrations of [BAla’]NKA(4-10) were selected from the
upper region of the depressed dose-response curve, as sug-
gested by Kenakin (1987a).

The statistical significance of differences in pKg values
obtained for a given antagonist toward different agonists was
evaluated by comparing the Schild plot regression lines by
means of analysis of covariance to detect differences in the
elevation (position) and slopes of regression lines, as des-
cribed by Kenakin (1987b).

Drugs

Drugs used were: bestatin, substance P, [Sar’]SP sulphone
and septide ([pGlu®,Pro’]SP(6-11)) (Peninsula), GR 82,334
([D-Pro’ (spiro-y-lactam)Leu', Trp'']physalaemin(1-11)) (Hagan
et al., 1991), (Neosystem), amastatin, indomethacin and
captopril (Sigma), thiorphan (Bachem), carbachol (Merck).

RP 67,580 {(3«R,7aR)-7, 7-diphenyl-2-[1-imino-2-(2-meth-
oxyphenyl)ethyl] perhydroisoindol-4-one} (Garret et al., 1991)
was a kind gift of Dr C. Garret, Rhone Poulenc, Vitry,
France.

SR 48,968 ((S)-N-methyl-N[4-(4-acetylamino-4-phenylpipe-
ridino)-2-(3,4-dichlorophenyl)butyl] benzamide) (Emonds-Alt
et al., 1992) or Dr X. Emonds-Alt, Sanofi Recherche, Mont-
pellier, France. GR 94,800 or PhCO-Ala-Ala-D-Trp-Phe-D-
Pro-Pro-NleNH, (McElroy er al., 1992) was a kind gift from
Dr R.M. Hagan, GGR, Ware England.

(%)-CP 96,345 or ((2S,3S) -cis-2-(diphenylmethyl)-N-[ (2-
methoxyphenyl)-methyl]-1-azabicyclo [2.2.2] octan-3-amine]}
(Snider et al., 1991), neurokinin A, MEN 10,376 ([Tyr’,D-
Trp%%° Lys''INK A(4-10), MEN 10,573 (cyclo(Leu¥Y[CH,NMe]
Leu-GlIn-Trp-Phe-Gly)), MDL 28,564 ((Leu®¥(CH,NH)Leu'’]
NKA(4-10)), FK 888 ((2-(N-Me)indolil)-CO-Hyp-Nal-NMe-
Bzl) and [BAla®]NKA(4-10) were synthesized in the Chemis-
try Department of Menarini Pharmaceuticals.

Results

Circular muscle of the ileum

Effect of agonists In the presence of 10 uM indomethacin,
longitudinal muscle-myenteric plexus-free ileal rings develop-
ed regular spontaneous phasic contractions (4—10 min~'),
their amplitude ranging between 20-60% of the maximal
response to 10 puM carbachol. SP and NKA produced a
concentration-dependent contraction (Figure 1 and 2, Table
1), SP being about 10 times more potent than NKA. The
action of SP and NKA was not modified by bestatin, capto-
pril and thiorphan (1 puM each). In fact, the ECsys of SP were
100 pM (63—174 pM are 95% CL) and 99 pM (48—-263 pM) in
the absence and presence of peptidase inhibitors, respectively
(n=6 in each group). The corresponding values for NKA
were 1.16 nM (0.85-1.38 nM) and 0.83nM (0.70-1.11 nM),
respectively (n=6). When SP or NKA (both 1uM) were
added to the bath as a single concentration, E,,, was not
different from that produced by [BAla®]INKA(4-10), inducing
a total closure of the ileal lumen. The E., to NKA or
[BAIa*]NKA(4-10) during the cumulative concentration-res-
ponse curve equalled that observed in response to single
administration of 1 uM concentration of each agonist. The
E... to SP during the cumulative concentration-response
curve was slightly less than that produced by [BAla®INKA(4-
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Table 1 ECss (95% confidence limits in brackets) and Ep,, (expressed as % of the maximal response to [BAla¥)NKA(4-10), 1 um) of
natural tachykinins and receptor-selective synthetic agonists-induced contraction in the circular muscle of the guinea-pig ileum and

colon
Agonist lleum Colon
ECSO Emax ECSO Emax
Substance P 100 pMm 69 + 4* 5 nMm 73+ 4>
(63-174) (4-6)
Neurokinin A 1.2 nM 90%5 19 nm 9%t 4
(1.1-14) (10-55)
[Sar’]SP sulphone 83 pm 60 + 4* 8 nMm 81+ 4*
(54-139) 4-15)
Septide 36 pMm 68 * 6* 0.7 nM 88+3
(20-86) (0.3-1.2)
[BAI2*]NK A(4-10) 10 nMm 100 12 nm 100
(6-24) (6-28)
MDL 28,564 474 nM 86+ 4 55 nm 972
(400-650) 35-72)

Each value is from 6-12 experiments. *Significantly different (P <<0.05) from E_,, of [BAla’]NKA(4-10)
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Figure 2 Concentration-dependent contraction of the circular mus-
cle of the guinea-pig ileum (left a, c) and colon (b, d) to natural
tachykinins, SP (O) and NKA (0) and to synthetic tachykinin
receptor agonists septide (), [Sar’]SP sulphone (@), [BAla’|NKA(4-
10) (A) and MDL 28,564 (A). The contractile response was exp-
ressed as % of the maximal response produced by each agonist.
Each value is mean * s.e.mean of 6—12 experiments.

10) or NKA (Table 1). The synthetic agonists [Sar’JSP sul-
phone, septide and [BA1a¥)NKA(4-10) all produced concen-
tration-dependent contractions of ileal rings. Septide and
[Sar’]SP sulphone were distinctly (about 2 orders of mag-
nitude) more potent than [BAla*INKA(4-10) (Figure 1 and 2,
Table 1). The E,,, produced by septide or [BAla’]SP sulphone
during the cumulative concentration-response curve was sig-
nificantly less than that produced by [BAla®]NKA(4-10) and
was similar to the E,, produced by SP (Table 1). The
pseudopeptide derivative of NKA (4-10), MDL 28,564 was
less potent than NKA and [BAla®]NKA(4-10) (400 and 47
times, respectively), but its E,, was not significantly different
from that produced by NKA or [BAla®]NKA(4-10) (Table 1,
Figure 2). The response to tachykinin receptor agonists
developed quite rapidly in the circular muscle of the ileum
(Figure 1). For SP and [Sar’]SP sulphone the maximal res-
ponse produced by each dose developed within 30-45 s from
agonist application; for [BAla®]NKA(4-10), MDL 28,564 and
NKA within 60-120s, the time course of the response to

septide was intermediate and the effect of each dose required
45-90s to develop maximal effects. In the presence of
antagonists (see below), a slower time course of the response
to the agonists was observed.

Effect of NK, receptor antagonists

(£)-CP 96,345, FK 888, GR 82,334 or RP 67,580 displayed
no significant agonist activity, and did not affect the response
to [BAla’INKA(4-10) (n=4 for each antagonist, Table 2).
(1)-CP 96,345 (1-300 nmM, Figure 3), GR 82,334 (30 nM—
10 uM) and FK 888 (30 nM—30 uM) produced concentration-
dependent rightward shifts of the concentration-response
curve to both [Sar’]SP sulphone and septide with slopes of
Schild plots not significantly different from unity (Figures 4
and 5, Table 2). The affinity of (£ )-CP 96,345, GR 82,334
and FK 888 toward septide-induced response was greater
(Table 2) than that toward [Sar’]SP sulphone. At 1pM, RP
67,580 was inactive toward septide and [Sar’]SP sulphone
(Table 2). At 3 uM RP 67,580 produced a significant depres-
sion of the maximal response to the two agonists (40—50%
reduction, n =4 for each agonist).

Effect of NK, receptor antagonists

SR 48,968, GR 94,800, MEN 10,376 or MEN 10,573 dis-
played no significant agonist activity. MEN 10,376 (0.3-10
uM), MEN 10,573 (0.3-10 uM) and GR 94,800 (3-30 nM,
Figure 6) produced concentration-dependent rightward shifts
of the curve to [BAla®]NKA(4-10) with slopes of Schild plots
not significantly different from unity (Figure 7, Table 2). The
affinity of MEN 10,376 for NK, receptors in the circular
muscle of the ileum was about 1 log unit lower than that
measured in other guinea-pig smooth muscle preparations
bearing NK, receptors (see Discussion). To assess whether
this may involve breakdown of MEN 10,376 by peptidases
and generation of shorter fragments with lower affinity for
NK, receptors (Quartara et al., 1992b), the effect of MEN
10,376 toward [BAla’]NKA(4-10) was investigated in the pre-
sence of captopril, bestatin, thiorphan (1 uM each, 15 min
beforehand) and amastatin (10 uM, 45 min beforehand): the
pKp determined in these experiments (6.59  0.14, n = 4) was
not significantly different from that measured in the absence
of peptidase inhibitors. GR 94,800 was ineffective (up to
1 pM) against septide or [Sar’]SP sulphone (n=4 for each
agonist), while MEN 10,376 and MEN 10,573 competitively
antagonized the response to septide; MEN 10,573 also antag-
onized competitively the response to [Sar’JSP sulphone
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Table 2 Effect of various tachykinin receptor antagonists on contractions produced by [Sar’]SP sulphone, septide or [BAla’]

NKA(4-10) in the circular muscle of the guinea-pig ileum

Antagonist [Sar’]SP sulphone

(%)-CP 96,345

slope —1.03 (0.59-1.46)

pKp 8.17 (7.95-8.38)
GR 82,334

slope - 1.23 (0.91-1.54)

pKp 7.17 (6.97-7.37)
FK 888

slope -0.95 (0.75-1.15)

pKs 7.53 (7.39-7.67)
RP 67,580 inactive up to 1puMm
MEN 10,376

slope inactive up to 10 uMm

PKp
MEN 10,573

slope —0.97(0.55-1.38)

pKp 5.95 (5.75-6.15)
GR 94,800

slope inactive up to 1puM

pKs

Septide
—0.87 (0.63-1.10)
9.24 (9.07-9.41)*

— 1.15 (0.76-1.54)
7.52 (7.30-7.74)*

—1.21 (0.82-1.51)
8.30 (8.08-8.52)*

inactive up to 1pm

—0.93 (0.66-1.19)
6.40 (6.29-6.51)

— 1.24(0.91-1.57)
6.48(6.31-6.64)*

inactive up to 1um

[BAIJNKA(4-10)

inactive up to 1puM

inactive up to 10 um

inactive up to 3 um
inactive up to 1pum

—0.90 (0.72-1.09)
6.44 (6.33-6.55)

- 1.14 (0.75-1.53)
7.18 (7.01-7.35)**

- 0.91 (0.63-1.20)

8.85 (8.72-8.98)

For each agonist/antagonist combination slopes of Schild plot and pKg values (with 95% CL) are shown. Schild plots were
constructed with at least 3 different concentrations of the test antagonist:each concentration was tested in at least 3 experiments on
preparations from different animals. For slopes of Schild plot not significantly different from unity, pKy values were calculated using
the constrained plot method. Statistical significance of differences in pKp was evaluated by analysis of covariance to detect differences
in the position of Schild regression lines and differences in slope. *Position of Schild regression line significantly different (P <<0.05)
from that measured against [Sar’]SP sulphone. Slopes of Schild plots not significantly different from each other. **Position of Schild
regression line significantly different (P <<0.05) from that measured against septide. Slopes of Schild plots not significantly different

from each other.
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Figure 3 Effect of (£ )-CP 96,345 on contractions produced by
[Sar’ISP sulphone in the circular muscle of the guinea-pig ileum (a)
and colon (c) and toward septide-induced contraction in the circular
muscle of the guinea-pig ileum (b) and colon (d). In each panel (O)
represents the control curve. Concentrations of (*)-CP 96,345
tested were: 30 (@) 300 (O) and 500nm (M) toward [Sar’]SP
sulphone in the ileum; 10 (@), 30 (O), 100 (M) and 300 nM (A)
toward [Sar’]SP sulphone in the colon; 10 (@), 30 (O), 100 (M) and
300 nM (A) toward septide in ileum; 10 (@), 30 (O), 100 (W) and
300nM (A) toward septide in the colon. Each value is
mean * s.e.mean of at least 3 determinations.

(Figures 4 and 5), while MEN 10,376 (10 uM, n=4) was
ineffective (Table 2). As can be seen from Table 2, MEN
10,376 was equipotent against [BAla®JNKA(4-10) and septide
(pKp about 6.4 toward both agonists). Thus MEN 10,376 is
at least 30 times more potent toward septide than [Sar’]SP

sulphone (Table 2). MEN 10,573 was slightly but signifi-
cantly more potent towards [BAla’)NKA(4-10) than towards
septide and significantly more potent towards septide than
towards [Sar’]SP sulphone (Table 2).

SR 48,968 (10 nM-3 uM, n =28, Figure 6), displayed a
more complex pattern of antagonism: it produced both non-
parallel rightward shifts of the curve to [BAla®|NKA(4-10)
and depression of E.,,, both effects being concentration-
dependent (Figure 6). Schild plot analysis revealed the non-
competitive nature of antagonism with a slope of —0.72
(0.48-0.90). To assess whether the depression of Ej,, to
[BA1a®]NK A(4-10) by SR 48,968 could be reversed, ileal rings
were exposed to 3 puM [BAla’]NKA(4-10) at 30 min intervals
until reproducible responses were obtained (Figure 8). SR
48,968 (3 uM for 30 min) reduced the response to the agonist
to 42+ 6% of controls (n =4, P<0.05): as shown in Figure
8, a slow, time-dependent, recovery of inhibition by SR
48,968 was observed up to 87 + 8% of control at 150 min.
Having determined that the depression of E,,, to [BAlaf]
NKA(4-10) by SR 48,968 is not a consequence of irreversible
interaction with the receptors, the pKyz of SR 48,968 was
estimated by the double reciprocal plot method described by
Kenakin (1987a). For this analysis the experiments obtained
with 1 and 3 uM SR 48,968 were used (Figures 6 and 9): the
corresponding pKjp value was 7.83 (7.15-8.51, n = 7). Owing
to the lower potency of SR 48,968 in antagonizing responses
to [BAla®INKA(4-10) in the ileum vs. colon (see below), the
question was raised as to whether a 15 min contact time-was
sufficient for this antagonist to reach equilibrium with NK,
receptors in the guinea-pig ileum. To check this point, the
contact time of the antagonist was extended to 45 min. For
these experiments a concentration of 1uM SR 48,968 was
selected which, after 15 min contact time, produced both a
rightward shift of the curve to the agonist (dose-ratio 30 £ 6,
n=9) and a depression of E, (76 £ 4% of control res-
ponse). The corresponding values measured after 45 min con-
tact time (dose ratio 32t 11, E,,=80% 5% of control,
n = 4) were not significantly different from those obtained at
15 min, i.e. no evidence was found for time-dependency of
antagonist action. SR 48,968, up to 0.1 uM, was ineffective



toward [Sar’]SP sulphone or septide (Table 2). At 1 uM the
E... to these two agonists was reduced by 25 and 32%,
respectively (n =5 in each case). This effect was not due to
nonspecific depression of contractility because the concentra-
tion-response curve to carbachol (10 nM—10puM, ECs, 164
nM, 100-352 nM) was unaffected by 15 min contact time with
1 uM SR 48,968 (ECs, 199 nM, 86-411 nM, n = 4).

Circular muscle of the colon

Effect of agonists In the presence of 10 uM indomethacin,
muscle strips of guinea-pig proximal colon developed a low
amplitude (<20% of maximal response to KCl) irregular
phasic activity. SP and NKA produced concentration-depen-
dent contractions of the strips (Figure 2), SP being about
four times more potent than NKA (Table 1). The action of
SP and NKA was not significantly modified in the presence
of peptidase inhibitors. The ECss of SP were 5 nM (4—6 nM)
and 6 nM (4-9 nM) in the absence and presence of peptidase
inhibitors, respectively (n = 6 in each group). The correspon-
ding values for NKA were 19nM (10-55nM) and 15nM
(9-27 nM), respectively (n = 6). When 1 uM SP or NKA was
added to the bath as a single concentration, the E,,, was not
different from that produced by 1 uM [BAla®]NKA(4-10). The
E,.. produced by NKA or [BAla®)NKA(4-10) during the
cumulative concentration-response curve equalled that ob-
served in response to a single administration of 1 uM concen-
tration of each agonist. The E,,, produced by SP during the
cumulative concentration-response curve was slightly less
than that produced by [BAla®]NKA(4-10) or NKA (Table 1).
The synthetic agonists [Sar’]SP sulphone, septide and [BAla®]
NKA(4-10) all produced concentration-dependent contrac-
tions of the strips (Figure 2). The Eg,, to [Sar’]SP sulphone,
but not that to septide, was slightly less than that produced
by [BAla®]NKA(4-10) (Table 1). Septide was the most potent
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Figure 4 Schild plots for antagonism of contraction produced by
[Sar®]SP sulphone in the circular muscle of the ileum (a) and colon
(b) by (%)-CP 96,345 (O), FK 888 (@), GR 82,334 (O), MEN
10.573 (A) and RP 67,580 (A). Each value is mean * s.e.mean of at
least three determinations. Slopes of Schild plots are given in Tables
1 and 2.
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Figure 5§ Schild plots for antagonism of contraction produced by
septide in the circular muscle of the ileum (a) and colon (b) by
(£)-CP 96,345 (O), FK 888 (@), GR 82,334 (O), RP 67,580 (W),
MEN 10,376 (A) and MEN 10,573 (A). Each value is mean  s.e.
mean of at least three determinations. Slopes of Schild plots are
given in Tables 1 and 2.
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Figure 6 (a, c) Effect of SR 48,968 on the concentration-response
curve to [BAla®]NKA(4-10) in the circular muscle of the guinea-pig
ileum (a) and colon (c). (b, d) Effect of GR 94,800 on the
concentration-response curve to [BAla®]NKA(4-10) in the circular
muscle of the guinea-pig ileum (b) and colon (d). In each panel (O)
represents the control curve obtained in the absence of the
antagonist. Concentrations of antagonists tested were: 10 (@), 30
(0), 100 (M), 300 (A), 1000 (A) and 3000 (@) for SR 48,968 in the
ileum; 3 (@), 10 (O), 30 (M), 100nM (A) for SR 48,968 in the
colon; 3 (@), 5 (0O), 10 (M), and 30 nM (A) for GR 94,800 in the
ileum; 1 (@), 3 (O), 10 (M) and 30 nM (A) for GR 94,800 in the
colon. Each value is mean * s.e.mean of at least 3 determinations.
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agonist tested, being about seven times more potent than SP;
[Sar’]SP sulphone and [BAla®INKA(4-10) were equipotent to
SP and NKA, respectively (Table 1). The pseudopeptide
derivative of NKA (4-10), MDL 28,564 was about two times
less potent than NKA and about four times less potent than
[BAla®]NKA(4-10) (Figure 2, Table 1). Its E,,, was not
significantly different from that produced by NKA or [BAla®]
NKA(4-10) (Table 1). As observed in the ileum, the time
course of the contractile response produced by SP or [Sar’[SP
sulphone (45-120s for maximum effect of each concentra-
tion) was faster than that of NKA, [BAla®]NKA(4-10) or
MDL 28,564 (90-300s), while the time course of the res-
ponse to septide was intermediate (90—180 s). In the presence
of antagonists (see below), a slower time course of the res-
ponse to the agonists was observed.

Effect of NK, receptor antagonists (x )-CP 96,345, FK 888,
GR 82,334 or RP 67,580 displayed no agonist activity, nor
did they affect the concentration-response curve to
[BAIa*INKA (4-10) (Table 3, n = 4 for each antagonist). (% )-
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Figure 7 Schild plots for antagonism of contraction produced by
[BA1a¥]NKA(4-10) in the circular muscle of the ileum (a) and colon
(b) by SR 48,968 (O), GR 94,800 (®) MEN 10,376 (O) and MEN
10,573 (M). Each value is mean % s.e.mean of at least three deter-
minations. Slopes of Schild plots are given in Tables 2 and 3,
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Figure 8 Reversal, by washing, of the depressant effect of SR 48,968
on the maximal response to [BAla®]NKA(4-10) in the circular muscle
of the ileum. Each value is mean * s.e.mean of 4 determinations.
*Significantly different from control, P<<0.05.

CP 96,345 (10 nM-1puM, Figure 3), FK 888 (0.1-30 um),
GR 82,334 (0.1-3puM) or RP 67,580 (1-10puM) produced
concentration-dependent rightward shifts of the curve to sep-
tide and [Sar’]SP sulphone with slopes of Schild plot
significantly different from unity (Table 3, Figures 4 and 5).
As observed in the ileum, the affinity of NK, receptor
antagonists was significantly higher toward septide than
toward [Sar’]SP sulphone, the only exception being
CP 96,345, for which the difference was not statistically
significant (Table 3).

Effect of NK, receptor antagonists SR 48,968, GR 94,800,
MEN 10,376 or MEN 10,573 displayed no agonist activity.
SR 48,968 (3-100 nM), MEN 10,376 (0.3-10 uM), MEN
10,573 (0.3-10uM) and GR 94,800 (1-100 nM) produced
concentration-dependent rightward shifts of the curve to
[BAIa*]NKA(4-10): slopes of Schild plots indicated com-
petitive antagonism (Table 3, Figures 6 and 7). SR 48,968 (up
to 3 uM) and GR 94,800 (up to 1 uM) were ineffective against
[Sar’]SP sulphone or septide (Table 3). MEN 10,376 and
MEN 10,573 competitively antagonized the response to sep-
tide. MEN 10,573, but not MEN 10,376 (10 uM, n = 4) also
antagonized the response to [Sar’]SP sulphone (Table 3).
MEN 10,376 was about ten times more potent against [fAla’]
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Figure 9 (a) Example of concentration-response curve to
[BAl1a®]NK A(4-10) in the absence (O) and presence (@) of SR 48,968
(1 pM) in the guinea-pig ileum circular muscle. (b) Double-reciprocal
plot of equiactive concentrations of [BAla’]INKA(4-10) from dose-
response curve shown in (a) in the absence (1/A) and in the presence
(1/A") of SR 48,968 (1 uM) in the guinea-pig ileum circular muscle.
Pairs of equieffective concentrations of [BAla®{NKA(4-10) have been
chosen producing 35, 31, 25 and 23% of maximal effect. Slope of
regression line is 46.5. pKp value for SR 48,968 in the experiment
reported, determined as — log ([SR 48,968] slope — 1), is 7.67.
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Table 3 Effect of various tachykinin receptor antagonists on contractions produced by [Sar’]SP sulphone, septide or [BAlaf]

NKA(4-10) in the circular muscle of the guinea-pig colon

Antagonist

(£)-CP 96,345

[Sar’]SP sulphone

Septide
—0.95 (0.69-1.22)
8.89 (8.64-9.13)

- 1.04 (0.80-1.29)
8.12 (7.94-8.32)*

- 1.08 (0.90-1.26)
8.13 (8.03-8.22)*

- 1.18 (0.67-1.69)
6.82 (6.60—-7.04)*

inactive up to 3 um

- 1.04 (0.77-1.31)
5.85 (5.70-6.00)

- 1.12 (0.79-1.45)
6.72 (6.55-6.89)*

[BAIG*[NKA(4-10)

inactive up to 1puM

inactive up to 10 uMm

inactive up to 1pum

inactive up to 1um
— 1.15 (0.65-1.64)
9.41 (9.24-9.58)

—0.86 (0.57-1.14)
7.27 (7.10-7.44)**

—0.80 (0.38-1.22)
7.28 (7.11-7.45)**

slope - 1.16 (0.78-1.53)
pKp 8.41 (8.20-8.62)
GR 82,334
slope —0.96 (0.58-1.34)
pKp 7.49 (7.29-17.69)
FK 888
slope —0.98 (0.64-1.32)
PKs 7.13 (6.95-7.31)
RP 67,580
slope —1.25 (0.95-1.52)
PKs 6.25 (6.10-6.40)
SR 48,968
slope inactive up to 3 uM
pKs
MEN 10,376
slope inactive up to 10 uM
pKs
MEN 10,573
slope - 1.31 (0.85-1.76)
pKp 5.98 (5.84-6.11)
GR 94,800
slope inactive up to 1pum
pKs

inactive up to 1pMm

- 1.06 (0.88-1.24)
9.49 (9.28-9.70)

For each agonist/antagonist combination slopes of Schild plot and pKy values (with 95% CL) are shown. Schild plots were
constructed with at least 3 different concentrations of the test antagonist:each concentration was tested in at least 3 experiments on
preparations from different animals. For slopes of Schild plot not significantly different from unity, pKp values were calculated using
the constrained plot method. Statistical significance of differences of pKy was evaluated by analysis of covariance to detect differences
in the position of Schild regression lines and differences in slope. *Position of Schild regression line significantly different (P <0.05)
from that measured against [Sar’]SP sulphone. Slopes of Schild plots not significantly different from each other. **Position of Schild
regression line significantly different (P <0.05) from that measured against septide. Slopes of Schild plots not significantly different

from each other.

NKA(4-10) than toward septide (Table 3). MEN 10,573 was
slightly but significantly more potent towards [BAla®]NKA(4-
10) than towards septide, and significantly more potent
towards septide than towards [Sar’JSP sulphone (Table 3).

Effect of nifedipine on the response to [Sar’]SP
sulphone, septide and [BAla®|NKA(4-10) in the ileum
and colon

Nifedipine (1 pM) abolished spontaneous activity of the strips
in both the ileum and colon. In the ileum, the response to
septide, [Sar’]SP sulphone or [BAla®]NKA(4-10) (up to 1 pum,
for each agonist) was totally abolished by nifedipine (n =4
for each agonist). In the colon, the concentration-response
curves to [Sar’]SP sulphone and septide were markedly
depressed and shifted to the right by nifedipine (Figure 10).
In the presence of nifedipine, the E,,, to [Sar’]SP sulphone
and septide (30 uM in each case) averaged 21+ 4 and 27 %
3% of controls, respectively (n=7) (Figure 10). On the
contrary, the response to [BAla®]NKA(4-10) was only depres-
sed but not shifted to the right by nifedipine (Figure 10,
n=2>5): in the presence of nifedipine, the E_,, to [BAla®]
NKA(4-10) averaged 80 £ 4% of control (Figure 10). Qual-
itatively, the contractile response produced by the three
tachykinin receptor agonists became slower in the presence of
nifedipine, each concentration requiring at least 3—5 min to
produce its maximal effect.

Discussion

The aim of this study was to perform a systematic analysis of
the affinities of various peptide and nonpeptide tachykinin
antagonists at NK; and NK, receptors in the guinea-pig

ileum and colon. Since pharmacological evidence has been
presented to indicate intraspecies heterogeneity of NK, and
NK, receptors (see Introduction), a major aim of the study
was to unravel possible differences in receptor antagonist
potencies in preparations from the same species. Tachykinin
NK; receptors are also present in the circular muscle of the
ileum and their stimulation produces an indirect contractile
response (Maggi et al., 1990a). No information is available
about the possible presence of NK; receptors in the guinea-
pig colon, although in preliminary experiments we found
senktide effective in producing concentration-dependent
(threshold concentration 1 nM) contractions of this prepara-
tion (Maggi, unpublished observations). Since high concent-
rations of SP and NKA are capable of stimulating NK,
receptors with similar efficiency to neurokinin B, the value of
natural tachykinins for characterizing NK, and NK, recep-
tors in the intestine, and detect possible intraspecies receptor
heterogeneity is limited. For this reason, the receptor-
selective  agonist, [Sar’]SP  sulphone, septide and
[BAla®INKA(4-10) were used for studying the effect of
antagonist. The use of these agonists relies on the assump-
tion, supported by previous literature data, of negligible, if
any, affinity for NK; receptors (Lee et al., 1986; Wormser et
al., 1986; Dion et al., 1987; Laufer et al.,-1988; Rovero et al.,
1989).

NK, receptors in the circular muscle of the ileum and
colon

The results of this study indicate that: (i) various NK,
receptor-selective antagonists are significantly more potent
against septide than [Sar’]SP sulphone; (ii) MEN 10,376,
previously characterized as a selective NK, receptor antago-
nist, displays a sizeable affinity toward the septide-induced
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Figure 10 Effect of nifedipine (1 pM, @) on the concentration-
response curve to [Sar’]SP sulphone (a), septide (b) and
[BAl1a®]INK A(4-10) (c) in the circular muscle of the guinea-pig colon.

Each value is mean * s.e.mean of 5-7 determinations. *Significantly
different from control, P <<0.05.

contraction; (iii) in both preparations ( £ )-CP 96,345 was
markedly more potent than RP 67,580, in keeping with the
known species-related pattern of NK, receptor antagonist
affinity.

Petitet ez al. (1992) raised the issue of the possible existence
of a novel, ‘septide-sensitive’, tachykinin receptor to account
for the marked discrepancy between the high potency of
septide in stimulating NK, receptors in the longitudinal mus-
cle of the guinea-pig ileum and its relative low potency in
displacing SP from NK, receptors. The observation that the
responses to septide in the guinea-pig ileum and rat urinary
bladder are blocked by NK, receptor antagonists with higher
potency than responses produced by SP or ‘classical’ NK,
receptor agonists (i.e. agonists for which a high binding
affinity parallels the high biological activity) (Petitet et al.,
1992; Meini et al., 1994; Maggi et al., 1993a,b,c; and present
findings), raises the possibility that the ‘septide-sensitive’ re-
ceptor is an NK, receptor subtype.

The present findings demonstrate that various peptide and
nonpeptide NK, receptor antagonists (with the exception of
CP 96,345 in the colon) are significantly more potent in
antagonizing the response to septide than that to [Sar’]SP
sulphone. The observed differences in pKp values range
between 0.5-1 log unit, and notably on no occasion did we

find an NK, receptor antagonist to be more potent toward
[Sar’]SP sulphone than toward septide. Although this latter
finding may be incidental, it calls for a word of caution
against the existence of a ‘septide-sensitive’ receptor as a
distinct entity from the classical NK, receptor.

Further discrimination between the responses to septide
and [Sar’]SP sulphone was seen with MEN 10,376, a linear
NKA(4-10) derivative possessing high affinity for NK, recep-
tors expressed in the human, bovine, guinea-pig and rabbit
species (Maggi et al., 1993a). We reported previously that the
potency of MEN 10,376 in antagonizing septide-induced con-
traction in the guinea-pig isolated bronchus is somewhat
intermediate between that displayed toward the NK, recep-
tor-selective agonist, [BAla®]NKA(4-10), and the NK,-recep-
tor-selective agonist, SP methylester (Maggi ez al., 1991b). In
the circular muscle of the guinea-pig ileum, the affinity of
MEN 10,376 for NK, receptors is lower than that determined
in other guinea-pig smooth muscle preparations (for e.g. in
the circular muscle of the colon); in the ileum, MEN 10,376
was equipotent toward [BAla®]NKA(4-10) (pK; 6.44) and sep-
tide (pKp 6.40). On the other hand, MEN 10,376 is at least
30 times less potent (pKz<<5) toward [Sar’]SP sulphone.
Therefore, in absolute values, MEN 10,376 is the antagonist
which better discriminates between [Sar’]SP sulphone- and
septide-induced contraction in the circular muscle of the
guinea-pig ileum, although its affinity for the septide-stimu-
lated receptor is about three orders of magnitude lower than
that of (% )-CP 96,345.

Assuming that a ‘septide-sensitive’ NK, receptor exists, the
rank order of potency of natural tachykinins at this receptor
is an obvious question of physiological relevance. Our prev-
ious observations (Meini er al., 1994) suggest that neurokinin
B could be a better ligand than SP at the ‘septide-sensitive’
receptor in the rat urinary bladder. Owing to the presence of
NK; receptors in the gut and the lack of a suitable NK;
receptor antagonist, functional experiments with neurokinin
B at this level would not be informative.

The present findings are compatible with the existence of
pharmacologically distinct NK, receptor subtypes in guinea-
pig. On the other hand, other possibilities could be con-
sidered to account for these results: the possibility that
physicochemical properties of septide determine its unusual
pharmacological properties is unconvincing, because other
NK, receptor agonists, including the undecapeptides
[Apa®>'ISP and [Pro®!°|SP show a ‘septide-like’ profile of
action in the guinea-pig ileum (Petitet er al., 1992). Since the
recognition epitopes for certain NK, receptor antagonists by
the NK, receptor protein appear to be distinct from the
agonist binding site(s) (Gether et al., 1993), the possibility of
an allosteric modulation between agonist and anagonist bin-
ding sites should be taken into serious consideration for the
NK, receptor. It may be that the recognition epitopes of the
NK, receptor protein for SP and classical NK, receptor
agonist do not overlap with the epitopes recognizing the
‘septide-like’ agonists, whereby septide and other agonists
with a similar profile are more easily displaced by
antagonists. This interpretation may explain why several NK,
antagonists were in general more potent in blocking septide
than ‘classical’ NK, receptor agonists while no example of
the converse pattern has been reported yet. On the other
hand, the available data from mutation experiments indicate
that septide and SP recognize similar epitopes of the NK,
receptor protein (Fong e al., 1992a). However, a systematic
study of the effects of mutations of different regions of the
NK, receptor protein on the binding of septide vs. SP is not
available. It is to be noted, finally, that in cell systems
expressing the cloned, full length, NK, receptor protein, sep-
tide is distinctly less potent than SP in both binding and
functional assays (Fong ef al., 1992a see also Hermans er al.,
1993), in sharp contrast with the high potency of this hex-
apeptide in various bioassays (e.g. Laufer et al., 1988; Hall &
Morton, 1991; and present data).

The possibility that a ‘septide-sensitive’ NK, receptor sub-



type exists as a distinct receptor entity remains a matter for
investigation, which cannot be negated or supported from the
presently available data on the molecular biology of the NK;
receptor. Although only one gene encoding the NK, receptor
has been isolated thus far (Gerard et al., 1993), the possibility
exists that different forms of the receptor protein are
generated from the same gene (Fong er al., 1992b; Kage et
al., 1993).

NK, receptors in the circular muscle of the ileum and
colon

The present findings substantiate the conclusion that NK,
receptors mediate contraction in the circular muscle of the
guinea-pig ileum and colon (Maggi et al., 1990a; Giuliani et
al., 1993). In fact, various NK, antagonists such as ( + )-CP
96,345, FK 888 and GR 82,334 failed to affect the response
to [BAla®]NKA(4-10) while GR 94,800 and SR 48,968 were
effective at concentrations that do not significantly shift the
curve to septide or [Sar’]SP sulphone.

In both preparations, the pseudopeptide derivative of
NKA(4-10), MDL 28,564 behaves as a full agonist relative
to NKA or [BAla®]NKA(4-10). This behaviour has been
observed previously in various guinea-pig smooth muscles
(Buck et al., 1990; Maggi et al., 1991b; 1992). The agonist
activity of MDL 28,564 has been one of the criteria to iden-
tify putative species-dependent variants of the NK, receptor
(Maggi et al., 1993a for review) and the two preparations
investigated here appear homogeneous in this respect. Two
out of the four NK, receptor antagonists tested, the linear
heptapeptide GR 94,800 and the cyclic pseudopeptide MEN
10,573, displayed similar affinities for NK, receptors in the
circular muscle of the ileum and colon. By contrast, the non
peptide antagonist, SR 48,968 and the linear heptapeptide,
MEN 10,376 were more potent at NK, receptors in the
circular muscle of the colon than ileum. The estimate of the
affinity of SR 48,968 for NK, receptors in the ileum was
complicated by the depression of E,,, to the agonist:up to
0.1 uM SR 48,968 is selective for NK, receptors. At 1.0 uM a
depression of E.,, to NK, receptor agonists but not to
carbachol was observed indicating that at this concentration
SR 48,968 is effective at NK, receptors as well. E_,, depres-
sion by SR 48,968 is not due to irreversible changes in NK,
receptor function, being reversed, even if slowly, by repeated
washings:this depressant effect, detected previously in the
rabbit pulmonary artery (Maggi et al., 1993b), may arise
from pseudoirreversible antagonism. The estimate of affinity
for pseudoirreversible antagonism according to Kenakin
(1987) yielded a pKp value (7.83) which is remarkably lower
than the affinity of SR 48,968 measured in the guinea-pig
colon (pKs 9.41) where its profile of action was fully com-
patible with competitive antagonism. Although the exact
mechanism responsible for the very different profile of action
of SR 48,968 in the guinea-pig ileum and colon remains to be
determined, these observations, along with the higher
potency of MEN 10,376 at NK, receptor in the guinea-pig
colon vs the ileum, raise the possibility of an intraspecies
heterogeneity of the NK, receptor.
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Effect of nifedipine

In a previous study we showed that the responses to
equieffective concentrations of [Sar’]SP sulphone and [BAla®]
NKA(4-10) in the guinea-pig colon exhibit a marked
difference in their sensitivity to nifedipine (Zagorodnyuk et
al., 1993b):the response to the NK, receptor agonist was
greatly diminished (about 80% inhibition) while that to the
NK, receptor agonist was largely unaffected (<20% inhibi-
tion) by nifedipine. The present findings demonstrate that: (i)
the contraction to NK, or NK, receptor agonists is strictly
dependent upon influx of extracellular calcium through
nifedipine-sensitive calcium channels in the circular muscle of
the ileum; (ii) the contraction to NK, receptor stimulation
shows a marked regional difference in the degree of usage of
nifedipine-sensitive calcium channels in the guinea-pig intes-
tine. In both preparations, a similar depression of the con-
tractile response to septide and [Sar’]SP sulphone by
nifedipine occurs. Thus, if septide were really acting at a
tachykinin receptor different from that activated by ‘classical’
NK, receptor agonists, like [Sar’]SP sulphone, it would fol-
low that the two receptors have a similar degree of usage of
nifedipine-sensitive calcium channels for inducing contraction
in the circular muscle of the guinea-pig intestine. In view of
the above discussed differences in the action of SR 48,968
and MEN 10,376 at NK, receptors in the ileum and colon,
the remarkable difference in the effectiveness of nifedipine for
inhibiting the response to [BAla®]NKA(4-10) suggest that the
putative NK, receptor subtypes couple with different effector
systems to produce smooth muscle contraction in the guinea-
pig intestine. This working hypothesis needs further evalua-
tion.

Conclusions

In conclusion, the present findings demonstrate, through the
use of a series of agonists and antagonists, that both NK;
and NK, receptors mediate contraction in the circular muscle
of the guinea-pig ileum and colon. Our data are compatible
with the idea of the existence of a ‘septide-sensitive’ receptor
which could be an NK, receptor subtype, although other
explanations cannot be excluded at the present stage of
knowledge. Furthermore, the existence of NK, receptor sub-
types in guinea-pig intestinal smooth muscles is suggested.
While pharmacological data suggest heterogeneity, the
existence of NK, and NK, receptor subtypes should find
structural support from the molecular biology approach
before being regarded as conclusive.
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1 The aim of this study was to investigate the effect of various antagonists, selective for the tachykinin
NK, or NK, receptor, on the atropine-resistant ascending excitatory reflex (AER) to the circular muscle
of the guinea-pig ileum elicited by radial stretch (balloon distension) or electrical field stimulation.

2 Submaximal and maximal atropine- (1 uM) resistant AER elicited by balloon distension averaged
about 40—50% and 70-90% of maximal circular spasm to 80 mM KCl, respectively. The NK, receptor
antagonist, (£ )-CP 96,345 (1 pM) inhibited both maximal and submaximal AER. FK 888 (1-3 uM)
inhibited submaximal AER only. RP 67,580 (1 uM) was ineffective. The NK, receptor antagonist,
GR 94,800, inhibited both maximal and submaximal AER at all concentrations tested (0.1-3.0 uMm),
while SR 48,968 was effective only at 1.0uM. The NK, receptor antagonists, MEN 10,376 and
MEN 10,573 inhibited both submaximal and maximal AER at 10 and 1.0 uM, respectively.

3 In other experiments, an NK, receptor antagonist, ( ¥ )-CP 96,345 or FK 888 (1.0 pM in each case)
was administered first and the effect of GR 94,800 (1.0 uM) on the residual AER response was
determined; or GR 94,800 was administered first and the effect of (% )-CP 96,345 or FK 888 was
determined. The results of these experiments indicated an additive effect produced by the combined
treatment with NK, and NK, receptor antagonists.

4 Electrical field stimulation (10 Hz for 0.5s, 10-20V, 0.15-0.3 ms pulse width) with electrodes
placed at 1.4-1.8 cm anal to the recording site, produced ascending contractions which were almost
abolished by 10 uM hexamethonium (electrically-evoked AER). In the presence of apamin (0.1 uM) and
NS-nitro-L-arginine (30 pM) these contractions were reproducible over 10 consecutive stimulation cycles.
GR 94,800 (1 uM) and FK 888 (1 uM) both produced a partial inhibition of the electrically-evoked AER
and their combined administration produced an inhibitory effect which was larger than that induced by
each antagonist alone.

5§ FK 888 (1-3puM), GR 94,800 (1-3 M), MEN 10,573 (1 pM) and MEN 10,376 (10 um) did not
significantly affect the atropine-sensitive twitch contractions produced by electrical field stimulation of
the guinea-pig ileum longitudinal muscle-myenteric plexus preparation, which were abolished by
10-30 pM procaine, 1 uM tetrodotoxin or 1 uM atropine. (% )-CP 96,345 (1 uM) and SR 48,968 (1 uM)
produced 12% and 27% inhibition of cholinergic twitches in the longitudinal muscle of the ileum,
respectively.

6 We conclude that both NK, and NK, receptors mediate the atropine-resistant AER to the circular
muscle of the ileum. NK, receptor activation plays a more important role than NK, receptor activation
in the AER evoked by radial stretch. Since a consistent fraction of the distension- and electrically-
evoked atropine-resistant AER persists in the presence of combined NK, and NK, receptor blockade,
the existence of a third excitatory transmitter to the circular muscle of the ileum, in addition to
acetylcholine and tachykinins, is suggested.

Tachykinins; guinea-pig ileum; circular muscle; tachykinin receptors; ascending excitatory reflex; enteric nervous

system

Introduction

Tachykinins are powerful smooth muscle spasmogens in the
guinea-pig ileum and are thought to play a major role as
excitatory transmitters to both circular and longitudinal
muscle layers (Bartho et al., 1982; Costa et al., 1985; Holzer,
1989; Bartho & Holzer, 1985 for review). A subpopulation of
enteric neurones in the myenteric plexus expresses tachykin-
in-like immunoreactivity: these elements express the pre-
protachykinin I gene, which encodes the sequence of both
substance P and neurokinin A (Sternini et al., 1989) and
some of them have appropriate projections for them to be
considered the effector motoneurones for reflexly-evoked
contraction of the circular muscle (Brookes et al., 1991).
Accordingly, both substance P- and neurokinin A-like im-
munoreactivity have been detected in enteric neurones by
immunocytochemistry (e.g. Schmidt ez al., 1991; Shuttleworth

! Author for correspondence.

et al., 1991) and release of both peptides from the mam-
malian gut has been documented in response to depolarizing
stimuli (Theodorsson et al., 1991; Schmidt ez al., 1992b).
Three main types of tachykinin receptors (NK,, NK, and
NK,) are known to mediate the spasmogenic activity of
peptides of this family (Maggi et al., 1993a). In the circular
muscle of the guinea-pig ileum, NK,; and NK, receptors
mediate the direct spasmogenic effect of tachykinins on
muscle cells, while the NK; receptor-mediated response is
totally indirect and involves the release of endogenous acetyl-
choline and tachykinins (Maggi et al., 1990; 1994a; Bartho et
al., 1992). Since both NK, (substance P-preferring) and NK,
(neurokinin A-preferring) receptors mediate the direct con-
traction of circular muscle of the ileum, the question arises as
to the relative contribution of endogenous tachykinins in
mediating atropine-resistant excitation to the circular muscle.

Earlier studies on the role of tachykinins as mediators of
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the atropine-resistant contractility in the guinea-pig ileum
have used first generation peptide antagonists, the best
known of which is spantide; these compounds suffer from a
number of drawbacks, including low potency and lack of
selectivity (see Maggi et al, 1993a for recent review).
Especially disturbing is the poor ability of these compounds
to discriminate between NK, and NK, receptors which does
not enable verification of the relative contribution of different
tachykinins/different receptors to the overall physiological
response.

Recently, the use of the NK, receptor-selective antagonist,
MEN 10,376 ([Tyr’,D-Trp®*°,Lys'INKA(4-10)) (Maggi et
al., 1991) vs. the NK, receptor selective antagonists,
GR 71,251 or GR 82,334 (Hagan et al., 1991) has revealed an
important role of NK, receptors in mediating the ascending
excitatory reflex (AER) produced by radial stretch (balloon
distension) in the guinea-pig ileum (Bartho er al., 1992;
Holzer et al.,, 1993). From these studies, two basic concepts
have emerged: (i) the NK, receptor prevails over the NK,
receptor in mediating the atropine-resistant contraction of
the circular muscle of the ileum, suggesting an important role
for neurokinin A in mediating neuromuscular transmission at
this level (Bartho ez al., 1992) and (ii) tachykinin release and
NK, receptor activation during the AER is not restricted to
high degree of stimulation but also occurs in the absence of
atropine and when using a submaximal degree of stimulation
(Holzer et al., 1993).

In the accompanying paper (Maggi et al., 1994b) we have
determined the affinities of a panel of tachykinin receptor
antagonists for NK, and NK, receptor-induced contraction
in the circular muscle of the ileum. From this analysis, it
appeared that the affinity of MEN 10,376 for NK, receptor
in the circular muscle of the ileum is lower than that expected
on the basis of its potency at NK, receptors in other guinea-
pig smooth muscles. In particular, MEN 10,376 was found to
possess very similar affinity for the NK, receptor and the
putative novel type of septide-sensitive receptor described by
Petitet etz al. (1992) in the guinea-pig ileum. On this basis it
appeared of interest to re-examine the activity of various
NK, and NK, receptor antagonists on the atropine-resistant
AER.

Methods

Male albino guinea-pigs weighing 250-350 g were stunned
and bled. A 10-15cm long piece of terminal ileum was
excised and placed in warmed (37°C) and oxygenated (96%
0, and 4% CO,, pH 7.4) Krebs solution of the following
composition (mM): NaCl 119, NaHCO;, 25, KH,PO, 1.2, Mg-
SO, 1.5, KC14.7, CaCl,2.5 and glucose 11. The ileum was
placed in a thermostated bath (7ml) and arranged for
isotonic (load 5 mN) recording of circular muscle mechanical
activity in response to radial stretch produced by distension
of a balloon placed at 1-1.2cm anal to the recording site:
the circular muscle contraction evoked in this way is totally
hexamethonium- and tetrodotoxin-sensitive (ascending excita-
tory reflex, AER), as described previously (Holzer, 1989;
Bartho et al., 1992). All experiments were performed in the
presence of 1puM atropine which was added to the Krebs
solution from the beginning of the experiment.

After a 45 min equilibration time, the intraluminal balloon
located anally to the recording site was manually inflated by
a syringe with an amount of saline to evoke the AER. In
each preparation, maximal AER response was evoked with
0.2-0.3 ml saline; submaximal AER was obtained by disten-
sion with 0.1-0.2 ml saline (see Results).

In each preparation, submaximal and maximal AERs were
elicited, 5min apart from each other, at 20 min intervals,
until two reproducible responses to both submaximal and
maximal stimulation were evoked. At this time the stated
concentration of tachykinin receptor antagonists was added
to the bath and their effect on submaximal and maximal

AER determined 15 min later. This contact time was the
same as that used in experiments aiming to determine the
affinities of the various antagonists used in this study for
NK, and NK, receptors in the circular muscle of the ileum
(Maggi et al., 1994b). Control experiments showed that sub-
maximal and maximal AER could be elicited for at least
seven consecutive stimulation cycles with minimal (10-15%
variation) changes in the amplitude of the evoked response.

Control experiments were also performed in which the
vehicle dimethylsulphoxide (DMSO) used to dissolve some of
the antagonists was added to the preparation after having
recorded control responses to submaximal and maximal
AER. These experiments (n =4, DMSO 1% final concentra-
tion) failed to show any significant effect of the vehicle.

Antagonists tested were: (£ )-CP 96,345 (Snider et al.,
1991), RP 67,580 (Garret et al., 1991) and FK 888 (Fujii et
al., 1992) as NK, receptor selective antagonists; MEN 10,376
(Maggi et al., 1991), MEN 10,573 (Quartara et al., 1992),
SR 48,968 (Emonds-Alt ez al., 1992) and GR 94,800 (McEI-
roy et al., 1992) as NK, receptor antagonists.

At the end of the experiment, KCl (80 mM) was added to
the bath. This produced a circular muscle contraction corres-
ponding to total occlusion of the ileal lumen. The response to
80 mM KCI was used as internal standard and the amplitude
of AER responses were expressed as a % of the response to
KCl.

In a separate set of experiments, the atropine-resistant
AER was evoked by electrical field stimulation performed by
means of a pair of wire platinum electrodes placed in parallel
at 1.4-1.8cm anally to the site of recording of circular
muscle activity, using an approach similar to that described
by Allescher et al. (1992) for evoking the AER in the rat
isolated ileum. The electrodes were connected to a GRASS
S88 stimulator: trains of pulses were delivered at a frequency
of 10 Hz for 0.5s every 5 min. Pulse width was 0.1-0.3 ms
and voltage was 10—20 V. In each preparation, pulse width
and voltage were adjusted to produce maximal circular
muscle contraction at the recording site oral to the point of
stimulation. This averaged 40—70% of the maximal response
to 80 mM KCl. Preliminary experiments (and see results)
showed that electrical stimulation with these parameters pro-
vided ascending circular muscle contractions which were
largely or totally hexamethonium-sensitive. All experiments
were performed in the presence of 1uM atropine.

In a first series of experiments, the electrically-evoked
atropine-resistant AER obtained in untreated preparations
with ten cycles of stimulation at 5 min intervals was com-
pared to that obtained in the presence of apamin (0.1 pM)
and NC-nitro-L-arginine (L-NOARG 30 uM). This was done
because preliminary experiments showed a spontaneous fa-
ding of the response in untreated preparation while the addi-
tion of apamin and L-NOARG improved reproducibility of
the response.

In a second series of experiments, in the presence of
apamin and L-NOARG, the effect of GR 94,800 (1 uM) or
FK 888 (1 uM) alone and in combination was investigated. In
these experiments, after having recorded 3-5 control res-
ponses at 5 min intervals the drug was added to the bath and
its effect recorded over the next 3-4 stimulation cycles. At
the end of each experiment, hexamethonium (10puM) was
added to the bath to check the reflex origin of the evoked
contractions. All contractile responses were expressed as %
of the response to 80 mM KCl

In other experiments, performed in the absence of
atropine, the effects of NK, and NK, receptor antagonists on
twitch contractions of the longitudinal muscle-myenteric
plexus preparation produced by electrical field stimulation
(0.1 Hz, 60 V, 0.4 ms pulse width) were determined to assess
whether the various drugs may possess nonspecific effects on
contractility/local anaesthetic activity. After a 90 min equili-
bration time, the preparations were electrically stimulated
until twitch height reached a steady state. At this stage, the
stated concentration of tachykinin receptor antagonists was
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added to the bath and its effects recorded for at least 15 min
Addition of the vehicle (0.1% DMSO, final concentration in
the bath) produced a slight (< 10%) and transient enhance-
ment of twitches. In each preparation atropine (1 uM), tetro-
dotoxin (1 puM) or procaine (10—30 uM) were tested as positive
controls.

Data evaluation and statistical analysis

All values in the text, table and figures are mean * s.e.mean.
Statistical analysis was performed by means of the Student’s
t test for paired data or by means of ANOVA, when app-
licable.

Drugs

Drugs used were: procaine HCI (Sigma) hexamethonium bro-
mide and atropine HCI (Serva) tetrodotoxin (Sankyo).

RP 67,580 ((3«R, 7aR)-7,7-diphenyl-2-[1-imino-2-(2-meth-
oxyphenyl)ethyl] perhydroisoindol-4-one) was a kind gift of
Dr C. Garret, Rhone Poulenc, Vitry, France; SR 48,968 ((S)-
N-methyl-N [4- (4-acetylamino-4-phenylpiperidino)-2-(3,4-di-
chlorophenyl) butyl]benzamide) of Dr X. Emonds-Alt, Sanofi
Recherche, Montpellier, France; GR 94,800 (PhCO-Ala-Ala-
D-Trp-Phe-D-Pro-Pro-NleNH,) was a kind gift from Dr R.M.
Hagan, GGR, Ware England. ( £ )-CP 96,345 ((2S,3S)-cis-2-
(diphenylmethyl)-N-[ (2-methoxyphenyl)-methyl] -1-azabicy-
clo [2.2.2]octan-3-amine, MEN 10,376 (Tyr’,D-Trp®®% Lys']
NKA(4-10)), MEN 10,573 (cyclo(Leu[CH,NH]Asp(OBzl)-
GIn-Trp-Phe-BAla) and FK 888 ((2-(N-Me)indolil)-CO-Hyp-
Nal-NMeBzl) were synthesized in the Chemistry Department
of Menarini Pharmaceuticals.

Results

Ascending enteric reflex by balloon distension

The atropine- (1 uM) resistant ascending enteric reflex (AER)
was investigated on 102 preparations. A submaximal AER
was elicited at volumes of balloon distension between 0.1-0.2
ml (mean volume 0.13 £ 0.03 ml, n = 102) which ranged be-
tween 20 and 85% of maximal circular spasm produced by
80 mM KCIl (Table 1). Maximal AER was evoked at volumes
of 0.2-0.3 ml (mean volume 0.23 X 0.06 ml, » = 102) which
ranged between 55 and 100% of maximal circular spasm to
KCl.

The effect of various NK, and NK, receptor antagonists
on the submaximal and maximal atropine-resistant AER is
shown in Table 1. (% )-CP 96,345 was ineffective at 0.1 uM
while it produced 66% and 46% inhibition of submaximal
and maximal AER at 1 pM, respectively. FK 888 was ineffec-
tive at 0.1 uM and inhibited (50%) the submaximal AER
only at 1 uM. A higher concentration (3 uM) of FK 888 was
not more effective than 1uM (Table 1). RP 67,580 was
ineffective at 1.0 uM.

The nonpeptide NK, receptor antagonist, SR 48,968, inhi-
bited the submaximal and maximal AER (by 63% and 51%
respectively) at 1.0 uM while it was ineffective at 0.1 uM.
MEN 10,376 was ineffective at 1 uM while at 10 uM it in-
hibited submaximal and maximal AER by 89% and 60%;
MEN 10,573 was ineffective at 0.1 uM, while at 1.0 uM it
inhibited submaximal and maximal AER by 75% and 43%,
respectively (Table 1).

GR 94,800 inhibited submaximal and maximal AER at
both concentrations tested: submaximal AER was inhibited
by 48% and 73% at 0.1 and 1.0 uM, respectively; maximal
AER was inhibited by 23% and 43% at 0.1 and 1.0 uMm,
respectively (Table 1). A higher concentration of GR 94,800
(3 uM) was not more effective than 1 uM (Table 1).

Table 1 Effect of various tachykinin receptor antagonists on the atropine (1.0 uM)-resistant ascending enteric reflex evoked by
submaximal or maximal balloon distension in the guinea-pig ileum

Antagonist Concentration
Control
0.1 um
1.0 pm
Control
0.1 um
1 um
Control
3 um
Control
1.0 pM
Control
0.1 um
1.0 uMm
Control
3.0 um
Control
0.1 um
1.0 um
Control
0.1 pMm
1.0 um
Control
1.0 um
10 pMm

(£)-CP 96,345 (n=11)

FK 888 (n=9)

(=4
RP 67,580 (n=17)

GR 94,800 (n=21)

(n=4)

SR 48,968 (n=11)

MEN 10,573 (n=15)

MEN 10,376 (n=16)

Response to distension
(% of response to KCl)

Submaximal % inh. Maximal % inh
4718 88+ 4
41 %8 - 765 -
16 + 6* 66% 48+ 8 * 46%
48+ 2 673
369 - 604 -
24 + 10* 50% 55+6 -
52+6 72t4
24+ 6 54% 62+ 6 -
44110 7111
3612 - 58+9 -
46 753
23+ 5* 48% 58 £ 3* 23%
12+ 4* 73% 43+ 5* 43%
59+6 825
18 £ 4* 70% 44 £ 5* 47%
58+ 8 893
419 - 706 -
2+ 11* 63% 44 £ 15* 51%
7116 83+4
6919 - 80+ 7 -
18 + 8* 75% 48 t 6* 43%
52+7 90t4
42 66 - 79t6 -
6t 6* 89% 36+ 4* 60%

The atropine-resistant AER was evoked in each preparation by submaximal and maximal balloon distension. The amplitude of evoked
responses is quantified as % of the control response to KCl. After having established control responses to submaximal balloon
distension, the effect of tachykinin antagonists was investigated. For those concentrations of antagonists which produced a statistically
significant reduction of evoked AER, the % inhibition values of control response are also presented.

*Significantly different from control value, P <0.05. Inhibitory effects which reached statistical significance are also indicated as %

inhibition of control values.



164 C.A. MAGGI et al.

The effect of GR 94,800 (0.1-1.0 pM), administered in the
presence of 1uM (% )-CP 96,345 or FK 888, is shown in
Figure 1. In the presence of 1 puMm (% )-CP 96,345, GR 94,800
abolished the submaximal AER and inhibited the residual
maximal AER by 62% and 85% at 0.1 and 1.0 pM, respec-
tively. In the presence of 1 uM FK 888, GR 94,800 inhibited
the submaximal AER by 50% and 79% at 0.1 and 1.0 uM,
respectively and the residual maximal AER by 46% and 60%
at 0.1 and 1.0 uM, respectively.

The effect of (%)-CP96,345 (0.1-1.0uM) or FK 888
(0.1-1.0 uM) in the presence of 1 uM GR 94,800 is shown in
Figure 2. In the presence of GR 94,800, (% )-CP 96,345
abolished the residual submaximal AER at 1.0 uM; the max-
imal AER was further reduced by 36% and 67% at 0.1 and
1.0 um (£ )-CP 96,345, respectively.

In the presence of GR 94,800 (1.0 um), FK 888 had no
further inhibitory effect on either submaximal or maximal
AER at 0.1 pM. At 1.0 uM, FK 888 abolished the submax-
imal AER and inhibited maximal AER by 34% (Figure 2).

Ascending enteric reflex by electrical field stimulation

Electrical field stimulation (10 Hz for 0.5s, 10-20V, 0.15-
0.3 ms pulse width) evoked atropine (1 pM)-resistant circular
muscle contraction at the oral recording site which was
placed at 1.6+ 0.2cm from the stimulation site (n= 32,
range 1.4-1.8 cm).

In a first series of experiments, the reproducibility of the
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Figure 1 Effect of tachykinin receptor antagonists on the atropine-
resistant AER evoked by submaximal (a,c) or maximal (b,d) balloon
distension in the guinea-pig ileum. In the experiments shown in (a)
and (b), (£ )-CP 96,345 was administered first and, in its presence,
GR 94,800 was investigated. In (c) and (d), FK 888 was added first
and, in its presence, the effect of GR 94,800 was investigated. Each
value is mean * s.e.mean of at least six determinations. *Significantly
different from control (con) response: P <<0.05. **Significantly differ-
ent from the response obtained in the presence of (% )-CP 96,345
(a,b) or FK 888 (c,d), P<0.05.

evoked response was assessed by delivering trains of stimuli
at 5 min intervals and this showed a significant decay (Figure
3). This decay was equally evident when the interstimulus
interval was of 10min (not shown). In the presence of
apamin (0.1 pM) and L-NOARG (30 uM) added 45 min be-
fore the stimulation, the evoked contraction did not show a
significant decay over ten consecutive stimulation cycles,
Smin apart from each other (Figure 3).

In the presence of apamin and L-NOARG, the amplitude
of oral contraction evoked by electrical field stimulation
averaged 59 * 5% of maximal circular muscle response to
KCl (n = 18) and this response was largely > 85% inhibited
by 1uM, hexamethonium, indicating its reflex origin. In 13
out of 18 cases tested, including the example shown in Figure
4a, hexamethonium completely abolished the evoked res-
ponse.

In a second series of experiments, the effect of GR 94,800
(1 uM) and FK 888 (1 uM) on the electrically-evoked AER
was determined (Figure 4b, and Figure 5). GR 94,800 pro-
duced 36% inhibition of the electrically-evoked AER and, in
its presence, FK 888 produced a further 35% reduction of
the residual response (n=8, Figure 5). When added first,
FK 888 produced 29% inhibition of the electrically evoked
AER and, in its presence, GR 94,800 produced 45% inhibi-
tion of the residual response (n = 8, Figure 5). In both series
of experiments, the residual response in the presence of
GR 94,800 and FK 888 was almost abolished by 10 uM hex-
amethonium (Figures 4 and 5).
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Figure 2 Effect of tachykinin receptor antagonists on the atropine-
resistant AER evoked by submaximal (a,c) or maximal (b,d) balloon
distension in the guinea-pig ileum. In the experiments shown in (a)
and (b), GR 94,800 was administered first and, in its presence,
(1)-CP 96,345 was investigated. In (c) and (d), GR 94,800 was
added first and, in its presence, the effect of FK 888 was investigated.
Each value is mean * s.e.mean of at least six determinations. *Sig-
nificantly different from control (Con) response P <<0.05. **Signi-
ficantly different from the response obtained in the presence of
GR 94,800, P<<0.05.
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Figure 3 Effect of apamin (0.1 pm) and NOC-nitro-L-arginine (L-
NOARG, 30uM) on time course of the electrically-evoked AER
induced by 10 consecutive cycles of stimulation: (O) control; (@)
apamin plus L-NOARG. Each value is mean * s.e.mean of six
experiments.
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Figure 4 Electrically-evoked atropme-resnstant AER in the guinea-
pig ileum in the presence of apamin (0.1 pM) and NS-nitro-L-arginine
(L-NOARG, 30pum): effect of hexamethonium (a); effect of GR
94,800, FK 888 and hexamethonium (b).

Effect of tachykinin receptor antagonists on twitch
response of the longitudinal muscle to electrical field
stimulation

FK 888 (1-3 uM), GR 94,800 (1-3 pM), MEN 10,573 (1 pm)
and MEN 10,376 (10 pM) (n = 4 for each antagonist) had no
significant inhibitory effect on the amplitude of twitch con-
tractions of the guinea-pig ileum longitudinal muscle-myen-
teric plexus preparation evoked by electrical field stimulation
(0.4 ms pulse width, maximal voltage delivered at a frequency
of 0.1 Hz). (£ )-CP 96,345 (1 uM) and SR 48,968 (1 uM) pro-
duced 12 * 3% and 29 * 7% inhibition of twitches (n = 4 for
each antagonist). The evoked contractions were suppressed
by atropine (1 uM), tetrodotoxin (1 uM) or procaine (10-—30
UM, n=4).

Discussion

Three different inputs have prompted us to re-investigate the
role of NK, and NK, receptors in the AER of the guinea-pig
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Figure 5 Effect of GR 94,800 and FK 888 on the atropine-resistant
AER evoked by electrical stimulation in the guinea-pig ileum in the
presence of apamin (0.1 umM) and NC-nitro-L-arginine (L-NOARG,
30 uM). In experiments shown in (a), GR 94,800 was added first and,
in its presence, the effect of FK 888 was determined. In the ex-
periments shown in (b), the effect of FK 888 was determined first
and, in its presence, the effect of GR 94,800 was determined. At the
end of the experiments hexamethonium (Hex) was added to check
the reflex nature of the evoked response. Each value is mean t
s.e.mean of at least six experiments. *Significantly different from
control (Con) P<0.05; **Significantly different from the value
recorded in the presence of GR 94,800 (a) or FK 888 (b), P <0.05;
***Significantly different from the value recorded in the presence of
FK 888 and GR 94,800, P <0.05.

ileum; first, the availability of novel and more potent antag-
onists for both receptors, especially the nonpeptide antago-
nists CP 96,345 and SR 48,968 and the peptide antagonists
FK 888 and GR 94,800. Second, Suzuki & Gomi (1992)
reported that CP 96,345, at a concentration of 1 uM, inhibits
or suppresses the atropine-resistant peristalsis of the guinea-
pig isolated ileum. Although this concentration of CP 96,345
is near to those producing nonspecific depressant effects on
the contractility of the guinea-pig ileum (Lecci et al., 1991;
Legat et al.,, 1992), these observations were interpreted as
evidence of a major role for NK, receptors (substance P
preferring) in mediating intestinal peristalsis. Third, the pro-
posal for the existence of a novel, septide-sensitive receptor in
the guinea-pig ileum (Petitet ez al., 1992; Maggi et al., 1993b)
further complicated the interpretation of results, because the
activity of the various antagonists at the putative novel
septide-sensitive receptor was unknown.

Both the distension- and the electrically-evoked atropine-
resistant circular muscle contraction elicited with the present
set up are abolished by hexamethonium, indicating that at
least one nicotinic synapse is involved in their genesis. The
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simplest arrangement to account for the AER to the circular
muscle of the ileum requires the existence of a sensory
neurone which detects radial stretch to distension, an interne-
urone and an effector neurone projecting to circular muscle.
Tonini & Costa (1990) provided evidence that acetylcholine,
through nicotinic and muscarinic receptors, plays a role at
each one of the three transmission sites of this polysynaptic
reflex. Tachykinins, via NK,; and NK; receptors, are thought
to play a role as final effectors of the atropine-resistant
neuromuscular transmission to the circular muscle and,
through a different receptor (putatively NK3), could also play
a role in hexamethonium-resistant neuro-neuronal communi-
cation (Bartho er al., 1989; 1992; Holzer, 1989; Tonini &
Costa, 1990; Holzer et al., 1993). At the present time, there is
no evidence to show that NK, and/or NK, receptors play a
role in neuro-neuronal communication in enteric neural path-
ways, although such a possibility cannot be ruled out.

As a preliminary step to this study, we assessed the
affinities of the various antagonists for NK, and NK, recep-
tors mediating contraction of the circular muscle of the
guinea-pig ileum (Maggi et al., 1994b). This gave us inform-
ation on the potency and selectivity of the various ligands
used here to block the effect of endogenous tachykinins.

Interpretation of the present results is critically dependent
upon: (a) the selectivity and specificity of tachykinin receptor
antagonists in blocking NK, and NK, and, (b) the assumpt-
ion that maximal inhibitory effects were produced by individ-
ual antagonists used in experiments in which the combined
effects of an NK,; and an NK, antagonist were investigated.
With regard to the first point, it appears that because of the
combination of their potency, selectivity for only one tachy-
kinin receptor and lack of nonspecific effects, FK 888 and
GR 94,800 are the most interesting tools for producing a
selective blockade of NK, and NK, receptors, respectively, in
the circular muscle of the guinea-pig ileum. The interpreta-
tion of results obtained with other antagonists is more
difficult either because of nonspecific depressant effects on
ileal contractility at certain concentrations (e.g. CP 96,345
and SR 48,968 which depress cholinergic twitches of the lon-
gitudinal muscle) or because of a more limited ability to
discriminate between NK, and NK, receptors. Notwithstan-
ding, the results obtained here with several antagonists which
belong to different chemical classes are in general agreement
with the basic idea that tachykinins are the main transmitters
responsible for atropine-resistant excitatory reflex in the
ileum. The actions of FK 888 and GR 94,800 were assessed
in further detail by studying the effect of their combined
administration and by using a different stimulus (electrical
stimulation) to evoke the AER: the assumption that 1puM
concentration of these antagonists produced maximally effec-
tive inhibitory effects was verified by showing that at 3 uM
they did not produce a larger inhibitory effect on the AER.

Tachykinin NK, receptors in the AER to the circular
muscle of the guinea-pig ileum

The present findings disclose a small but sizeable role of NK,
receptors in mediating the atropine-resistant AER, especially
when a submaximally effective stimulus is used to produce
radial stretch of the ileal wall. CP 96,345 and FK 888 both
inhibited the submaximal AER at 1puM. The nonpeptide
antagonist, RP 67,580, which is ineffective at NK, receptors
of the ileum up to 1uM (higher concentrations produce
nonspecific reduction of contractile responses to various
agonists) (Maggi et al., 1994b), was ineffective toward the
submaximal or maximal AER. At the highest concentrations
used in this study, both (£ )-CP 96,345 and FK 888 were
ineffective toward circular muscle contraction induced by the
NK, receptor agonist, [BAla’jneurokinin A(4-10) (Maggi et
al., 1994b): this excludes a nonspecific depressant effect on
smooth muscle contractility in the observed AER depression.

(£ )-CP 96,345 was more effective than FK 888 in inhibi-
ting the distension-evoked AER, since the maximal response

to distension was also inhibited by the nonpeptide antago-
nist. Since CP 96,345 is more potent than FK 888 in blocking
NK, receptors in the circular muscle of the ileum (Maggi et
al., 1994b) this may indicate a larger contribution of NK;
receptors to the AER than that detected through the inhib-
itory action of FK 888. On the other hand, it is doubtful if
the greater effectiveness of (% )-CP 96,345 can be explained
in terms of NK, receptor blockade only: (£ )-CP 96,345
interacts, at uM concentrations, with both calcium and sod-
ium channels (Schmidt et al., 1992a; Caeser et al., 1993).
Since the activation of the AER involves neuro-neuronal
communication in the myenteric plexus, we cannot exclude
the possibility that 1.0 um (% )-CP 96,345 produced some
nonspecific depressant effect on neuronal excitability, partly
responsible for the observed AER depression. A recent study
(Tamura et al., 1993) showed that CP 96,345 exerts a non-
selective local anaesthetic effect on the excitability of myen-
teric neurones in the guinea-pig ileum, the lowest effective
concentration being 10 uM. The highest concentration of
(£ )-CP 96,345 tested in this study, 1 uM produces a slight
but significant inhibition of cholinergic twitches in the lon-
gitudinal muscle of the ileum (cf. Legat et al., 1992).

Since the contribution of NK; receptors to the atropine-
resistant AER is relatively minor as compared to that exerted
by NK, receptors, it is not easy to dissect out the relative
contribution of the putative ‘septide-sensitive’ receptor, as
opposed to the ‘classical’ NK, receptor to the AER. (t)-
CP 96,345 possesses a very high affinity for the ‘septide-
sensitive’ receptor in the ileum (pKy 9.24), its dissociation
constant measured against septide as agonist being about
1000 times lower than the highest concentration (1 uM) tested
here toward the atropine-resistant AER. Because both ( *)-
CP 96,345 and FK 888 are more potent toward septide than
toward a ‘classical’ NK, receptor agonist (Maggi et al.,
1994b) our conclusion about a sizeable, albeit minor, NK,
receptor-mediated component in the atropine-resistant AER
applies equally well to the ‘septide-sensitive’ and ‘classical’
NK, receptor.

In the present study we also used a technique, developed
by Allescher et al. (1992) for studying the electrically-evoked
AER in the rat ileum. The evoked response can be assumed
to at least partly overlap with that evoked by balloon disten-
sion. The inhibitory effects of FK 888 in this model confirm
the results obtained with the balloon distension model, and
further imply a certain degree of activation of NK, receptors
in the atropine-resistant AER.

Tachykinin NK, receptors in the AER to the circular
muscle of the guinea-pig ileum

Our results add further weight to the conclusion (Bartho et
al., 1992; Holzer et al., 1993) that NK, receptors, putatively
activated by endogenous neurokinin A, play a dominant role
in mediating the atropine-resistant AER: the selective NK,
receptor antagonists, GR 94,800 and SR 48,968 inhibited the
atropine-resistant AER with relative potency (GR 94,800
> SR 48,968) consistent with their relative potency (pKp 8.85
and 8.09 for GR 94,800 and SR 48,968, respectively) in
antagonizing NK, receptor-mediated contraction in the cir-
cular muscle of the ileum (Maggi et al., 1994b). AER inhibi-
tion produced by SR 48,968 at 1.0 uM is not likely to involve
blockade of NK, receptors only for two reasons: (i) 1.0 uM
SR 48,968 reduces (by 20—30%) the maximal contractile res-
ponse to NK, receptor stimulation in the circular muscle of
the ileum (Maggi et al., 1994b); (ii) 1.0 uM SR 48,968 reduces
to a similar extent cholinergic twitches of the longitudinal
muscle, indicating some nonspecific effect.

The involvement of NK, receptors in the atropine-resistant
AER is further supported by experiments with MEN 10,573
and MEN 10,376, although the affinity of these ligands for
NK, receptors in the circular muscle of the ileum is lower
than that of GR 94,800 and SR 48,968: the cyclic pseudopep-
tide, MEN 10,573 is slightly more potent (pKp 7.18) than



TACHYKININ RECEPTORS AND ASCENDING EXCITATORY REFLEX 167

MEN 10,376 (pK3p 6.44) at NK, receptors in the circular mus-
cle of the ileum (Maggi et al., 1994b) and is likewise more
potent than MEN 10,376 in inhibiting the submaximal and
maximal AER evoked by balloon distension. Since MEN
10,376 possesses comparable affinities at NK, and ‘septide-
sensitive’ receptor in the circular muscle of the ileum (Maggi
et al., 1994b) it is quite conceivable that its inhibitory effect
on AER involves the blockade of more than one tachykinin
receptor.

Relative contribution of NK, and NK, receptors to the
atropine-resistant AER

The present results indicate that the relative contribution of
NK, receptors to the distension-evoked AER is greater than
that of NK, receptors. Of the various antagonists used in this
study, FK 888 and GR 94,800 are, because of their potency
and selectivity (Maggi et al., 1994b), and lack of nonspecific
effects, the most suitable tools to dissect the relative contribu-
tion of different tachykinin receptors in the overall physio-
logical response. FK 888 at concentrations (1.0-3.0 uMm)
which are about 30-300 times higher than its dissociation
constant for NK, receptors in the circular muscle of the
ileum, produced 50% reduction of submaximal atropine-
resistant AER without affecting the maximal response to
balloon distension. GR 94,800 at a concentration (0.1 uM)
which is about 100 times higher than its dissociation constant
for NK, receptors, produced 50% reduction of the submaxi-
mal AER and 23% reduction of the maximal AER induced
by balloon distension. Higher (1.0-3.0 uM) concentrations of
GR 94,800 produced further depression of maximal AER to
balloon distension. These results indicate that the submaxi-
mal atropine-resistant AER produced by balloon distension
is mediated by both NK, and NK, receptors while the maxi-
mal AER is not significantly blunted by blockade of NK,
receptors only. This interpretation is supported by the results
of experiments in which the combined administration of
GR 94,800 and FK 888 or of GR 94,800 and CP 96,345
abolished the submaximal AER induced by balloon disten-
sion. In these experiments, the addition of FK 888 in the
presence of GR 94,800 produced some inhibition of the dis-
tension-induced maximal AER indicating that, after oc-
clusion of NK, receptors, a contribution of NK, receptors to
the maximal AER can be demonstrated. Overall, the results
of these experiments indicate an additive effect of the degree
of blockade produced by NK, and NK, receptor antagonists.
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This conclusion is further supported by the additive inhib-
itory effect produced by FK 888 and GR 94,800 on the
electrically-evoked atropine-resistant AER. In these experi-
ments, the degree of blockade of FK 888 was somewhat
larger than that expected on the basis of its effectiveness
toward the distension-induced AER. However, since apamin
and L-NOARG were used to improve the reproducibility of
the electrically-evoked response, the results of the two experi-
ments are not strictly comparable.

A third excitatory mediator of the atropine-resistant
AER?

The atropine-resistant AER evoked by submaximal disten-
sion of an intraluminal balloon is practically abolished by
combined NK, and NK, receptor blockade. On the other
hand, a consistent fraction of the maximal response produced
by balloon distension is still evident in the presence of NK,
and NK, receptor antagonists at concentrations which are at
least 100 times higher than their dissociation constant from
the respective receptors. Likewise, about 30-40% of the
overall atropine-resistant AER evoked by electrical stimula-
tion was resistant to the combined administration of FK 888
and GR 94,800. It appears unlikely that the residual compo-
nent of the atropine-resistant AER, still observed in the
presence of both FK 888 and GR 94,800 may involve NK,
receptors, since the contractile response to NK; receptor
agonists in the circular muscle of the ileum is totally, indirect,
being mediated through the release of both acetylcholine and
endogenous tachykinins (Maggi er al., 1990; 1994a). The
present results raise the possibility that, in addition to acetyl-
choline and tachykinins, a third excitatory transmitter to the
circular muscle of the ileum exists. This hypothesis is indir-
ectly supported by electrophysiological evidence that two
distinct types of atropine-resistant excitatory junction poten-
tial can be evoked in circular muscle cells of the guinea-pig
ileum, and only one of them is sensitive to tachykinin recep-
tor antagonists (Bywater & Taylor, 1986; Crist er al., 1991).
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Stimulation of chloride secretion by P, purinoceptor agonists in
cystic fibrosis phenotype airway epithelial cell line CFPEo-
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1 P, purinoceptor agonists like adenosine have been shown to stimulate Cl- transport in secretory
epithelia. In the present study, we investigated whether P; agonist-induced Cl- secretion is preserved in
cystic fibrosis airway epithelium and which signalling mechanism is involved. The effects of purinoceptor
agonists on Cl~ secretion were examined in a transformed cystic fibrosis airway phenotype epithelial cell
line, CFPEo-.

2 Addition of adenosine (ADO; 0.1-1 mM) markedly increased '’I efflux rate. The rank order of
potency of purinoceptor agonists in stimulating '’I efflux was ADO>AMP> ADP~ATP. A similar
order of potency was seen in transformed cystic fibrosis nasal polyp cells, CFNPEo- (ADO > ATP
> AMP > ADP). These results are consistent with the activation of Cl~ secretion via a P, purinoceptor.
3 The P, agonists tested (at 0.01 and 0.1 mM) revealed a rank order of potency of 5'-N-
ethylcarboxamine adenosine (NECA) > 2-chloro-adenosine (2-ClI-ADO) > R-phenylisopropyl adenosine
(R-PIA).

4 The known potent A, adenosine receptor (A,AR) agonist, 5’-(N-cyclopropyl) carboxamidoadenosine
(CPCA, 2 uM) but not the A, adenosine receptor agonist, N®-phenyl adenosine (N®-phenyl ADO, 10 um)
markedly increased '»I efflux rate (baseline, 5.9 + 2.0% min~!, + CPCA, 10.9 £ 0.6% min~'; P<0.01).
The stimulant effect of CPCA (10 uM) was abolished by addition of the A,AR antagonist 3,7-dimethyl-
1-propargylxanthine (DMPX) (100 uM; reported K; = 11 £ 3 uM). These results favour the involvement
of AAR.

5 ADO (0.1-1 mMm) and CPCA (2 uM) both induced a marked increase in intracellular [Ca?*] ([Ca?*]);
the effect of the latter was again abolished by pretreatment of the cells with DMPX. By contrast,
Né-phenyl ADO did not affect [Ca?*].

6 In patch-clamp experiments, ADO (1 mM) induced an outwardly-rectified whole-cell Cl- current
(baseline, 2.5+ 0.8 pA pF~!, + ADO, 78.4 + 23.8 pA pF~'; P<0.02), which was largely inhibited in
cells internally perfused with a selective inhibitory peptide of the multifunctional Ca?*/calmodulin-
dependent protein kinase, CaMK [273-302] (20 uM), as compared to a control peptide, CaMK [284-302].
Addition of BAPTA (10 mM), a Ca®* chelator, to the perfusion pipette also abolished the ADO-elicited
Cl~ current.

7 In conclusion, our results suggest that A,AR participates in regulation of airway Cl~ secretion via a
Ca’*-dependent signalling pathway, which involves CaMK and appears to be at least partially con-

served in cystic fibrosis airway epithelial cells.

Keywords: P, purinoceptor; cystic fibrosis; airway epithelium; chloride channel; Ca?*; multifunctional calcium/calmodulin-

dependent protein kinase

Introduction

Cystic fibrosis (CF) is the most common inherited fatal
disease among Caucasians, with an estimated incidence of 1
in 2000 to 3000 newborns (Boat et al., 1989). The primary
physiological defect associated with CF is altered salt and
water transport in epithelial cells (Boat ez al., 1989; Anderson
et al., 1992) which is normally regulated by an adenosine
3':5'-cyclic monophosphate (cyclic AMP) dependent path-
way. Considerable efforts have been made in recent years to
improve epithelial Cl~ secretion through alternate signal-
transduction pathways that are independent of cyclic AMP.
P, purinoceptor agonists, ATP and UTP, have recently been
shown to enhance Cl- secretion in CF nasal epithelial cells
(Mason et al., 1991; Stutts et al., 1992), and have been tested
in clinical trials (Knowles et al., 1991). Other purine
analogues, namely P, purinoceptor agonists like adenosine
(ADO), have also been shown to stimulate Cl- transport in
secretory epithelia (Pratt er al., 1986; Barrett et al., 1990)
including airway cells. We questioned whether P,

! Author for correspondence.

purinoceptor-mediated Cl- secretion is preserved in CF air-
way epithelial cells, and, if so, what signalling mechanism is
involved. We investigated the effects of various P, purinocep-
tor agonists in a simian virus 40 (SV40)-transformed CF
phenotype airway epithelial cell line, CFPEo- (Cozens et al.,
1991; 1992).

Purinoceptors have been classified after Burnstock (1990)
as P, and P, subtypes, based on their preferences for ADO or
adenine nucleotides. A P, receptor typically responds to these
agents in the rank order of potency of ADO > AMP > ADP
> ATP and is therefore also named adenosine receptor; the
responsiveness of the P, subtype usually shows the reverse
order (Stiles, 1991; Olah & Stiles, 1992). P, receptors are
further subclassified into A; and A, adenosine receptor sub-
types. A, adenosine receptor (A;AR) generally responds to
ADO analogues in the potency order of R-phenylisopropyl
adenosine (R-PIA)> 2-chloro-adenosine (2-CI-ADO) > 5'-N-
ethylcarboxamine adenosine (NECA) (Ukena et al., 1987,
Williams, 1987); whereas A,AR responds in the order of
NECA > 2-CI-ADO > R-PIA (Stiles, 1991). AAR has been
shown to couple to a variety of effector systems, including
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adenylate cyclase, guanylate cyclase, membrane ion channels,
and phospholipases (Olsson & Pearson, 1990). So far, the
only established effector system for A,AR is adenylate cyc-
lase (Stiles, 1991). In this study, we demonstrate that P,
purinoceptor agonists act on A,AR to activate airway Cl-
secretion via a Ca?*-dependent signalling pathway, which
appears to be preserved in CF airway epithelial cells.

Methods

Cell culture

CFPEo- cells were transformed as described (Cozens et al.,
1991; 1992). Cells were grown in Minimum Essential
Medium supplemented with 10% fetal calf serum (Gibco
BRL, Grand Island, NY, U.S.A.), 100 uml~! penicillin and
0.2 mg ml~! streptomycin (Biofluids, Rockville, MD, U.S.A.).
The culture medium was replenished 2-3 times per week.
Cells were used at passage 63-70.

5] efflux assay

Cells were plated on 22 X 22-mm square plastic coverslips
(VWR, San Francisco, CA, U.S.A.) and used at 90-100%
confluency ~ 1 week after seeding. The efflux solution con-
tained (in mM): 135 NaCl, 1.2 CaCl,, 1.2 MgCl,, 2.4 K,PO,,
0.6 kH,PO,, 10 glucose, and 10 HEPES (pH 7.4). In high-K*
(120 mM) efflux solution, 114.6 mM KCl substituted for equal
amount of NaCl. Cells were first loaded with 20 pCi ml1~"' '*1
for ~2h in a water bath gassed with 100% O, at 37°C.
Extracellular '’ was eliminated by rapidly rinsing the cell
monolayer on coverslip three times in efflux solution for a
cumulative time of 1 min. The efflux experiment was then
carried out by sequentially transferring the cell monolayer/
coverslip, at appropriate time intervals (usualy 1min),
through a series of cell culture dishes (Costar, Cambridge,
MA, U.S.A)) containing 3 ml efflux solution plus the desired
agent(s) at room temperature. The cell monolayer/coverslip
was retained in the last culture dish of transfer. ' effluxed
into each dish was counted individually in a gamma radia-
tion counter (LKB, Gaithersburg, MD, U.S.A.). Non-efflux
counts were determined by counting the cells together with
the 3 ml efflux solution in the last cell culture dish.

Fluorescence measurement of [Ca** ],

CFPEo- cells were plated on 9 X 22-mm rectangular glass
coverslips (Wheaton, Milville, NJ, U.S.A.) and studied at
90-100% confluency ~ 1 week following seeding. Cells were
incubated in efflux solution containing 5-10 uM fura-2-AM
and 0.05% (w/v) pluoronic F127 for 15-20 min at 37°C and
rinsed with dye-free solution. The coverslip was then
mounted vertically in an acrylic cuvette at an angle of ~ 60
degrees from the incident light. Agents were added to the
cuvette during an experiment by means of a Hamilton
syringe. Fluorescence was measured in a spectrofluorimeter
(SLM-AMINCO, Urbana, IL, U.S.A.) at 30°C. Excitation
wavelength was altered between 340 and 380 nm every 0.2's
and the emission fluorescence monitored at 510 £ 10 nm.
[Ca®*]; was determined as described by Grynkiewicz et al.
(1985).

Electrophysiology

Whole-cell patch-clamp experiments were performed in single
CFPEo- cells grown on glass coverslips 1-2 days following
seeding. Cells/coverslip were placed in a 1 ml acrylic chamber
on the stage of a Zeiss IM inverted microscope and bathed in
a solution containing (in mM) Tris-C1170, MgCl, 1,
CaCl, 2.5, glucose 15, and HEPES 10 (pH 7.4; ~ 330 mosm
kg™'), at 25-30°C. The pipette solution contained (in mM):
CsC1140, MgCl,2, EGTA 1, MgATP2, glucose 10 and

HEPES 5 (pH 7.35; ~300 mosm kg~'). The bath solution
was made ~30 mosm kg~' hypertonic compared with the
pipette solution to prevent hyponicity-induced Cl~ current
(Worrell er al., 1989). Micropipettes were made as described
by Hamill ez al. (1981) and had a tip resistance of 2—-3 MQ.
Whole-cell currents were recorded with an Axopatch ampli-
fier (Axon Instruments, Foster City, CA, U.S.A.). Voltage-
clamp protocols were run with an aid of a Tecmar 12-bit
A/D-D/A converter and an IBM-AT computer. Signals,
filtered at 1 kHz, were displayed on a strip-chart recorder
and stored in floppy disks. Data were analyzed by means of
pClamp, version 5.5 (Axon Instruments).

Materials

CPCA, DMPX and N¢phenyladenosine were purchased
from Research Biochemical Inc. (Nalick, MA, U.S.A.). Fura-
2-acetoxymethyl ester (fura-2-AM), 1,2-bis(2-aminophenoxy)
ethane-N,N,N’,N’-tetraacetic acid, tetracesium salt (BAPTA)
and pluoronic F127 were from Molecular Probes (Eugene,
OR, U.S.A)). Other reagents were from Sigma Chemical Co.
(St. Louis, MO, U.S.A.). Synthetic peptides CaMK [273-302]
and CaMK [284-302] were kindly provided by Dr Howard
Schulman, Stanford University.

Results

Effect of purinoceptor agonists on '*I efflux rate

We initially studied and compared the effect of adenine
nucleotides ATP, ADP, and 5-AMP on '®I efflux rate in
CFPEo- cells to test whether the P, purinoceptor plays a
predominant role in regulating membrane conductive Cl~-
transport. We concentrated on CF phenotype airway cells
since P, purinoceptor agonists are in clinical trial as a
therapeutic agent to improve airway function in CF,
presumably by enhancing Cl- secretion. '*’I was used in the
efflux assay because iodine is selectively transported through
the ClI~ conductive pathway by epithelial cells (Widdicombe
& Welsh, 1980). As illustrated in Figure la, '*I efflux rate
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Figure 1 Effect of purinoceptor agonists on '*I efflux rate in cul-
tured monolayers of CFPEo- cells. Results shown in each panel were
obtained from paired experiments performed under identical condi-
tions in the same day. Agonists were added where indicated by the
bar. (a and b) Effect of ATP (O), ADP (W), and 5-AMP (0O)
(1 mM) on '¥I efflux in low-K* (4.5 mM; a) and high-K* (125 mMm; b)
bathing medium, respectively. (c) Effect of P, purinoceptor agonists
NECA (0O), 2-CI-ADO (M), and R-PIA (O) (10 um). (d) Effect of
AAR agonist N-phenyl ADO (B; 10 pm) vs. AAR agonist CPCA
(O; 2 uM). 1 efflux rate was normalized as % efflux min~' (Clancy
et al., 1990).
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was stimulated differentially by adenine nucleotides following
the rank order of potency of 5-AMP>ADP>ATP. In
order to rule out the possibility that the increased '**I efflux
rate is secondary to an activated K* conductance, which
hyperpolarizes the cell membrane and increases the driving
force for Cl- conductive exit, the experiment was repeated in
a high-K* (120 mM) bathing medium. Under these condi-
tions, an identical order of stimulation by the agonists was
observed (Figure 1b). We have also examined and compared
the effect of ADO and adenine nucleotides in a cell line
transformed from CF nasal polyps, CFNPEo- (Cozens et al.,
1992); these agents (1 mMm) stimulated > efflux rate follow-
ing a similar order of potency (ADO > ATP>AMP > ADP;
data not shown). As summarized in Figure 2, ADO and
adenine nucleotides augmented '*I efflux in CFPEo- cells in
the order of potency of ADO> AMP > ADP~ATP, both at
the dose of 1 mM and 0.1 mM. ADO showed much less effect
when given at a lower dose; in a set of ‘paired’ experiments
performed under identical conditions on the same day, addi-
tions of 0.01, 0.1 and 1 mM ADO increased '*I efflux rate by
0.2, 1.4, and 4.1% min~!, respectively. These results are
consistent with activation of Cl- conductance via a P,
purinocepter.

To decipher the subtype of P, purinoceptors involved in
purine analogue-induced Cl- secretion, the effects of P, selec-
tive purinocepter agonists were subsequently examined and
compared at 10 and 100 pM, respectively. As shown in Figure
1c and Figure 2, among the P, agonists tested, '*I efflux rate
was stimulated in the order of NECA > 2-CI-ADO > R-PIA.

CPCA is a potent A,AR agonist (Bruns et al., 1986; Daly,
1982). We have tested the effect of CPCA (2 uM) compared
with that of a selective A;AR agonist, N®-phenyl ADO
(10 pM; Daly et al., 1986). As shown in Figure 1d and Figure
2, 51 efflux rate was potently stimulated by CPCA but was
only slightly stimulated, if at all, by N°-phenyl ADO. These
results favour the involvement of the A,AR subtype.

Effect of P, purinoceptor agonists on [Ca’* ],

CF is characterized by defective regulation of the CFTR CI-
channel by cyclic AMP-dependent protein kinase and protein
kinase C (Boat et al., 1989; Hwang et al., 1989; Anderson et
al.,, 1992). In CF airway however, Cl~ secretion remains
inducible by raising [Ca?*}; (Wagner et al., 1991; 1992; Chan
et al., 1992). We have tested whether P, purinoceptor
agonists stimulate C1~ secretion in CFPEo- cells by mobiliz-
ing intracellular Ca?*. Application of ADO, at 1 and 0.1 mM,
caused a marked transient increase in [Ca?*}; (Figure 3a and
b). The effect of ADO was much less pronounced when given
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at a lower dose (not shown). In concert with the ' efflux
data (see Figure 1d), CPCA but not Né-phenyl ADO induced
elevation of [Ca’*}; (Figure 3c and d). The effect of P,
purinoceptor agonists on [Ca?*}; is summarized in Table 1.

A,;AR antagonist DMPX abolishes stimulation by CPCA

3,7-Dimethyl-1-propargylxanthine (DMPX) is a potent and
selective A;AR antagonist (Seale et al., 1988). We have
examined the effect of DMPX on CPCA-induced intracel-
lular Ca’* mobilization and CPCA-stimulated '*I efflux.
DMPX was used at 100 uM, ~9 times the reported K; value
of 11 X3 puM (Seale er al., 1988); the dose of CPCA was
increased to 10uM. Pretreatment of cells with DMPX
(6—10 min) abolished the stimulatory effect of CPCA both
on [Ca?*]; (Figure 4a) and on 'I efflux (Figure 4b). These
results suggest that P, purinoceptor agonists act mainly on
A,AR to stimulate Cl- secretion, which is mediated through
a Ca’*-dependent pathway.

Activation of membrane Cl- channels by P, purinoceptor
agonists: role of CaMK

Bath application of ADO (1 mM) induced an outwardly-
rectifying whole-cell current characteristic of Ca?*-stimulated
membrane Cl- current (Figure S5a). The recorded current
should be predominantly due to flow of Cl~ ions because
Na* and K* were omitted in the bath and pipette solutions
and Cs*, used to replace pipette K*, is known to block K*
channels. The reversal potential was near 0 mV (Figure 5b),
in good agreement with the predicted Nernst potential for
Cl~ (-5mV).

Ca’* /calmodulin-dependent protein kinase (CaMK) has
been shown to mediate Ca?*-stimulated Cl- currents in
secretory epithelia (Worrell & Frizzell, 1991; Chan et al.,
1992; Wagner et al., 1992) and human T lymphocytes
(Nishimoto et al., 1991). The Ca’*-dependent pathway
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Table 1 Effects of addition of P, purinoceptor agonists on [Ca?*}; (nM) in CFPEo- cells

ADO (1 mMm)

ADO (0.1 mm)

NS-phenyl ADO (10 uMm)

CPCA (2pum)

CPCA (10 uM) in presence of DMPX (100 um)t

Baseline + Agent A n
67 £23 324 £ 46 257 £ 33* 3
6118 277+ 44 216 + 43* 5
102+13 108 + 12 7+3 4
595 252 + 31 193 + 34* 3
119+ 23 127+ 25 8§+2 3

Data are presented as mean t s.e.mean. n, number of cell monolayers studied. *Significantly different from the baseline [Ca2*};
(P<0.05) by Student’s paired ¢ test. fCPCA was added ~ 8 min after the addition of DMPX.

[Ca?*], @

(nm) DMPX CPCA

200
150 t\ l\

100 Rttt i itmasastenes i RPN P UNSNIIVIION

50 .
1 min
1
114
T 94
£
€
x 17
32
5 51
R 3
. CPCA
2 6 10 14 18 22
Time (min)

Figure 4 Stimulation of CPCA is abolished by A;AR antagonist,
DMPX. (a) Effect of CPCA (10 uM) on [Ca®*); in presence of DMPX
(100 pm). The time-break shown was ~ Smin. (b) Effect of CPCA
on ' efflux in the presence (M) and absence (O0) on DMPX. n=4
each.

involves CaMK-mediated phosphorylation of a Cl~ channel/
transport protein entirely separate from CFTR, since
antisense depletion of CFTR protein eliminates cyclic AMP-
dependent but not Ca?*-dependent Cl- secretion (Wagner et
al., 1992). As P, purinoceptor agonist-stimulated Cl~ secre-
tion correlated with intracellular Ca?* mobilization, we next
examined whether CaMK is involved in the signal transduc-
tion pathway. A selective inhibitory peptide of CaMK (a
synthetic peptide containing the autoinhibitory region of
CaMK), CaMK [273-302], which inhibits brain CaMK
activity at 1 uM (Malinow ez al., 1989), and a control peptide,
CaMK [284-302], which is a truncated version of CaMK
[273-302] and does not inhibit CaMK activity (Malinow et
al., 1989), were added separately into the cytosol of different
groups of CFPEo- cells, through the patch-clamp pipette. As
shown in Figure 6, ADO-stimulated Cl- currents were
largely inhibited by the inhibitory peptide CaMK [273-302]
(P<0.01) but not by the control peptide CaMK [284-302].
In concert, incorporation of BAPTA (10 mM), a Ca?*
chelator, to the pipette solution, to prevent intracellular Ca**
elevation and activation of CaMK, also abolished ADO-
induced whole-cell C1- currents (baseline 2.5 + 0.5 pA pF~!,
+ ADO, 2.3 0.3pA pF~!; n=3). These results strongly
suggest that the action of P, purinoceptor agonists is
mediated via a Ca®*-dependent signalling pathway involving
CaMK.

a 100
=70 mV E -100

Baseline

+ ADO

e
200 pA |
60 ms
b 100 4 pA pF-?
1
mV 0 c4
-1000 -50 0 50 100
—50
-100 -

Figure 5§ Effect of ADO on membrane Cl- current. (a) Whole-cell
Cl- current recorded at baseline (above) and after stimulation
(below) of ADO (1 mM). Dotted line indicates zero-level Cl- current.
The resting membrane potential was held at — 70 mV. To examine
the current-voltage (I-V) relation of a recorded current, membrane
potential was sequentially altered from — 100 to + 100 mV in 50 mV
steps, using the voltage-clamp protocol given in the inset. Data were
averaged over the final 50 ms of the current pulses. (b) I-V relations
of ClI- currents recorded at baseline (@) and after stimulation (O)
of ADO. Data were normalized by dividing by cell capacitance, an
index of cell surface area (Wagner et al., 1991), and presented as
mean t s.e.mean (n=7 cells).

Discussion

ADO and adenine nucleotide induced Cl~ (I") conductive
loss in the CF airway epithelial cell lines, CFPEo- and
CFNPEo-. In both cases, ADO was the most potent
stimulant among the four purine analogues tested. Thus,
under our experimental conditions, the P; purinoceptor
agonist, ADO was more effective in stimulating Cl~ secretion
than the P, agonist, ATP. These results suggest that the
purinoceptor agonists-stimulated Cl~ secretion is mainly
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Figure 6 ADO activates Cl- secretion via CaMK. (a) Effect of
ADO (1 mM) on whole-cell C1- current in the presence of CaMK
control peptide (CaMK [284-302); left) and in the presence of CaMK
inhibitory peptide (CaMK [273-302]; right), respectively. Cell was
internally perfused with the peptide (20 um) by addition to the
pipette solution. Shown are whole-cell Cl- current recorded at
baseline (above) and after stimulation (below) of ADO. (b) Baseline
outward Cl~ current (open columns) and maximal outward Cl-
current induced by ADO (solid columns) in absence of peptide (No
peptide, n =17), in the presence of CaMK [284-302] (CaMK control;
n=35), and in the presence of CaMK [273-302] (CaMK inhibitor;
n=15), respectively. **P<<0.01 compared with ADO-activated Cl-
current in the absence of peptide (No peptide) by Student’s unpaired
t test.

mediated by the P, subtype. P, purinoceptor agonists
differentially stimulated Cl~ secretion in CFPEo- cells in the
rank order of potency of NECA>2-CI-ADO> R-PIA.
These results are consistent with the involvment of A,AR. A
higher dose of these agents and ADO was needed to induce
Cl~ secretion, compared with that needed in the native
canine airway epithelial cells (Pratt er al., 1986). ADO
0.01 mM was not sufficient to increase substantially '*’I efflux
in CFPEo- (see Results). This is consistent with our previous
observation (Cozens et al., 1991) that transformed epithelial
cells, after being passaged a number of times, tend to show
reduced sensitivities to various Cl~ secretagogues. In addi-
tion, the higher dose of P, agonists needed to induce Cl-
secretion in CFPEo- may partly be due to an attenuated
response of CF airway epithelia to Ca?*-mediated stimula-
tion. Ca?* ionophore A23187 was shown previously to
enhance Cl~ transport in CF airway epithelial cells to a level
of ~60% that of normal cells (Frizzell ez al., 1986, Boucher
et al., 1989).

What is the signal transduction mechanism involved in
A,AR-mediated Cl- secretion in CFPEo-? We have shown
recently that cyclic AMP does not affect membrane Cl-
channel activities in transformed CF airway epithelial cells
(Wagner et al., 1991). The effect of ADO and A,AR agonist
CPCA on [Ca?*], and the abolition of CPCA-induced in-
crease in [Ca?*]; by the A,AR antagonist DMPX, implicate
the involvement of a Ca’*-dependent pathway. The transient

increase in [Ca’*}; brought about by ADO and CPCA may
result from the stimulation of phospholipase C and phos-
phatidylinositol turnover. Ali ez al. (1990) showed recently in
a rat tumour mast cell that NECA induced transient eleva-
tion of cytosolic inositol phosphates as well as [Ca*],
accompanied by a secretory response to P; purinoceptor
agonists in a rank order of potency implying a role of the
AAR. Our patch-clamp experiments show that CaMK also
participates in ADO-stimulated Cl~ secretion, as previously
shown for the calcium ionophore-induced Cl~ secretion
(Wagner et al., 1991; Worrell & Frizzell, 1991). The increase
in [Ca?*}; elicited by ADO or CPCA may cause autophos-
phorylation of CaMK, rendering it active even after [Ca’*];
returns towards the baseline level (MacNicol er al., 1990).
These results demonstrate that the effect of ADO-induced
elevation of [Ca’*]; is further transmitted by CaMK. This
implies that A,AR may couple to effector systems other than
adenylate cyclase, which is the only reported one thus far
(Stiles, 1991).

How do these findings compare to previously published
reports? The exact nature of the purinoceptor that is linked
to ion transport in secretory epithelia is unclear from the
cumulative published literature. Several previous published
studies, most notably of canine tracheal epithelium (Pratt et
al., 1986) and human T, colonic carcinoma cells (Barrett et
al., 1990), demonstrated ADO-induced Cl- secretion
mediated through an A,AR, as indicated by the rank order
of potency of ADO analogues. In each of these studies,
A,AR appeared to be coupled to adenylate cyclase and
generation of cyclic AMP, though in the latter study (Barrett
et al., 1990), ion transport was stimulated at concentrations
below that required to increase cyclic AMP. Barrett et al.
(1990) further showed that ADO did not affect [Ca?*]; in Tg,
cells and initiated a phosphorylation profile consistent with
cyclic AMP- rather than Ca’*-dependent kinase. If ADO-
induced CI~ secretion is cyclic AMP-mediated, it presumably
occurs via CFTR and therefore should be defective in CF-
derived cells. Our studies indicate, however, that A,AR is
coupled to Ca?* and is preserved in CF epithelial cells, as
expected for Ca’*-dependent Cl- secretion (Wagner et al.,
1991).

In contrast to our findings and those cited above, Boucher
and his colleagues demonstrated that extracellular nucleotides
regulated ion transport across human airway epithelium,
both in vivo (Knowles et al., 1991) and in freshly excised
intact tissue (Mason et al., 1991), by means of a P, receptor.
The potency order of nucleotide analogues and respon-
siveness to UTP suggested the presence of one or more P,
receptor subtypes distinct from the previously characterized
Py and P, subtypes (Burnstock & Kennedy, 1985). ADO
was relatively ineffective in mediating ion transport. In this
case, nucleotide-induced ion transport changes were linked to
changes in [Ca?*], and were preserved in CF airway
epithelium. However, changes in short-circuit current were
attributed to increments in the rate of Na* absorption (Bar-
rett et al., 1990) rather than primarily through changes in
Cl~ secretion. Primary changes in Na* absorption could not
explain, however, our whole-cell patch-clamp studies of
CaMK-mediated outwardly rectifying Cl- currents.
Differences in the findings with respect to the purinoceptor
subtype and ionic mechanism may be partially attributable to
studies of relatively intact human epithelium (Barrett et al.,
1990) vs. studies of the transformed airway epithelial cells. In
the relatively more intact tissue preparation, metabolism of
ADO may mask ADO-induced changes in Cl- secretion. In
support of this, it has been shown that ADO is relatively
impotent in causing Cl~ secretion in rabbit ileal mucosa
because of uptake and metabolism (Dobbins et al., 1984).

We have shown that P, purinoceptor agonists can
stimulate Cl- secretion in CF airway epithelial cells via an
alternate Ca?*-dependent signalling pathway, thus suggesting
a potential means of circumventing the CF defect. In isolated
cells, the P, purinoceptor agonists appeared to be con-
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siderably more potent in inducing Cl- secretion than the P,
agonists like ATP. Thus, nonmetabolizable P, purinoceptor
agonists might be useful therapeutically in treatment of CF.
It should be noted, however, that while ADO does not
induce bronchoconstriction in normal subjects, it enhances
bronchoconstriction in asthmatic patients (Cushley et al.,
1984). This side-effect of ADO can be attenuated by nedo-
cromil sodium and sodium cromoglycate (Crimi et al., 1986).

In conclusion, our results suggest that P, purinoceptor
agonists act via A,AR to stimulate Cl- secretion in airway
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Differences in the effects of NK-receptor antagonists,
(£)-CP 96,345 and CP 99,994, on agonist-induced responses in

guinea-pig trachea

'J. Longmore, Z. Razzaque, D. Shaw & R.G. Hill
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1 The effects of the NK,-receptor antagonists, ( £ )-CP 96,345 and CP 99,994, on NK-agonist evoked
contractions were compared in isolated rings of guinea-pig tracheal smooth muscle.

2 (%)-CP 96,345 and CP 99,994 were similarly effective in antagonizing responses evoked by septide,
whereas CP 99,994 was more effective than (% )-CP 96,345 in inhibiting responses evoked by [Sar’Met!!

(O,)] substance P.

3 These results suggest that responses to septide and [Sar’Met'!(0,)] substance P may be operated via

different populations of NK,-receptors.

Keywords: NK-receptor subtypes; guinea-pig trachea; ( £ )-CP 96,345; CP 99,994

Introduction

The development of non-peptide selective NK,-receptor an-
tagonists has shown that species differences in NK,-receptors
exist (Snider et al., 1990; Beresford et al., 1991; Garret et al.,
1991). It has recently been suggested that subtypes of NK;-
receptors may exist in different tissues from the same species,
based on the differential effects of NK,-receptor antagonists
(Carruette et al., 1992; Beresford et al., 1992). Thus CP 96345
was less effective in inhibiting NK-receptor evoked responses
in guinea-pig trachea than in guinea-pig ileum (Carruette et
al., 1992; Beresford et al., 1992). However, identification of
receptor subtypes by comparison of antagonist pA, values
between tissues can be misleading, since values for the same
antagonist may vary considerably between tissues (Kenakin,
1990).

The use of different NK,-receptor agonists may aid the
identification of NK,-receptor subtypes. It has been sug-
gested that a new neurokinin receptor subtype (possibly
belonging to the NK,-receptor family) may exist in guinea-
pig ileum, since responses evoked by septide and [APA®'%)
substance P (SP) are more susceptible to inhibition by the
peptide NK,-receptor antagonists GR 71251 and [D-Pro’,
Pro'%, Trp"'|SP than are responses evoked by [Pro’]SP (Petitet
et al., 1992; Chassaing et al., 1992).

In the present experiments we compared the effects of two
NK -receptor antagonists (( £ )-CP 96,345 and CP 99,994) on
contractile responses evoked by two supposedly selective
agonists (septide and [Sar’Met'!(0,)]SP) in guinea-pig tra-
cheal smooth muscle. RP 67580, an NK,-receptor antagonist
which is known to have a different pharmacological profile
(i.e. higher affinity for NK,-receptors in rat tissues than for
NK-receptors in guinea-pig tissues), was used as a com-
parison (Garrett et al., 1991).

Methods

Tracheal rings (approximately 5Smm) were obtained from
male Dunkin Hartley guinea-pigs (Interfauna, 300-400 g).
The tissues were mounted for tension recording in siliconized
organ baths containing Krebs physiological salt solution
(PSS (mM): NaCl118, KCl4.8, CaCl,2.5, MgSO,1.2,
NaHCO; 25, KH,PO, 1.2 and glucose 11.1) maintained at
37°C, pH 7.4, gassed with 95% O,, 5% CO,. The PSS also

! Author for correspondence.

contained atropine sulphate (1 uM), indomethacin (1 um),
mepyramine maleate (1puM) and methysergide (1puM) to
eliminate any indirect/non NK,-receptor-mediated responses.
The tissues were placed under a 1 g resting load. Following a
60 min equilibration period, SR 48968 (30 nM) an NK,-
receptor antagonist was added to the tissue bath to eliminate
any effects of the agonists at NK,-receptors; 15 min later,
enzyme inhibitors (bestatin 1 pM, phosphoramidon 1 puMm,
bacitracin 0.04 gl-') were added: higher concentrations of
these inhibitors attenuated responses to the agonists, an effect
which may result from an interaction with NK,-receptors
(Fong, unpublished observation). A further 15 min later a
cumulative concentration-effect curve to septide or to
[Sar’Met'/(0,)]SP was obtained. The tissues were then
washed. Following equilibration (60 min) with either (£ )-
CP 96,345, CP 99,994 or RP 67580, the concentration-effect
curve to the appropriate agonist was repeated again in the
presence of SR 48968 and the enzyme inhibitors (see above).
Each tissue was exposed to either [Sar’Met!(O,)]SP or septide
and to a single concentration of the antagonist under test.
Appropriate vehicle- and time-matched control tissues were
used.

Analysis of data

Responses were expressed as a percentage of the maxima of
the initial concentration-effect curve. For each individual
tissue, dose-ratios (DR) were calculated and were used to
construct full Schild plots according to the method of Arun-
lakshana & Schild (1959) or to estimate the pKj value (i.e.
log dissociation constant) using the following equation
where:

estimated pKj = log([concentration of antagonist])
(DR-1)

In order to allow direct comparisons of antagonist affinity,
the slope of each Schild plot was constrained to unity and
the pKp values were then calculated (Jenkinson, 1991). Con-
centration-effect curves were fitted to the data by least
squares analysis of variance to the equation Y = Y, /(1 +
(ECso/agonist concentration)™), where EC;, is the half max-
imally effective concentration and nH is the Hill coefficient,
using an iterative procedure on a VAX computer with
Research System 1 Software (BBN Software Products Cor-
poration).




Drugs and solutions

The following substances were used: septide ([pGlu®,Pro’]SP
(6—11)), bestatin, phosphoramidon, bacitracin, atropine sul-
phate, indomethacin, mepyramine maleate (all from Sigma);
[Sar’,Met'!(O,)]SP (CRB); methysergide maleate (RBI). SR
48968 ((S)-N-methyl-N[4-acetylamino-4-phenylpiperidino)-2-
(3,4-dichlorophenyl)butyl]benzamide)), ( * )-CP 96,345 (race-
mic(2S,3S/2R,3R) (cis-2-)diphenylmethyl)-N-((2-methoxyphenyl)
methyl)-1-azabicyclo(2.2.2)octan-3-amine), CP 99,994 ([(+)-
(28,3S)-3-(2-methoxybenzylamino)-2-phenylpiperidine]) and
RP 67580 ((3aR,7aR)-7,7-diphenyl-2(1-imino-2-(2-methoxy-
phenyl/ethyl)perhydroisoindole)) were synthesized by Merck
Sharp & Dohme Research Laboratories. The neurokinin
agonists were dissolved in water (stock solutions of 10 mM)
and neurokinin antagonists were dissolved in dimethylsul-
phoxide (DMSO; Fluka, final bath concentration not greater
than 0.1%).
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Figure 1 Left hand panel: effects of (a) (£ )-CP 96,345 (@ control,
O 300nM), (b) CP99,994 (® control, O 30nm, B 100nM, O
300nM) and (c) RP67580 (@ control, O 1pum) on [Sar’Met'"
(0,)ISP-induced contractile responses. Right hand panel: effects of
(d) (£)-CP 96,345 (@ control, B 10nM, O 30 nM, A 100 nMm), (e)
CP 99,994 (@ control, O 10nm, B 30nM, O 100 nM, A 300 nMm)
and (f) RP 67580 (@ control, O 30 nM, B 1 uM, O3 puM) on septide-
induced contractions. Each point, expressed as a percentage of the
maximum response obtained in the initial control curve, is the mean
value with s.e.mean (n = 4-8). For reasons of clarity not all s.e. bars
are shown. Curves were fitted by least squares analysis of variance
(see text for details).
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Table 1 pKy values (with 95% confidence limits) for
(%)-CP 96,345, CP 99,994 and RP 67580

Agonist Antagonist PKy  95% CL
[Sar’Met'(0,)] (%)-CP 96345 6.9* 6.7-7.1
substance P CP 99994 7.7 7.6-7.8
RP 67580 64*  6.1-6.7

Septide (%)-CP 96345 8.4 8.3-8.6
CP 99994 8.5 8.2-8.7

RP 67580 7.0 6.8-7.2

Values were determined from Schild analysis where the
slope has been constrained to unity except * where pKy
values are estimates obtained from a single antagonist
concentration  (CP 96,345=300nM; RP 67580 = 1 um;
n=8).

Results

Figure 1 shows the effects of ( )-CP 96,345, CP 99,994 and
RP 67580 on the concentration-effect curves to septide and
[Sar’Met!! (O,)ISP. In vehicle- and time-matched control tis-
sues the dose-ratios were less than two. (X )-CP 96,345,
CP 99,994 and RP 67580 produced parallel shifts in the posi-
tion of the concentration-effect curves with little or no effect
on the maximum of the curve, suggesting competitive antago-
nism. The slopes of the Schild plots were not significantly
different from unity supporting the assumption of the com-
petitive nature of the antagonism. The pKjp values (calculated
from constrained Schild plots) for ( £ )-CP 96,345, CP 99,994
and RP 67580 are shown in Table 1. It should be noted that
due to the weak antagonist effects of (% )-CP 96,345 and
RP 67580 on [Sar’Met'!(0,)] SP-evoked responses, the pKp
values are estimates obtained with a single antagonist con-
centration.

Discussion

In the present study we compared the effects of (*)-
CP 96,345 and CP 99,994 on NK,-receptor-mediated re-
sponses in guinea-pig trachea evoked by two NK,-receptor
agonists. (+)-CP 96,345 and CP 99,994 are selective NK;-
receptor antagonists which have been shown to exert similar
effects in both binding and functional studies. Thus both
(£)-CP 96,345 and CP 99,994 inhibit '*I-labelled BH subs-
tance P in hIM-9 cells with K; values of 0.6 and 0.3 nM
respectively, they inhibit substance P-induced increases in
firing rate in guinea-pig locus coeruleus neurones (ICs, values
of 90 and 50 nM respectively) and reverse [Sar’Met''(O,)]SP-
induced locomotor activity in guinea-pigs (EDs, values 1.9
and 0.6 mg kg~!, s.c. Desai et al., 1992; McLean et al., 1992;
Snider et al., 1991).

In the present study, (% )-CP 96,345 and CP 99,994 were
similarly effective in inhibiting responses evoked by septide
(pKs values were 8.4 and 8.5 respectively) in guinea-pig
trachea. The pKjp value for RP 67580 was approximately 1.5
log units less. The effects of the antagonists on septide-
evoked responses are consistent with their previously repor-
ted actions on NK;-receptor-mediated responses in guinea-
pig isolated tissue (Carruette et al., 1992).

When [Sar’Met!!(0,)]SP was used as the agonist, differ-
ences in the effects of the antagonists were observed. Firstly,
(%)-CP 96,345, CP 99,994 and RP 67580 were less effective
in antagonizing responses evoked by [Sar’Met!!(0,)]SP than
in antagonizing responses evoked by septide. Secondly, when
using different agonists there was a difference in the rank
order of effectiveness of the antagonists. In the case of sep-
tide, the rank order was (* )-CP 96,345 = CP 99,994 > RP
67580. However, when [Sar’Met!!(0,)]SP was used as the
agonist, the rank order was CP 99,994 >( % )-CP 96,345>
RP 67580. Guinea-pig trachea is known to contain a mixed
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population of NK ;- and NK,-receptors (Ireland et al., 1991).
However, since septide and [Sar’Met'(O,)]SP are selective
NK,-receptor agonists and experiments were carried out in
the presence of SR 48968 (a NK,-receptor antagonist), it is
unlikely that differences in the effects of the NK,-receptor
antagonists result from activation of NK,-receptors.

It has been shown recently that only two amino acid
residues in the binding site of the rat and human NK,-
receptors are responsible for the large differences in the
affinity of these receptors for RP 67580 and ( £ )-CP 96,345
respectively, leading to the suggestion that rat and human
NK,-receptors are species variants of the same receptor
(Fong et al., 1992a). In the present report, the rank order for
(1 )-CP 96,345 and RP 67580 were preserved, regardless of
the agonist used. These observations cannot be explained on
the basis of a ‘rat-type NK,-receptor’ being present in gui-
nea-pig trachea.

It is possible that the differences in the effects of (% )-
CP 96,345 and CP 99,994 may reflect that in guinea-pig
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Effects of muscarinic M, and M; receptor stimulation and
antagonism on responses to isoprenaline of guinea-pig trachea

In vitro

'N. Watson & R.M. Eglen

Syntex Discovery Research, Institute of Pharmacology R2-101, 3401 Hillview Avenue, Palo Alto, CA 94303, U.S.A.

1 In guinea-pig and canine airway smooth muscle, there is reduced p-adrenoceptor agonist sensitivity
in tissues pre-contracted with muscarinic agonists when compared to tissues pre-contracted with other
spasmogens, such as histamine or leukotriene D,. This reduced sensitivity may be the result of an
interaction between muscarinic receptors and B-adrenoceptors. In this study the effects of M, receptor
antagonism and stimulation have been investigated on the relaxant potency of isoprenaline in guinea-pig
isolated tracheal smooth muscle.

2 (+)-cis-Dioxolane contracted isolated tracheal strips in a concentration-dependent manner (ECs, =
11.5% 0.9 nM). The rank order of antagonist apparent affinities (with pA, values in parentheses) was
atropine (9.4 £ 0.1) > zamifenacin (8.2 % 0.1) > para-fluoro-hexahydro-siladiphenidol (p-F-HHSiD,
7.2£0.1) > pirenzepine (6.5 % 0.1) > methoctramine (5.5 0.1). Schild slopes were not significantly
different from unity. This was consistent with a role of muscarinic M; receptors in mediating contrac-
tion.

3 In tissues pre-contracted to 3 g isometric tension using (+)-cis-dioxolane (0.2 uM, approximately
ECy), the relaxant potency of isoprenaline was significantly (P <<0.05) increased by 0.3 uM methoctra-
mine (control ECsy = 32.2 % 4.3 nM, plus methoctramine ECs, = 19.1 + 4.5 nM). This concentration of
methoctramine had no effect on contractile responses to (+)-cis-dioxolane (control, ECs, = 17.6 £ 3.2
nM, plus methoctramine, ECs, = 21.0 £ 4.4 nMm).

4 When acetylcholine (non-selective), (+)-cis-dioxolane (non-selective), L-660,863 (( % )-3-(3-amino-
1,2,4-oxadiazole-5-yl)-quinuclidine, M,-selective) or SDZ ENS 163 (thiopilocarpine, mixed M, antago-
nist, partial M; agonist) were used to achieve isometric tensions of 3 g, the relaxant potency of
isoprenaline ranged from 3.7 £ 0.3 nM (SDZ ENS 163) to 49.4 + 3.2 nM ((+)-cis-dioxolane). Reducing
the concentration of these agonists (and therefore the level of developed tension to 2 g), significantly
(P<0.05) increased the relaxant potency of isoprenaline. In contrast, when histamine was used to
pre-contract tissues to either 2 or 3 g (ECsy=4.2% 0.6 and 3.8 + 1.1 nM, respectively), there was no
significant effect on the relaxant potency of isoprenaline.

5 There was a slight but significant (P <<0.05) reduction in the relaxant potency of isoprenaline, in
tissues pre-contracted to 3 g using histamine in combination with (+ )-cis-dioxolane (30 nM). This effect
was reversed by M, receptor antagonism, using methoctramine (1 puM).

6 These data suggest that in guinea-pig isolated trachea, the relaxant potency of isoprenaline may
depend not only on the level of developed tension but also, on the level of muscarinic M, receptor
stimulation/blockade of the spasmogen inducing the tension. However, the lack of selective M, agonist
and the low M,/M,; selectivity of antagonists in this tissue do not permit definitive conclusions to be

made about the role of these receptors in modulating isoprenaline potency.
Keywords: Muscarinic cholinoceptors; B-adrenoceptors; tracheal smooth muscle; M,/M; receptor agonists and antagonists

Introduction

In guinea-pig and canine airway smooth muscle, the relaxant
potency of B-adrenoceptor agonists depends both upon the
nature of the agonist used to elevate the resting tension and
the magnitude of the contracture from which relaxations are
elicited (Torphy, 1984; Russell, 1984; Torphy et al., 1985).
Thus, from equivalent levels of developed isometric tension,
isoprenaline is less potent in relaxing tissues pre-contracted
with muscarinic agonists than tissues pre-contracted with
either histamine or leukotriene D4, (Torphy, 1984; Russell,
1984; Koenig et al., 1989). One explanation for the difference
in isoprenaline relaxant potency, is an inhibitory action of
muscarinic receptor stimulation on B-adrenoceptor function
(Torphy, 1984; Gunst et al., 1989).

Activation of muscarinic receptors in smooth muscle re-
sults in inhibition of adenylyl cyclase activity and stimulation
of phosphoinositide specific phospholipase C activity (Jones
et al., 1987; Sankary et al., 1988; Yang et al., 1991; Pyne et

! Author for correspondence.

al., 1992). This is due to activation of two muscarinic recep-
tor subtypes, M, (80—-88%) and M; (12-20%) respectively
(Fryer & El Fakahany, 1990; Mahesh et al.,, 1992). Mus-
carinic M; receptors mediate smooth muscle contraction
(Roffel et al., 1990; Ten Berge et al., 1993), but the role, if
any, of the majority M, receptor population is unclear.

In smooth muscle, adenylyl cylcase activity is enhanced by
B-adrenoceptor activation, resulting in relaxation. Activation
of muscarinic M, receptors inhibits this stimulation, by coup-
ling to a pertussis toxin-sensitive guanine nucleotide binding
protein, G; (Sankary et al., 1988; Yang et al., 1991; Griffin &
Ehlert, 1992; Pyne et al., 1992). In canine isolated trachea
pre-contracted with muscarinic agonists, selective antagonism
of M, receptors enhances the relaxant potency of isoprenaline
(Fernandes et al., 1992). Pertussis toxin, which ADP-ribosy-
lates and thereby inactivates the alpha subunit of G;, has a
similar effect (Mitchell ez al., 1993). Thus, activation of M,
receptors may attenuate B-adrenoceptor-mediated relaxation,
thereby facilitating M, receptor-mediated contraction (Tor-
phy et al., 1985; Sankary et al., 1988).
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Alternatively, it is also possible that attenuation of relax-
ation to P-adrenoceptor activation involves M; receptors,
directly. Stimulation of Mj; receptors activates a phosphoino-
sitide specific phospholipase C, via a pertussis toxin-insensi-
tive G protein, Gg. This results in the formation of inositol
(1,4,5) trisphosphate and 1,2 diacylglycerol (see Chilvers &
Nahorski, 1990, for review), which causes intracellular release
of calcium and activation of a protein kinase C, respectively.
These two processes may lead to phosphorylation of $-
adrenoceptors, guanine nucleotide binding proteins (G,) or
adenylyl cyclase (Van Amsterdam e? al., 1989; 1990). Func-
tional antagonism by Mj; receptor activation may, therefore,
offset relaxations to p-adrenoceptor agonists, without involv-
ing M, receptors. In support of this hypothesis, Meurs et al.
(1993) have failed to demonstrate an effect of selective M,
receptor antagonism on the relaxant potency of isoprenaline
in bovine trachea. However, a correlation was demonstrated
by these workers, between the inhibitory effects on the relax-
ant potency of isoprenaline and the potency at M; receptors
mediating enhanced inositol phospholipid metabolism (Meurs
et al., 1993).

The aim of the present studies was to explore further the
role of muscarinic receptor subtypes in modulating relaxa-
tions of guinea-pig, isolated trachea to isoprenaline. The lack
of potent and selective M, and M; receptor agonists (see
Caulfield, 1993, for review) mandated that indirect approach-
es be employed. These were, firstly, the use of a non-selective
muscarinic agonist, (+)-cis-dioxolane, in the presence of se-
lective M, receptor antagonism using methoctramine. Sec-
ondly, the use of tissues pre-contracted with muscarinic
agonists possessing varying intrinsic efficacies at muscarinic
receptors. Thirdly, by studying the effects of selective M,
receptor stimulation using (+)-cis-dioxolane in the presence
of M, receptor antagonism by p-F-HHSIiD (para-fluoro-hexa-
hydrosiladiphenidol). A preliminary account of this work was
presented to the British Pharmacological Society (Watson &
Eglen, 1993).

Methods

General

Male, Dunkin-Hartley guinea-pigs (250—350 g) were killed by
exposure to CO,. Tracheae were isolated and placed in
aerated, modified Krebs solution (composition mM: KCl 4.6,
KH,PO, 1.2, MgSO, 1.2, NaCl 118.2, glucose 10.0, NaHCO,
24.3 and CaCl, 2.5) and cleaned of extraneous tissue. Tra-
cheae were opened along their ventral surface and strip
preparations were cut transversely, with each strip containing
3-4 cartilaginous rings. Silk (4-0) sutures were attached to
the cartilaginous portions on either side of the smooth mus-
cle bands and the preparations were suspended, at a resting
tension of 1g, in 10ml organ baths containing aerated,
modified Krebs solution (pH 7.4, 37°C). This 1g applied
tension was considered the baseline, from which all further
tension charges were recorded. Indomethacin (1 pM) was
present in the Krebs solution throughout, to inhibit prosta-
glandin synthesis. Tetrodotoxin (0.1 uM) was also present
throughout, to eliminate pre-junctional effects of muscarinic
agonists. Corticosterone (30 uM) was present in all studies
with B-adrenoceptor agonists, to inhibit extraneuronal mono-
amine uptake. All preparations were allowed 60 min to equi-
librate, prior to construction of concentration-effect curves.
These were established in a cumulative manner, using incre-
mental concentrations at 0.5 log,, intervals. Each successive
concentration was added once a sustained contracture to the
previous concentration was attained.

Receptor characterization

Concentration-effect curves to (+)-cis-dioxolane, were con-
structed and tissues were washed and re-equilibrated, for

60 min, in the presence of a single concentration of one of
the following antagonists: atropine (10, 30 or 100 nM), pir-
enzepine (1, 3 or 10 puM), methoctramine (1, 3 or 10 uMm),
p-F-HHSID (0.03, 0.3, 1 or 3 uM) and zamifenacin (10-100
nM). A second concentration-effect curve to (+)-cis-dioxo-
lane was then established in the presence of antagonist.
Parallel studies were undertaken in the absence of antagonist
to correct for temporal changes in sensitivity.

The effect of muscarinic M, receptor antagonism, on the
relaxant potency of isoprenaline in tissues pre-contracted
with ( + )-cis-dioxolane

A concentration-effect curves was initially obtained to (+)-
cis-dioxolane (1 nM—1 uM) in all tissues, to establish both the
maximal contractile response and the concentration required
to give approximately a 3 g increase in isometric tension.
During this initial exposure to (+)-cis-dioxolane, methoctra-
mine (0.3 uM) was present to inhibit M, receptor desensit-
ization occurring at high (+)-cis-dioxolane concentrations.
Tissues were then washed at 15 min intervals over the follow-
ing 120 min period and during the final 60 min, separate
tissues were equilibrated in the absence or presence of a
single concentration of methoctramine (0.3 uM). Tissues were
then pre-contracted to 3 g using (+)-cis-dioxolane (0.2 uM)
and concentration-effect curves to isoprenaline (01. nM—1 pM)
were established.

The effect of muscarinic agonists and histamine on the
relaxant potency of isoprenaline

Concentration-effect curves to L-660,863 (1 nM—0.3 uM),
SDZ ENS 163 (0.1-30 pM), acetylcholine (ACh, 1nM-10
puM), (+)-cis-dioxolane (1 nM—1pM) or histamine (0.1-0.3
mM) were obtained to establish both the maximal response to
these agonists and the concentration required to increase
isometric tension by approximately 3 g. Tissues were then
washed at 15 min intervals over a 60 min period and allowed
to re-attain baseline isometric tension. The tension was then
increased to 3 g by addition of either muscarinic agonist or
histamine. Each tissue was exposed to only one agonist. Once
a stable contracture was attained, relaxant concentration-
effect curves to isoprenaline (0.1 nM—1 uM) were established.
Similar experiments were also undertaken, in separate tissues
pre-contracted with a lower concentration of the above
agonists, to an isometric tension of 2 g. Physostigmine (.3
puM) was present in the studies with acetylcholine, to inhibit
acetylcholinesterase activity.

The effect of M, receptor stimulation and antagonism on
the relaxant potency of isoprenaline in tissues
pre-contracted with histamine

In this series of experiments, the effect of muscarinic M,
receptor activation, using (+)-cis-dioxolane, was investigated
on the relaxant potency of isoprenaline. In short, this was
achieved by raising the level of isometric tension to 3 g with
histamine and, in the presence of Mj; receptor antagonism
(p-F-HHSID, 0.3 uM), activating M, receptors with (+)-cis-
dioxolane (0.1 puM).

Concentration-effect curves to histamine (0.1 pM—0.3 mM)
were obtained in all tissues, to establish both the maximal
contractile response and the concentration required to give
approximately a 3 g isometric tension change. Tissues were
then washed and re-equilibrated for 60 min in the absence or
presence of a single concentration of methoctramine (1.0 uM).
(+)-cis-Dioxolane (0.1 uM) was added to all but control
tissues and the tone was raised to a final isometric tension of
3 g using histamine. A concentration-effect curve to isoprena-
line was then constructed.

The apparent affinity (pA,) of p-F-HHSIiD at M, receptors
is 6.0 (Lambrecht et al., 1988; Eglen et al., 1990). Therefore,
at the concentration of p-F-HHSIiD (0.3 uM) used to inhibit
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M; receptor-mediated contractions in this experiment, 23%
of M, receptor would be occupied. This level of M, receptor
occupancy may compromise putative inhibitory effects of
(+)-cis-dioxolane on the isoprenaline relaxant potency.
Therefore, these experiments were repeated in the absence of
p-F-HHSID. To retain M, receptor activity but reduce M;
receptor-mediated contractions, the concentration of (+)-cis-
dioxolane was reduced from 0.1 uM to 30 nM. The final 3 g
increase in isometric tension was therefore achieved by a
combination of histamine and (+)-cis-dioxolane (test tissues)
or histamine alone (control tissues).

Measurement and analysis of responses

All responses were recorded as changes in isometric tension
(g). Contractile responses were normalized to the maximal
contractile responses in each tissue during the first exposure
to agonist. Relaxant responses were expressed as a percen-
tage of the isometric tension induced by the agonist, before
application of isoprenaline. Data were analysed by the rela-
tionship of Parker & Waud (1971), using a non-linear itera-
tive curve fitting procedure (Kaleidagraph, Synergy software,
Reading, PA 19606, U.S.A., Leung et al., 1992). The potency
(defined as the ECsy) and maximal responses determined by
this procedure were corrected for changes in sensitivity with
time, where necessary. Apparent antagonist affinities (pA,)
were determined, where appropriate, by Schild regression
analysis (Arunlakshana & Schild, 1959). Values quoted are
those obtained when the slope, not being significantly di-
fferent from unity, was constrained to unity.

Statistical analysis of the data was performed using paired
and unpaired Student’s ¢ tests where appropriate, with P <
0.05 being considered significant. All values quoted are the
mean T s.e.mean from five animals, unless otherwise stated.

Compounds used

(+)-cis-Dioxolane (L-(+ )-cis-2-methyl-4-trimethylammonium
methyl-1,3-dioxolane iodide, a 60:40 mixture of cis:trans),
atropine, pirenzepine, methoctramine, p-F-HHSid (para-fluo-
ro-hexa-hydro-sila-diphenidol) and histamine were obtained
from Research Biochemicals Inc. (Natick, MA, USA). L-
660,863 (( % )-3-(3-amino-1,2,4-oxadiazole-5-yl)-quinuclidine)
was synthesized in the Institute of Organic Chemistry (Syntex
Discovery Research, Palo Alto, CA, U.S.A.). Tetrodotoxin,
physostigmine, indomethacin, corticosterone, isoprenaline, ace-
tylcholine and ascorbic acid were obtained from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). SDZ ENS 163 (thio-
pilocarpine) was a gift from Sandoz Pharma Ltd (Basel,
Switzerland) and zamifenacin was generously provided by
Pfizer Ltd. (Sandwich, U.K.).

Indomethacin was made up as a 1 mgml~' solution in
propylene glycol and solubilized by a brief period (2—3 min)
of sonication. Corticosterone was made up as a 0.1 M solu-
tion in dimethyl sulphoxide. Tetrodotoxin was made up as a
1.0 mM stock solution in 0.01 M acetic acid, which was then
divided into 200 pl volumes and frozen until use. Ascorbic
acid (22 pM) was added to solutions of histamine and iso-
prenaline as an anti-oxidant and these solutions were kept on
ice for the duration of the experiments.

Results

Receptor characterization

(+)-cis-Dioxolane caused concentration-dependent contrac-
tions of tracheal strips with a maximal response of 42+ 0.1 g
and potency (ECs) of 11.5+ 0.9 nM. No significant time-
dependent shift in the concentration-effect curves to (+)-cis-
dioxolane was observed. All muscarinic antagonists caused
parallel concentration-dependent dextral shifts in the concen-
tration-effect curves to (+)-cis-dioxolane. The apparent anta-

gonist affinities (pA,), were atropine 9.4 * 0.1, pirenzepine
6.5 0.1, methoctramine 5.5% 0.1, p-F-HHSiD 7.2%0.1
and zamifenacin 8.2 * 0.1 The Schild slopes were not signi-
ficantly different from unity.

The effect of muscarinic M, receptor antagonism, on the
relaxant potency of isoprenaline in tissues pre-contracted
with ( + )-cis-dioxolane

Isoprenaline caused concentration-dependent relaxations in
tissues pre-contracted with 0.2 uM (+)-cis-dioxolane to app-
roximately 3 g (Figure 1). Isoprenaline completely reversed
contractions induced by (+)-cis-dioxolane, with a potency
(ECs) of 32.2+ 4.3 nM. In the presence of methoctramine
(0.3 uM), the concentration-effect curve to isoprenaline was
shifted to the left in a parallel fashion (Figure 1) with a
potency (ECs, value) of 19.1 £ 4.5 nM (P<<0.05). There was
no significant difference in the magnitude of the developed
tension in either of these two groups, prior to performing
concentration-effect curves to isoprenaline (2.9 +0.2 g con-
trols and 3.2+ 0.2 g plus methoctramine). There was no
significant effect of this concentration of methoctramine (0.3
pM) on the potency of (+)-cis-dioxolane (control, ECs, =
17.6 £ 3.2nM, plus methoctramine, ECs, = 21.0 £ 4.4 n™m)

nor the magnitude of the maximum response to agonist
(n=6).

The effect of muscarinic agonists and histamine on the
relaxant potency of isoprenaline

All muscarinic agonists produced concentration-dependent
contractions of tracheal strips (Table 1) and were full ago-
nists with respect to (+)-cis-dioxolane, with the exception of
SDZ ENS 163 (Figure 2, Table 1). The rank order of potency
was L-660,863 > (+)-cis-dioxolane > ACh >SDZ ENS 163
(Table 1). Physostigmine (0.3 uM), added 15-20 min prior to
the addition of acetylcholine, increased isometric tension by
1.4 0.2 g (see Figure 3).

Concentration-dependent relaxations to isoprenaline were
seen in all tissues pre-contracted to either 3 or 2 g (Figure 4,
Table 2). In tissues pre-contracted with the higher concentra-
tion of muscarinic agonist, to approximately 3 g, isoprenaline
was most potent when SDZ ENS 163 was used to induce the
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Figure 1 Isoprenaline-induced relaxation in tissues pre-contracted
with (+)-cis-dioxolane in the absence (O) and presence of 0.3 uMm
(@) methoctramine. Relaxations are expressed as a percentage of the
developed tension induced by (+)-cis-dioxolane, which were not
significantly different between groups. Values are the mean * s.e.
mean, n=6.
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Table 1 The contractile potency (ECs,) and maximal tension changes associated with a range of muscarinic agonists in guinea-pig

tracheal smooth muscle

SDZ ENS 163
Maximal response (g) 24+0.3*
Potency (ECs, nM) 1000 £ 100
n (15)

L-660,863 Acetylcholine ( + )-cis-dioxolane
3810.2 37102 38102
5708 159+ 19 8.1%16

(15) (15) (18)

Values are the mean + s.e.mean, where n = number of experiments. *P <0.05 Student’s unpaired ¢ test ((+)-cis-dioxolane maxima v

SDZ ENS 163 maxima).

Table 2 The relaxant potency (ECs) of isoprenaline in tissues pre-contracted using a range of muscarinic agonists

A Pre-contracted to approximately 3 g

SDZ ENS 163 L-660,863 Acetylcholine ( + )-cis-dioxolane
Developed tension (g) 28+03 2.810.2 3.0%0.1 3.0+0.2
Potency (ECs, nm) 3.7+£0.3¢% 7.0 £ 0.8t 20.8 + 4.3t 49.4 + 3.2t
n 3 5) ©6) (12
B Pre-contracted to approximately 2 g

SDZ ENS 163 L-660,863 Acetylcholine ( + )-cis-dioxolane
Developed tension (g) 2.110.1 20t0.1 2.0%0.1 2001

I * |
P .10 6%0. St +
otency (ECs, nM) 1.1+£03 3.610.7 ; 45%1.6 6.2_ll.l

n &) 5 ©) )

The concentrations of agonist required to achieve these developed tensions were: (A) SDZ ENS 163 = 30 um, L-660,863 = 30 nM,
ACh=10pm™, (+)-cis-dioxolane=0.1um and (B) SDZENS 163 =126+ 1.2pumM, L-660,863 =9.6+ 1.4nM, ACh=0.4%0.2pum,
(+)-cis-dioxolane = 21.2 + 5.4 nM. Values are the mean £ s.e.mean, where n = the number of experiments. *P <0.05. Student’s paired

t test, 1P <<0.02, Student’s unpaired ¢ test.
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Figure 2 Contractions of the trachea induced by a range of mus-
carinic agonists; (+)-cis-dioxolane (O), acetylcholine (@), L-660,863
(O) and SDZ ENS 163 (H), given as absolute changes in isometric
tension. The potencies of these agonists are shown in Table 2. Values
are the mean X s.e.mean, n=15-18 experiments.

contracture and least potent when (+)-cis-dioxolane was
used (Table 2). The relaxant potency of isoprenaline was
significantly different in all cases, although the initial level of
isometric tension, induced by the muscarinic agonists, were
not significantly different. Isoprenaline completely reversed
contractions induced by all the muscarinic agonists, with the
exception of ACh in which case the contracture was reversed
by 71 £ 5% (Figures 3 and 4).

When tissues were pre-contracted with the lower concen-
tration of agonist, to approximately 2 g, isoprenaline was
again most potent against contractures induced by SDZ ENS
163 and least potent against (+ )-cis-dioxolane-induced con-
tracture (Table 2). Under these conditions, isoprenaline com-
pletely reversed the contracture induced by all agonists
(Figure 4) and the relaxant potency of isoprenaline was
significantly increased when compared to that obtained in
tissues pre-contracted with the higher concentration of ago-
nist (to approximately 3 g).

Histamine produced concentration-dependent contractions
of tracheal strips with a potency (ECs) of 5.1 £ 0.9 uM and
maximal tension change of 3.5* 0.1 g. Isoprenaline caused
concentration-dependent relaxations of tissues pre-contracted
with high and low concentrations of histamine, to approx-
imately 3g (2.6 £0.2g) or 2g (2.1 £ 0.1 g). These two levels
of initial contracture were significantly different from each
other, but were not significantly different from those elicited
by the high and low concentrations of muscarinic agonists
described above. Isoprenaline completely reversed histamine-
induced contractions at either 3 or 2 g isometric tension, with
potencies (ECs) of 4.2+ 0.6nM and 3.8 X 1.1 nM, respec-
tively. These values were not significantly different from one
another, despite the fact that the initial levels of isometric
tension were significantly different from each other 2.6+ 0.2 g
vs 2.1£0.1g).

In tissues pre-contracted to 3 g, isoprenaline was signifi-
cantly more potent at relaxing tissues contracted by hista-
mine than L-660,863, (+)-cis-dioxolane or acetylcholine.
However, at this level of isometric tension, there was no
significant difference between the relaxant potency of isopren-
aline in tissues pre-contracted with either histamine or SDZ
ENS 163. In tissues pre-contracted to 2 g, there was no
significant difference between the potency of isoprenaline in
tissues pre-contracted with muscarinic agonists or with his-
tamine.
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Figure 3 Representative results showing relaxations to isoprenaline in tracheal strips pre-contracted to 3g by a range of
muscarinic agonists. The broken lines indicate 3 g isometric tension and the concentrations of isoprenaline in 0.5 log,, increments

are indicated.

The effect of M, receptor stimulation and antagonism,
on the relaxant potency of isoprenaline in tissues
pre-contracted with histamine

In the presence of p-F-HHSID (0.3 pM), the relaxant potency
(ECs) of isoprenaline against histamine pre-contracture, was
not significantly altered by agonism of M, receptors using
(+)-cis-dioxolane (0.1 uM). Similarly, M, receptor antago-
nism using methoctramine (1 uM), did not significantly alter
the relaxant potency of isoprenaline in tissues pre-contracted
with histamine in the presence of (+)-cis-dioxolane (Figure
5; Table 3). Despite the presence of 0.3 uM p-F-HHSID,
(+)-cis-dioxolane (0.1 uM) caused a significant increase in
isometric tension (0.4 £ 0.1 g). However, the concentration of
histamine used to induce tone was adjusted, such that the
magnitude of the contracture prior to performing concentra-
tion-effect curves to isoprenaline, was not significantly differ-
ent between the three groups (Figure 5; Table 3).

In the absence of p-F-HHSID, the relaxant potency of
isoprenaline was significantly reduced in tissues pre-contrac-
ted to 3 g with a combination of histamine and (+)-cis-
dioxolane (30 nM), when compared to tissues pre-contracted
to equivalent isometric tension with histamine alone. This
effect was reversed by 1.0 uM methoctramine (Figure 5; Table
3). In the absence of p-F-HHSID, the increase in isometric
tension induced by (+)-cis-dioxolane (30 nM) was 3.1 £ 1.0g.
However, the concentration of histamine used to induce tone
was adjusted, such that the magnitude of the contracture
prior to performing concentration-effect curves to iso-
prenaline, was not significantly different between the three
groups (Figure 5; Table 3).

Discussion
In airway smooth muscle, muscarinic receptors mediate con-

traction and appear to modulate the relaxant potency of
B-adrenoceptor agonists. In all species studied to date, M,
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Figure 4 Isoprenaline-induced relaxation of tissues pre-contracted
to 3g (b) and 2 g (d) isometric tension by a range of muscarinic
agonist; (+)-cis-dioxolane (O and A), acetylcholine (® and B),
L-660,863 (O and C) and SDZ ENS 163 (B and D). Relaxations are
expressed as a % of the developed tension induced by these agonists
and are shown in absolute values in the histograms (a) and (c) (see
also Table 3). Values are the mean * s.e.mean. The number of
experiments for each group are shown in Table 3, along with the
EC,, values for isoprenaline-induced relaxation under these condi-
tions.
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Figure 5 Isoprenaline-induced relaxation in tissues pre-contracted
with histamine under the following conditions; in the absence of
(+)-cis-dioxolane and methoctramine (O and A), in the presence of
0.1 uM (b) or 30 nM (d) (+)-cis-dioxolane (B and B) and in the
presence of (+)-cis-dioxolane (as above) and 1 puM methoctramine
(A and C). (a) and (b) show responses when 0.3 uM p-F-HHSID was
present to antagonize M; receptors and (c) and (d) show responses in
the absence of p-F-HHSID. Relaxations are expressed as a percent-
age of the developed tension induced either by histamine alone or in
combination with (+)-cis-dioxolane. The developed tensions for each
group are shown in absolute values in the histogram (a) and (c) (see
also Table 1). Values are the mean * s.e.mean, n = 6 for each of the
six treatment groups.

Table 3 The effect of (+)-cis-dioxolane (0.1 pm or 30 nm),
alone or in the presence of methoctramine (1 uM) on the
relaxant potency of isoprenaline in tissues pre-contracted
with histamine in the presence and absence of p-F-HHSiD
(0.3 um)

A In the presence of p-F-HHSiD

Control Test 1 Test 2
Developed tension (g) 271201 31x02 3002
Potency (ECs, nM) 4807 5506 60x1.1

B In the absence of p-F-HHSiD

Control Test 1 Test 2
Developed tension (g) 32202 341202 33102
*k
Potency (ECs, nM) 44 li 06 67108 3.6 il 0.9
NS

Control tissues received neither (+)-cis-dioxolane nor
methoctramine and the developed tension was achieved with
histamine at a concentration of (A) 49+ 17um and (B)
27+ 2puM. Test 1 tissues received (+)-cis-dioxolane (A)
0.1pyMm and (B) 30nM and the developed tension was
achieved by the addition of histamine (A) 21 4 uM and (B)
2.8 £ 0.7 uM. Test 2 tissues received (+ )-cis-dioxolane in the
concentrations already noted, along with methoctramine
(1 pM). In test 2 tissues the developed tension was achieved
by the addition of histamine (A) 20*5um and (B)
2.8+ 0.8 uM. Values are the mean *s.e.mean, n=6 per
treatment group. **P<<0.02 and NS: not significant, by
Student’s paired ¢ test.

and M; receptors are present in airway smooth muscle in the
ratio approximately 4:1 (Fryer & El Fakahany, 1990; Mah-
esh er al., 1992). Both these muscarinic receptor subtypes
have been implicated in the muscarinic receptor-mediated
inhibition of B-adrenoceptor agonist-mediated relaxation (Van
Amsterdam ez al., 1989; Fernandes et al., 1992). The aim of
the present study was to characterize further the role of
muscarinic M, receptors in modulating relaxations of guinea-
pig, isolated trachea to isoprenaline. In order to achieve this,
three separate approaches were used, after first establishing
an affinity profile for a range of muscarinic antagonists at the
post-junctional receptor mediating contraction.

Receptor characterization

The antagonist affinity profile was consistent with stimulation
of M; receptors causing contraction with no involvement of
M, receptors (Ten Berge et al., 1993). The pA, for the novel
M; receptor antagonist, zamifenacin, was similar to that
previously reported by Wallis ez al. (1993). The pA, value for
p-F-HHSID (7.2) was lower than reported at M; receptors in
other smooth muscles, including guinea-pig ileum (7.8-8.0,
Lambrecht et al., 1988) but consistent with previous findings
in our laboratory (Eglen et al., 1990). The Mj; receptor in
guinea-pig trachea may be atypical, since p-F-HHSiD, RDS
129 (Saihin & Ilhan, 1986) and zamifenacin (Wallis et al.,
1993; this study) discriminate between M; receptors in gui-
nea-pig trachea and ileum. However, in the absence of
evidence for structural heterogeneity of M; receptors, the
reasons for these differences in pA, values remain unknown
(Caulfield, 1993). A consequence of the atypical nature of the
tracheal M, receptor is that studies attempting to characterize
M, or M; receptor function alone in this tissue are compro-
mised by the low tracheal M,:M; selectivity of p-F-HHSiD
and zamifenacin.

The effect of muscarinic M, receptor antagonism on the
relaxant potency of isoprenaline in tissues pre-contracted
with ( + )-cis-dioxolane

The first approach to study the role of M, receptors in
guinea-pig trachea reproduced the findings of Fernandes and
colleagues (1992) in canine trachea. Methoctramine (0.3 uM)
increased the relaxant potency of isoprenaline, in (+)-cis-
dioxolane pre-contracted tissues. The small but statistically
significant increase in isoprenaline relaxant potency (1.7 fold
shift) in the presence of methoctramine may be an underesti-
mate, since comparison with the potency of isoprenaline in
tissues not previously exposed to methoctramine indicates a
2.6 fold shift induced by methoctramine (see below). As the
apparent affinities of methoctramine at M, and M; receptors
are 7.8 and 5.8, respectively (Melchiorre et al., 1987; Eglen et
al., 1988), it is unlikely that M; receptor antagonist proper-
ties of methoctramine account for the effect observed. To
support this conclusion, 0.3 uM methoctramine had no signi-
ficant effect on Mj-mediated contractile responses (this
study). Furthermore, higher concentrations of methoctramine
(1 and 3 pM), which increase M; receptor occupancy, did not
further augment the potency of isoprenaline (data not
shown).

The effect of muscarinic agonists and histamine on the
relaxant potency of isoprenaline

The second approach was to stimulate the M, receptors with
agonists possessing different intrinsic activities at muscarinic
receptors. Acetylcholine and (+)-cis-dioxolane are agonists
of high intrinsic efficacy, although non-selective between M,
and M; receptors (Ford et al., 1991). L-660,863 is a relatively
selective muscarinic M, receptor agonist (Eglen et al., 1992).
However, its efficacy at this receptor is low and therefore, in
poorly coupled M, receptor systems it acts as an antagonist
(Freeman et al., 1990; Eglen et al., 1992). SDZ ENS 163, is a
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full agonist at M, receptors, a partial M; receptor agonist
and an M, receptor antagonist (Enz et al., 1992). Under the
present experimental conditions, agonist effects of SDZ ENS
163 at M, receptors in the parasympathetic ganglia (Bloom et
al., 1987), were inhibited by the inclusion of tetrodotoxin,
while post-junctional M, receptors have not been detected in
airway smooth muscle (Mak & Barnes, 1990). Therefore, the
use of SDZ ENS 163 permitted the relaxant potency of iso-
prenaline to be assessed under conditions of partial M; recep-
tor stimulation and M, receptor antagonism. This agent,
unlike L660,863 shows no selectivity between receptor sub-
types on the basis of affinity, although it is ‘functional selec-
tive’ (atria M, —logKsz=5.9*0.2; tracheal —logK, =
5.8 £0.1; Watson & Eglen, 1993).

All compounds were full agonists at M; receptors media-
ting contraction of tracheal strips, with the exception of
SDZ ENS 163 which acted as a partial agonist. This finding
is consistent with previous reports (Eglen et al., 1990; Ford et
al., 1991; Enz et al., 1992). The isoprenaline relaxant poten-
cies were not greatly different between preparations con-
tracted with the muscarinic agonists to 2 g isometric tension.
Moreover, the isoprenaline relaxant potencies were not signi-
ficantly different from potency estimates in tissues pre-contra-
cted with histamine. This suggests that at low concentrations
of muscarinic agonists, there is little effect of muscarinic
receptor activation on the attenuation of relaxant responses
to isoprenaline. Therefore, despite activation of Mj receptors,
to elicit a 2 g increase in tension, no inhibition of B-adren-
oceptor-mediated relaxant responses could be detected.

However, increasing the level of both M, and M; receptor
activation, significantly reduced the relaxant potency of iso-
prenaline. Under this condition, significant differences were
seen in the relaxant potency of isoprenaline between tissues
pre-contracted with full muscarinic agonists ((+ )-cis-dioxo-
lane, acetylcholine and L-660,863) and those pre-contracted
with the partial M; agonist/M, antagonist, SDZ ENS 163.
These differences may suggest that differential agonist activity
at M, or M, receptors, rather than the developed tension per
se, may influence the isoprenaline relaxant potency. In con-
trast, differences in isoprenaline relaxant potency were not
seen in tissues pre-contracted with histamine to 2 or 3 g.
Since histamine does not interact at muscarinic receptors,
these data implicate a specific role for muscarinic receptors in
the attenuation of relaxant responses to isoprenaline, which
is in agreement with the work of others (Torphy, 1984; Jones
et al., 1987, Fernandes et al., 1992).

The effect of M, receptor agonism and antagonism, on
the relaxant potency of isoprenaline in tissues
pre-contracted with histamine

The final approach in the elucidation of the role of M,
receptors was to stimulate the M, receptors in the absence of
M; receptor activation. Ideally, an agonist with high potency
and selectivity at M, receptors, which lacks intrinsic efficacy
at M, receptors, is required. However, such a compound is
unavailable. Thus, the alternative was to use (+)-cis-dioxo-
lane, to activate M, receptors, in the presence of M; receptor
antagonism by p-F-HHSID. In this manner, the effect of M,
receptor activation on relaxant potency of isoprenaline was
examined in tissues pre-contracted to 3 g using histamine in
the presence of 0.3 uM p-F-HHSID. Under these conditions,
there was no effect of (+)-cis-dioxolane on the relaxant
potency of isoprenaline. This finding may imply that activa-
tion of Mj; receptors is required to mediate the reduction in
isoprenaline relaxant potency, supporting conclusions reach-
ed by Meurs et al. (1993).

Alternatively, an involvement of M, receptors cannot be
excluded, since in guinea-pig trachea, p-F-HHSIiD shows
relatively low selectivity between M; and M, receptors (16
fold Eglen et al., 1990). Assuming a pA, of 6.0 for p-F-
HHSID (Lambrecht et al., 1988; Eglen et al., 1990) 23% of
M, receptors would be occupied at the concentration re-

quired to antagonize M; receptor-mediated contractions (0.3
uM). This may be sufficient, in a poorly coupled system, to
antagonize the effect of M, receptor-mediated inhibition of
isoprenaline-induced relaxations. In an attempt to clarify the
problem, experiments were repeated in the absence of p-F-
HHSID, and with a lower concentration of (+)-cis-dioxolane
(30 nM), to reduce effects at M; receptors, while maintaining
detectable effects on isoprenaline relaxant potency. In these
studies, (+)-cis-dioxolane reduced the relaxant potency of
isoprenaline, an effect which was reversed by methoctramine.
The modest effect of (+)-cis-dioxolane (30 nM) was unsurpri-
sing given our previous observations that low concentrations
of muscarinic agonists have small effects on isoprenaline
relaxant potency. Taken together these data may suggest that
the level of isometric tension achieved, is less important in
determining the relaxant potency of isoprenaline compared to
the level of muscarinic receptor activation.

Some data obtained in these studies require further expla-
nation; (1) In the first study, an equilibration step with
methoctramine, was used during construction of concentra-
tion-effect curves to (+)-cis-dioxolane. As discussed above,
in tissues treated in this way, the relaxant potency of iso-
prenaline was 1.5 fold greater than in tissues not exposed to
methoctramine. This suggests that residual M, receptor an-
tagonism by methoctramine may have occurred. (2). There
was no significant difference in the relaxant potency of
isoprenaline in tissues pre-contracted to 2 g with either mus-
carinic agonists or histamine. This indicates a lack of mus-
carinic inhibition of isoprenaline relaxant responses. (3) In
preparations pre-contracted to 3 g with L-660,863, the relax-
ant potency of isoprenaline was 1.7 fold less than in tissues
pre-contracted with histamine (lacking M, activity) and 7
fold greater than in tissues pre-contracted with (+)-cis-
dioxolane. (4) In the presence of M; receptor antagonism by
p-F-HHSID (0.3 pM) approximately 23% of the M, receptors
would be occupied and no effect of M, receptor stimulation
by (+)-cis-dioxolane (0.1 uM) could be demonstrated.

One explanation for all four observations is that mus-
carinic inhibition of B-adrenoceptors is mediated by M,
receptors that are poorly coupled. This would be predicted to
have the following consequences. Firstly, residual M, recep-
tor antagonism (as a result of prior exposure to methoctra-
mine) would reverse inhibitory effects of (+)-cis-dioxolane
and thus increase the potency of isoprenaline. Secondly, high
concentrations of agonists would be required to achieve ade-
quate M, receptor occupancy in order to detect a functional
inhibition. Thirdly, agonists with low intrinsic efficacy at M,
receptors, such as L-660,863 or SDZ ENS 163, would behave
as antagonists in such a system. Finally, antagonist occupa-
tion of a small porportion of M, receptors would have a
large effect on the functional response. However, without
direct measurement of the receptor reserve associated with
M, inhibitory effects, this can only be speculated upon.

These studies have therefore provided some evidence for
the involvement of M, receptors in the inhibitory effects of
(+)-cis-dioxolane on the relaxant potency of isoprenaline,
although a role for M; receptor cannot be excluded. In this
respect these data concur with reports that AF-DX 116 or
gallamine enhance the potency of isoprenaline in canine and
rabbit trachea (Fernandes et al., 1992; Arjona et al., 1993).
In the former tissue, Mitchell et al. (1993) has also demon-
strated a similar effect of pertussis toxin, which functionally
uncouples M, receptors from inhibition of adenylyl cyclase.
In contrast, in bovine and guinea-pig trachea, gallamine has
been reported not to augment the relaxant potency of iso-
prenaline (Meurs et al., 1993; Roffel et al., 1993). The reason
for these discrepancies is unclear, although differences in
methodology may be important. Thus, differences in the level
of basal tension, the presence or absence of epithelium or of
indomethacin, and the recording of isometric or isotonic
tensions may account for the differences. However, it is
important to note that in guinea-pig ileum, when M; recep-
tors have been inactivated by alkylation, stimulation of M,
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receptors causes contraction by inhibiting relaxations elicited
by isoprenaline, in tissues pre-contracted to histamine (Tho-
mas et al., 1993). However, similar studies have yet to be
reported in guinea-pig trachea.

In conclusion, these data suggest that it is the degree of
muscarinic receptor activation that is important in determin-
ing the relaxant potency of isoprenaline and this is related to
the efficacy of the muscarinic agonist at M, and Mj recep-
tors. Since muscarinic M, receptor antagonism augments the
relaxant potency of isoprenaline, these data provide some
evidence for an inhibitory role of M, receptors on relaxant
responses to isoprenaline. However, the involvement of M,
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