British
Journal of
Pharmacology

November 1990

Volume 101 Number 3 pages 499-768



Br. J. Pharmacol. (1990), 101, 501-503

SPECIAL REPORT

© Macmillan Press Ltd, 1990

Selective chiral inhibitors of 5-lipoxygenase with

anti-inflammatory activity

1R.M. McMillan, 2*J-M. Girodeau & S.J. Foster

Bioscience 1, ICI Pharmaceuticals, Mereside, Alderley Park, Macclesfield, Cheshire, SK10 4TG and *ICI Pharma, Centre de

Recherches, Zone Industrielle Sud-Est, 51064 Reims, France

The studies described here, using enantiomers of an optically-active methoxy alkyl thiazole ICI216800 (1-
methoxy-6-(naphth-2-yl-methoxy)-1-(thiazol-2-yljindane), provide unequivocal evidence for a specific,
chiral interaction with 5-lipoxygenase. In accordance with their biochemical efficacy these compounds
also demonstrate enantio-specific anti-inflammatory activity in a leukotriene-mediated model of inflam-
mation. This is the first class of compounds for which 5-lipoxygenase inhibition and anti-inflammatory
activity have been shown to be mediated via a specific chiral interaction.

Introduction Discovery of S5-lipoxygenase inhibitors which
are orally active and selective compared to a related enzyme,
cyclo-oxygenase, has proved difficult. Most of the previously
described inhibitors have the potential to participate in redox
reactions or to chelate iron and may have effects on other
biological systems that involve iron or redox processes.
Although we and others have identified orally-active and
selective inhibitors based on these mechanisms (Tateson et al.,
1988; Carter et al., 1989; Foster et al., 1990) there has been
little evidence for a specific interaction with 5-lipoxygenase. In
particular there is no difference in biological potency between
enantiomers of optically-active compounds (Salmon et al.,
1989).

The studies described here, using enantiomers of an
optically-active methoxy alkyl thiazole, ICI216800, provide
unequivocal evidence for a specific, chiral interaction with 5-
lipoxygenase. Moreover, these compounds also demonstrate
enantio-specific anti-inflammatory activity in a leukotriene-
mediated model of inflammation.

Methods Enantiomer synthesis and resolution Each of the
two enantiomers of ICI216800 [1-methoxy-6-(naphth-2-
yl-methoxy)-1-(thiazol-2-yljindane] were obtained pure (as
confirmed by analytical high performance liquid chromatog-
raphy (h.p.l.c.) and nuclear magnetic resonance spectroscopy)
by preparative h.p.l.c. using a Pirkle ionic preparative chiral
column (Pirkle & Finn, 1982). For the (+)-enantiomer the
chiral phase of the column was prepared from Nucleosil 10
NH2 (10um aminopropyl) silica (Machery-Nagel GMBH,
Duren, Germany) and S(+)-3,5-dinitrobenzoylphenylglycine
and was eluted with hexane/dioxane (97:3). For the (—)-enan-
tiomer a similar column was prepared but with R(—)-3,5-
dinitrobenzoylphenylglycine as the chiral component to the
phase.

Spectrophotometric analysis of 5-lipoxygenase Inhibition of
cell-free 5-lipoxygenase activity was determined spectrophoto-
metrically by modification of the procedure of Aharony &
Stein (1986), using the high speed (150,000 g) supernatant from
rat basophilic leukaemia (RBL-1) cells as the enzyme source.

Eicosanoid generation Eicosanoid generation in heparinised
rat and human blood and protein-free mouse peritoneal
macrophage cultures was determined as previously described
(Foster et al., 1990).
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Arachidonic acid-induced inflammation in rabbit skin Anti-
inflammatory efficacy of S-lipoxygenase inhibitors was deter-
mined by a modification of the procedure previously described
(Aked & Foster, 1987). Fur from the back of New Zealand
White rabbits (3.0-4.0kg: Ranch Rabbits, Crawley Down,
Sussex) was removed with clippers 24 h before an intravenous
injection of 12%I-labelled human serum albumin, in a 0.5% sol-
ution of Evans blue in physiological saline. Five min later
inflammation was induced by the topical application of ara-
chidonic acid alone (300ug, in 104l acetone; 6 sites) or
together with the appropriate concentrations of lipoxygenase
inhibitor (3 sites). Sites treated with 10 ul of acetone were used
to assess background !2°I-counts. Animals were killed 2h
later with a lethal dose of pentobarbitone sodium (Euthatal;
May and Baker, Dagenham). The skin was removed and the
injection -sites were separated with a 15mm diameter metal
punch. 2%I-counts were determined in the skin sites and ali-
quots of plasma with an LKB ultra-gamma counter and the
plasma volume at each inflammation site was calculated in ul
after subtracting the mean background count.

Statistical analysis Differences between means were assessed
either by Student’s paired ¢ test or by the use of a one-tailed
Student’s ¢ test with P < 0.05 regarded as significant in both
cases.

Materials Materials used were as previously described
(Foster et al., 1990 and references therein). REV5901 and all
ICI compounds were synthesized in Chemistry Department 1,
ICI Pharmaceuticals or at ICI Pharma, Centre de Recherches,
Reims.

Results The optically-active compound ICI216800 (Table 1),
is a potent and selective inhibitor of S5-lipoxygenase. In
plasma-free peritoneal macrophage cultures, the compound
produced potent inhibition of leukotriene C, (LTC,) synthesis
(mean IC,, = 0.014 uM; n = 2) but did not inhibit synthesis of
prostaglandin E, (PGE),) at doses up to 30 uM which indicates
a selectivity ratio (cyclo-oxygenase: lipoxygenase) of more
than 2000. Inhibition of LTB, synthesis by ICI216800 in
human blood (ICs, = 0.69 1 0.18 uM; n = 4) was also selective
with no significant inhibition of synthesis of the cyclo-
oxygenase product, thromboxane B, (TxB,), at doses up to
100 pM.

In order to investigate the chiral specificity of the inhibition,
the enantiomers of ICI216800 were resolved and their effects
compared to the parent compound (Table 1). The racemic
mixture produced potent inhibition of 5-lipoxygenase in a
cell-free enzyme assay and in human blood. Evaluation of the
resolved enantiomers, demonstrated that the lipoxygenase
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Table .l Structure and chiral inhibition of 5-lipoxygenase by
ICI216800

I C50 (”M)
Racemate  (+)-Enantiomer  (—)-Enantiomer

LTB, synthesis 0.69 + 0.18 0.54 + 0.17 >40

in human

blood
Cell-free 0.77 0.13 >20

S-lipoxy-

genase

LTB, = leukotriene B, .

Results in human blood are mean IC,, values + s.d. (n = 4).
IC,,, values for cell-free data are derived from mean values of
duplicate determinations.

inhibitory activity resided predominantly in the (+)-enantio-
mer: (+)-ICI216800 was at least 70 times more potent than
(—)-ICI216800 in both assays (Table 1).

Figure 1 compares the anti-inflammatory activity of the
enantiomers against arachidonic acid-induced inflammation in
rabbit skin, which is mediated in part by LTB, (Aked &
Foster, 1987). Topical administration of (+)-ICI216800 pro-
duced dose-dependent inhibition of plasma extravasation with
ED,, (n = 4) of 15.2nmol per site. In accord with the in vitro
data described above, (—)-ICI216800 was inactive at doses up
to at least 78 nmol per site.
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Figure 1 Topical anti-inflammatory activity of enantiomers of
ICI216800: (@), (+)-1CI1216800; (M), (—)-ICI216800. Values are the
mean percentage inhibition of plasma extravasation in 4 rabbits; ver-
tical bars show s.emean. The amount of plasma extravasation
induced by arachidonic acid alone was 88.0 + 10.5ul. *P <0.05;
**+ P < 0.001.
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Discussion The identification of compounds that produce
specific chiral inhibition of 5-lipoxygenase should allow more
definitive pharmacological characterization of the biological
roles of leukotrienes. Most previously described inhibitors of
S-lipoxygenase have the potential to participate in redox reac-
tions or to chelate iron. Orally active compounds that selec-
tively inhibit 5-lipoxygenase compared to cyclo-oxygenase
have been derived from redox-based compounds (ICI207968:
Foster et al., 1990) and iron chelators (BWA4C: Tateson et al.,
1988; A-64077: Carter et al., 1989). However little evidence for
specific interaction with S-lipoxygenase has been obtained
with such compounds and the fact that enantiomers of opti-
cally active compounds of these classes are equipotent
(Salmon et al., 1989) suggests that they inhibit 5-lipoxygenase
via a non-specific interaction with the enzyme. Thus, interpre-
tation of pharmacological studies is complicated since similar
effects on other redox or iron-dependent processes cannot be
excluded.

The data presented here demonstrate that the optically-
active compound ICI216800 is a potent, selective inhibitor of
S-lipoxygenase and the marked difference in inhibitory
potency observed with the enantiomers demonstrates that
inhibition involves a chiral interaction with the enzyme.
Although we have not yet investigated the kinetics of inhibi-
tion, it is probable that methoxy alkyl thiazoles are like
REV5901, which has been shown to interact at the active site
of 5-lipoxygenase (Aharony et al., 1986).

Proof of the importance of arachidonic acid metabolites as
mediators of inflammation has depended largely on pharma-
cological evidence. Thus, the pro-inflammatory role of prosta-
glandins was strengthened with the demonstration that
non-steroidal anti-inflammatory drugs (NSAIDs) inhibited
prostaglandin biosynthesis. Studies in animal models of
inflammation have demonstrated that the anti-inflammatory
potency of NSAIDs correlates with their potency as cyclo-
oxygenase inhibitors. In addition, with optically-active
NSAIDs, anti-inflammatory activity and cyclo-oxygenase
inhibition have been shown to reside in the same enantiomer
(Ham et al., 1972; Tomlinson et al., 1972). Similarly we have
previously shown, using arachidonic acid-induced oedema in
rabbit skin, that the anti-inflammatory efficacy of a series of
redox-based compounds, 2-substituted indazolinones, is
directly related to their potency as lipoxygenase inhibitors
(Foster et al., 1990). The same is true for methoxy alkyl thi-
azoles (S.J. Foster, unpublished) and, in this study with enan-
tiomers of ICI216800, anti-inflammatory activity is shown to
reside solely in the enantiomer which inhibits 5-lipoxygenase.

In summary, ICI216800 and related compounds represent a
novel series of 5-lipoxygenase inhibitors which are the first to
show chiral interaction with the enzyme. Such chiral inhibi-
tors will be valuable experimental compounds for clarifying
the roles of leukotrienes in inflammation and other path-
ophysiological processes. In addition, such compounds
provide a structural template for the development of com-
pounds for clinical use.
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Activation of u- and d-opioid receptors present on the same
nerve terminals depresses transmitter release in the mouse

hypogastric ganglion

'Helen Rogers & >Graeme Henderson

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1QJ

1 The inhibitory actions of x- and d-opioid receptor agonists on the strong, single fibre synaptic input to
neurones contained in the mouse hypogastric ganglion have been examined.

2 The opioid agonists [D-Ala>, NMePhe*,Gly-ol*]enkephalin (DAMGO, 10 nmM—10 M), morphine (10—
30 uM), [D-Ser?,Leu®, Thr®]enkephalin (DSLET, 3 nM—1 M), [D-Pen?,p-Pen®Jenkephalin (DPDPE, 10 nM—
10umM), all depressed the single fibre, all-or-nothing, nicotinic, excitatory synaptic potential (e.p.s.p.)
recorded in mouse hypogastric ganglion neurones. U50488H (0.3-1 uM) was without effect.

3 The effect of DSLET, but not that of DAMGO, was reversed by the J-opioid receptor-selective
antagonist, ICI 174864 (0.3 um). Naloxone (0.3 uM) antagonized the effect of both DSLET and DAMGO.

4 The site of action of the u- and J-receptor agonists was on the presynaptic terminals, since at the
concentrations which depressed the e.p.s.p. these drugs did not affect the resting membrane potential or
input resistance of the postganglionic neurone body, nor did they depress the postganglionic, nicotinic
response to exogenously applied acetylcholine.

5 Quantal analysis further confirmed the presynaptic site of action; u- and §-opioid receptor agonists
decreased the mean number of quanta released per stimulus but did not reduce the mean amplitude of the
quantal unit.

6 It was concluded that u- and J-opioid receptors were located on the same presynaptic nerve terminals
since, in the same neurones, u- and d-opioid receptor agonists depressed the same single fibre inputs.

7 The potassium channel blockers barium and quinine, at concentrations known to block opioid-
activated somatic potassium conductances, reduced slightly but did not abolish the x- and §-opioid

receptor-mediated inhibition of the e.p.s.p.

Introduction

Whilst the phenomenon of opioid inhibition of transmitter
release from nerve terminals in the central and peripheral
nervous systems has been well documented, the ionic
mechanism(s) which may underly this inhibition still remains
unclear. In contrast, at the level of the neuronal soma the
changes in ionic conductances resulting from activation of
opioid receptors have been elucidated. Opioids acting through
u#- and é-receptors have been observed to activate a potassium
conductance and to inhibit a calcium conductance in periph-
eral (North & Tonini, 1977; Mihara & North, 1986) and
central (Pepper & Henderson, 1980; Werz & Macdonald,
1983; North & Williams, 1985) neurones and through 4- and
k-receptors to inhibit a calcium conductance in peripheral and
central neurones (Macdonald & Werz, 1986; Gross & Mac-
donald, 1987; North et al., 1988; Bean, 1989) and through u-
and J-receptors to inhibit a calcium conductance in neuronal
cell lines (Tsunoo et al., 1986; Hescheler et al., 1987; McFad-
zean & Docherty, 1989; Seward et al., 1989). The opioid acti-
vation of a potassium conductance and the inhibition of a
calcium conductance appear to be mediated through a per-
tussis toxin-sensitive G protein (Aghajanian & Wang, 1986;
Hescheler et al., 1987; North et al., 1987) but they are not
secondary to inhibition of adenylate cyclase (North & Wil-
liams, 1985; McFadzean & Docherty, 1989).

In the present study, we have examined the action of u-, é-
and k-opioid receptor agonists on synaptic transmission
through the mouse hypogastric ganglion. The cluster of

! Present address: Department of Neuropharmacology, Glaxo Group
Research, Ware, Herts SG12 ODP.
2 Author for correspondence.

neuronal somata comprising the hypogastric ganglion lie close
to and innervate the vas deferens. This preparation has been
chosen because the postganglionic cell bodies are ovoid in
shape, lack a dendritic arborization and each is innervated by
only a single preganglionic nerve fibre (Rogers et al., 1990).
Single inputs are commonly observed in autonomic ganglia in
which the neurone somata lack any dendritic arborization
(Tabatabai et al., 1986; Snider, 1987; Purves et al., 1988). The
relatively simple anatomical arrangement in the mouse hypo-
gastric ganglion has permitted us to determine whether differ-
ent opioid receptor types exist on the same nerve terminal and
to examine the mechanisms by which inhibition of transmitter
release are produced. Some of the results contained in this
paper have previously been communicated (Henderson &
Rogers, 1987a,b).

Methods

Electrophysiological recording

The hypogastric ganglion was isolated from male mice (DBA
I/1a; 20-25g) as described previously (Rogers et al., 1990).
The preparation was pinned out in the base of a shallow,
Sylgard-lined bath (volume 0.4 ml) and superfused at a rate of
2-3mlmin~! with an oxygenated Krebs solution at 37°C.
Intracellular recordings were made from individual gangli-
on neurones by use of glass micropipettes filled with 3m KCl
(tip resistance 30-80 MQ). The recording electrode was incor-
porated into the bridge circuit of a conventional preamplifier
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which permitted simultaneous current injection and voltage
recording. Voltage and current records were captured on a
digital storage oscilloscope and displayed on a pen recorder.

Preganglionic inputs to the hypogastric ganglion were
stimulated by brief current pulses (0.1 ms duration; 0.017 Hz)
applied through a fine-tipped (<10um) Krebs-filled micro-
pipette placed on a fibre tract. The stimulus intensity was
adjusted to ensure that the stimulus was sufficient to evoke
synaptic potentials.

Quantal analysis

After a synaptic response was obtained, the Krebs solution
superfusing the ganglion was changed to one containing low
calcium (0.3 mMm) and high magnesium (3 mM). When the low
calcium/high magnesium Krebs had been applied for 10 min
the rate of preganglionic nerve stimulation was increased to
1 Hz and a 2-4 min sample of responses recorded. Drugs were
then applied and after 3 min of application, when the effect of
the drug was maximal, another 24 min sample of responses
was recorded. Responses were recorded on an FM tape
recorder for subsequent play-back and analysis. Frequency-
response amplitude histograms were constructed.

If a Poisson distribution for transmitter release was
assumed when the probability of release had been lowered (see
Discussion), the quantal content of excitatory synaptic poten-
tials (e.p.s.ps) was calculated by inserting the number of fail-
ures observed into the Poisson relationship which then
simplifies to

ng/N=e™™

where n, represents the number of failures, N represents the
total number of stimuli in the train and m represents the mean
number of quanta released per stimulus (Del Castillo & Katz,
1954). The mean amplitude of the response to a single quantal
unit of transmitter release was obtained by dividing the mean
amplitude of the synaptic responses by m.

Solutions and drugs

The composition of the modified Krebs solution superfusing
the ganglion was (mm): NaCl 126, KCl 2.5, NaH,PO, 1.2,
MgCl, 1.3, CaCl, 2.4, NaHCO, 26, glucose 10 and saturated
with 95% O, plus 5% CO, at 37°C. Drugs were dissolved in
the Krebs solution and, with the exception of acetylcholine,
applied to the ganglion in known concentrations by addition
to the superfusing solution. Acetylcholine (1 M) was made up
daily from solid. It was dissolved in Krebs solution and
applied by pressure ejection from a micropipette (tip diameter
5-10um) placed above the ganglion, close to the impaled
neurone. Pressure pulses 2-6psi (1 psi = 6.8 kPa), 50-800 ms
duration were applied at 4 min intervals by a pneumatic pres-
sure system. Pressure application of acetylcholine evoked
reproducible, dose-dependent depolarizations of the postgan-
glionic neurone.

The drugs used were: acetylcholine chloride (Sigma),
Allyl, ,Tyr,Aib,Aib,Phe,Leu-OH (ICI 174864; Cambridge
Research Biochemicals (CRB)), atropine methylbromide
(Sigma), [Dp-Ala2,NMePhe* Gly-ol*]enkephalin (DAMGO;
CRB), [D-Pen?p-Pen®]Jenkephalin (DPDPE; CRB), [D-Ser?,
Leu’,Thr®Jenkephalin (DSLET; CRB), hexamethonium
bromide (Sigma), mecamylamine hydrochloride (Sigma),
morphine sulphate (Macarthy), naloxone hydrochloride
(Endo), quinine hydrobromide (Sigma), tetrodotoxin (TTX;
Sigma), trans-3,4-dichloro-N-methyl-(2-(1-pyrrolidinyl)cyclo-
hexyl) benzene acetamine sulphonate hydrate (U50488H;
Upjohn). Aib is aminoisobutyric acid and Pen is 8,8 dimethyl
cysteine.

Where appropriate, results are presented as the mean
+s.e.mean. Statistical analysis was performed by Student’s ¢
test for paired data. Results were considered to be significantly
different when P was less than 0.05.

Results

Inhibition by opioids of the evoked synaptic response

Mouse hypogastric ganglion neurones had passive and active
membrane properties and synaptic responses similar to those
previously described (Rogers et al., 1990). Focal stimulation of
preganglionic fibre tracts evoked an excitatory postsynaptic
potential (e.p.s.p.) which in most neurones was suprathreshold
for action potential initiation (see Figures 1 and 2). As the
stimulus intensity was increased from zero, e.p.s.p./action
potential complexes were evoked in an all-or-nothing manner
(see also Figure 10 of Rogers et al., 1990). This occurs because
each neurone receives only a single, preganglionic strong
input. Synaptic responses were blocked by TTX (1 uM) or by
raising magnesium concentration of the superfusing solution
to 20mMm. E.p.s.ps were nicotinic in nature since they were
either markedly reduced or abolished by the ganglionic nico-
tinic antagonists hexamethonium (0.1-1mM) or mecamyla-
mine (10-100uM) or abolished following desensitization of
nicotinic receptors by prolonged (15min) exposure to a high
concentration (100 um) of nicotine. As the degree of synaptic
blockade increased e.p.s.ps eventually became subthreshold
for action potential initiation.

DAMGO 300 nm

] ML\

DAMGO 1 um DAMGO 3 um

U~ L

Figure 1 Depression by [D-Ala?2,NMePhe*,Gly-ol*Jenkephalin
(DAMGO) of the evoked synaptic response recorded in a single
mouse hypogastric ganglion neurone. Stimulation of the preganglionic
fibre with single pulses (0.017 Hz) evoked an e.p.s.p. which was supra-
threshold for action potential initiation (top left-hand trace). For
clarity the stimulus artefact has been attenuated. In this neurone the
action potential arose from the resting membrane potential without
an inflexion on the rising phase and the e.p.s.p. was apparent as an
after-depolarization following the action potential. In the presence of
increasing concentrations of DAMGO (each concentration was
applied for 6min with a 9min wash between drug applications) the
after-depolarization was reduced but the evoked synaptic response
remained suprathreshold for action potential initiation.
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Figure 2 Depression by [D-Ser?Leu®,Thr®Jenkephalin (DSLET) of
the evoked synaptic response recorded in a single mouse hypogastric
ganglion neurone. In this neurone preganglionic fibre stimulation
(0.017Hz) evoked an e.p.s.p. which was suprathreshold for action
potential initiation (top left hand trace). For clarity the stimulus arte-
fact has been removed. In the presence of increasing concentrations of
DSLET (each applied for Smin with a 10min wash between drug
applications) the e.p.s.p. was depressed. In the presence of 3-30nM
DSLET the depression is apparent as an increase in the time taken for
the e.p.s.p. to reach threshold for action potential initiation but finally
in the presence of 100-300nM DSLET the e.p.s.p. is depressed to such
an extent that it is rendered subthreshold for action potential initi-
ation.

Illustrated in Figure 1 is the type of e.p.s.p./action potential
complex observed in 75% (113 of 150) of hypogastric ganglion
neurones. The strong synaptic input evoked, in the post-
synaptic neurone, an action potential that rose from resting
membrane potential without an inflexion on its rising phase.
The eps.p. and the after-hyperpolarization following the
action potential are apparent as the after-depolarization fol-
lowing the action potential. Synaptic input of this type could
not be rendered subthreshold for action potential initiation by
injection of hyperpolarizing current into the neurone through
the recording electrode. In 19% (29 of 150) of neurones a less
intense synaptic response was observed (Figure 2). In these
neurones synaptic activation evoked a depolarizing potential
which, on reaching threshold, gave rise to an action potential
and the epsp. was partly occluded by the after-
hyperpolarization following the action potential. In a small
proportion (5%) of neurones subthreshold, yet still all-or-
nothing, e.p.s.ps were observed. When evoked at a constant
stimulus intensity these e.p.s.ps fluctuated in amplitude, pre-
sumably due to fluctuations in the quantal release of acetyl-
choline. The latency of the synaptic responses varied from 2 to
12ms in different neurones and was not correlated with the
type of synaptic response.

Both DAMGO (10nM-10uM; n = 42) and DSLET (3 nM-
1um; n=49) depressed the eps.p. The depression was
concentration-dependent (Figures 1, 2 and 6), reached
a maximum within 3min of applying the drug and readily
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reversed on washout. The depression of the eps.p. by
DAMGO and DSLET was observed in all neurones tested
and was maintained for the duration of drug application up to
6 min. Figure 1 shows the effect of DAMGO on an e.p.s.p./
action potential complex in which the synaptic response was
more intense and the e.p.s.p. is apparent as the depolarization
following the action potential. DAMGO did not render the
synaptic response subthreshold but markedly reduced the
depolarization following the action potential. Figure 2 shows
the effect of DSLET (3-30nM) on a neurone exhibiting a less
intense synaptic response. DSLET increased the time taken
for the e.p.s.p. to reach threshold for action potential initi-
ation. At higher concentrations of DSLET (100-300nM) the
e.p.s.p. was reduced to such an extent that it was subthreshold
for action potential initiation. In the presence of these concen-
trations of DSLET, however, injection of depolarizing current
into the neurone through the recording electrode still evoked
action potentials (not illustrated). Similar effects of both u-
and J-selective agonists were seen on these two types of syn-
aptic response. In addition, when e.p.s.ps were rendered sub-
threshold for action potential initiation by application of
hexamethonium (1 mM; see Figure 6), or in the small percent-
age of neurones that showed a subthreshold e.p.s.p., DAMGO
or DSLET depressed the amplitude of the e.p.s.p. in a graded
manner. In general, DAMGO was slightly less potent than
DSLET in that the percentage depression of subthreshold and
suprathreshold eps.ps was 62+1 (n=11) and 48+ 5
(n = 23) respectively for DAMGO (300nM) and 63+ 5
(n = 10) and 49 + 4 (n = 30) respectively for DSLET (100 nm).

To determine the nature of the opioid receptor subtypes
present in the mouse hypogastric ganglion we have examined
the effects of selective agonists and antagonists. E.p.s.ps were
depressed in a concentration-dependent manner by the o-
receptor agonist, DPDPE (10nM-1 uM; n = 3) and by morp-
hine (10-30uM; n = 3), but not by the x-receptor agonist
U50488H (0.3—1 uM; n = 5) applied for 15min. The inhibition
produced by DSLET was reversed by addition of the opioid
antagonist naloxone (10-100nM; n=4) or the J-selective
antagonist ICI 174864 (300nM; n = 5) (see Figure 3), whereas
the inhibition produced by DAMGO was reversed by nalox-
one (100nM; n = 3) but not by ICI 174864 (300 nM; n = 5) (see
Figure 3).

Presynaptic locus of action of opioids

(i) Lack of effect of opioids on neuronal membrane potential and
input resistance When applied for periods up to 15min, over
a wide range of concentrations, the opioid agonists DSLET
(0.01-1 um), DPDPE (0.01-1uM), DAMGO (0.01-10 um),
morphine (10-30 uM) and U50488H (0.3-1 um) did not cause a
consistent, concentration-dependent or naloxone-reversible
change in the resting membrane potential or input resistance
of the ganglion neurone. The lack of effect of opioids directly
on the somata of the postsynaptic neurones indicates that the
inhibition of the synaptic responses observed was not second-
ary to an increase in the conductance of the postsynaptic
membrane.

(ii) Lack of effect of opioids on the response of ganglion neu-
rones to exogenously applied acetylcholine In the presence of
atropine (1 uM), local application of acetylcholine from a pres-
sure pipette located close to the impaled neurone evoked a
membrane depolarization which was graded with the amount
of drug applied and abolished by the ganglion blocking agent
hexamethonium (300um). Neither DSLET (1um) nor
DAMGO (1 um), when applied for 5-10min had any consis-
tent effect on the nicotinic response to acetylcholine (Figure 4).
The mean decrease in the amplitude of the response to acetyl-
choline was 1 + 4% (n = 8) in the presence of DSLET and
5 + 6% (n = 5) in the presence of DAMGO.

(iii) Quantal analysis of the action of opioids When the gan-
glion was bathed with the low calcium/high magnesium Krebs
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DSLET 100 nm +
IC1 174864 300 nm

DSLET 100 nm.
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DSLET 300 nm DAMGO 300 nm + DAMGQ 300 nm +
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Figure 3 [D-Ser?,Leu’ Thr®Jenkephalin (DSLET) and [p-Ala2,NMePhe* Gly-ol*Jenkephalin (DAMGO) depress the same synaptic
response in a single mouse hypogastric ganglion neurone. In this neurone stimulation of the preganglionic fibre with single pulses
(0.017 Hz) evoked an e.p.s.p. which was suprathreshold for action potential initiation (top left-hand trace). For clarity the stimulus
artefact has been attenuated. DSLET (100 nM) applied for 5min depressed the e.p.s.p. such that it became subthreshold for action
potential initiation. The effect of DSLET was blocked by ICI 174864 (300nM) administered for Smin before and then during the
application of DSLET. DAMGO (300nM) also depressed the e.p.s.p., rendering it subthreshold. The depression produced by
DAMGO was not antagonized by ICI 174864 (300 nM) but was antagonized by naloxone (100 nM) administered for 5 min before and

then during the application of DAMGO

solution, e.p.s.ps were reduced in amplitude and became sub-
threshold for action potential initiation. Although e.p.s.ps
were still evoked in an all-or-nothing manner, at a constant
intensity of stimulation fluctuations in amplitude were appar-
ent and some stimuli failed to evoke an e.p.s.p. We have
analysed these data assuming that the distribution of e.p.s.p.
amplitudes in the mouse hypogastric ganglion conforms to a
Poisson distribution (see Discussion). Figure 5 illustrates
graphically the data obtained from a single neurone, whilst
the data from all such experiments are given in Table 1. Both
the mean number of quanta released per stimulus and the
mean amplitude of a single quantal unit varied between neu-
rones but was consistent within individual neurones.

DSLET 1 um

NN
VAN

_Jsmv
1s

Figure 4 Lack of effect of [D-Ser?,Leu’,Thré]enkephalin (DSLET)
and [D-Ala2, NMePhe*,Gly-ol*Jenkephalin (DAMGO) on the nicotin-
ic depolarization evoked by pressure application of acetylcholine to a
single mouse hypogastric ganglion neurone. Acetylcholine was applied
by pressure application (pulses of 50ms, 4 psi were applied at the A)
at 4min intervals from a micropipette positioned above the impaled
neurone. DSLET (1 uM; upper right-hand trace) or DAMGO (1 uM;
lower right-hand trace) was added to the Krebs solution bathing the
neurone for 8min before the responses illustrated were evoked.
Throughout the experiment the Krebs solution contained atropine
(1 um).

When examined between 3 and S5min after the start of
application, DSLET (10-100nMm) increased the proportion of
failures observed and reduced the mean number of quanta rel-
eased per stimulus in a concentration-dependent manner.
However, the mean amplitude of the quantal unit was vir-
tually unchanged. Likewise, between 3 and Smin after the
start of application, DAMGO (10-300nM) increased the
number of failures and caused a reduction in the mean
number of quanta released per stimulus in a concentration-
dependent manner without reducing the mean amplitude of
the quantal unit. These results confirm that the u- and J-
opioid agonists act presynaptically to reduce the release of
acetylcholine rather than postsynaptically to reduce the
response to acetylcholine.

U~ and é-receptors are present on the same preganglionic
nerve terminals

The ovoid nature of mouse hypogastric ganglion neurones
and the all-or-nothing nature of the e.p.s.ps recorded are con-
sistent with the e.p.s.p. arising from stimulation of only a
single preganglionic nerve fibre (Rogers et al., 1990). In 34 neu-
rones it was found that DSLET (100nM) and DAMGO
(300nM) both depressed the e.p.s.p. in the same neurone.
However, this was not due to DSLET and DAMGO activat-
ing the same opioid receptors since the response to DSLET
was antagonized by ICI 174864 (300 nM), whereas the response
to DAMGO was unaffected by this drug, but was antagonized
by naloxone (100nm) (Figures 3 and 6). Furthermore, the
depression of the ep.s.p. by a maximal concentration of
DSLET or DAMGO was not increased when the agonists
were applied simultaneously (data not shown). If the u- or -
receptors were present on separate fibres one would expect the
effects of the agonists to be additive. Therefore, these results
demonstrate that DSLET and DAMGO depressed the e.p.s.p.
by activating different opioid receptor types (6- and
u- respectively) present on the same preganglionic nerve ter-
minal.

Figure 6b illustrates the relative potencies of DSLET,
DPDPE and DAMGO at depressing the e.p.s.p. recorded in a
single neurone. In this neurone the e.p.s.p. had been rendered
subthreshold for action potential initiation by the addition of
hexamethonium (1 mMm) to the bathing medium. There was
almost no difference in the potencies of the three agonists. In
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Figure 5 Quantal analysis of the inhibitory action of [D-Ser?,Leu®,
Thr®]enkephalin (DSLET) on synaptic transmission in a single mouse
hypogastric ganglion neurone. When the ganglion was superfused
with a Krebs solution containing 0.3mMm calcium and 3mM magne-
sium preganglionic fibre stimulation (1 Hz) evoked e.p.s.ps which were
subthreshold for action potential initiation. (a) Shows an amplitude-
frequency distribution for evoked e.p.s.ps obtained after 10 min in the
low calcium/high magnesium solution. Thereafter DSLET (10 nm) was
applied; the amplitude-frequency distribution shown in (b) was
obtained after 3min exposure to this concentration of DSLET. The
concentration of DSLET was then increased to 100nM and the
amplitude-frequency distribution shown in (c) was obtained after
3min exposure to this concentration of DSLET. The abscissa scales
show the amplitude of responses and the ordinate scales the frequency
of occurrence. The arrow indicates the mean amplitude of the quantal
unit calculated as described in the Methods. N is the number of
stimuli and m the mean number of quanta released per stimulus. The
neurone illustrated here is listed as neurone 3 in Table 1.

this experiment the IC5, values (concentrations required to
depress the e.p.s.p. by 50%) were DAMGO 38nM, DSLET
46 nm and DPDPE 59 nm.

Effect of potassium channel blocking agents on opioid
inhibition of the e.p.s.p.

Although electrophysiological studies have revealed the ionic
conductance changes resulting from activation of u-, 6- and
Kk-receptors on the somata of various types of neurones, very
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Figure 6 Concentration-dependent depression by [D-Ser?Leu’,
Thr®)enkephalin (DSLET), [D-Pen?,p-Pen®]enkephalin (DPDPE)
and [p-Ala?2,NMePhe* Gly-ol*Jenkephalin (DAMGO) of subthresh-
old synaptic potentials recorded in mouse hypogastric ganglion neu-
rones. In the neurones illustrated in (a) and (b), a combination of
membrane hyperpolarization by 5-10mV from rest and addition of
hexamethonium (1 mMm) rendered the e.p.s.p. evoked by stimulation of
the preganglionic fibre with single pulses (0.017 Hz) subthreshold. (a)
E.p.s.ps evoked in a single neurone in the absence of opioid or after
Smin exposure to DSLET or DAMGQO. In (b) a range of concentra-
tions of DSLET (M), DPDPE (¢) and DAMGO (A) were each
applied to a single neurone for 5 min. The preparation was washed for
10min between each application of drug. Results are expressed as the
percentage depression of the e.p.s.p. against the logarithm of the
agonist concentration. The depression produced in this neurone by
DSLET (100 nmM) or DPDPE (300 nM) but not by DAMGO (300 nm)
was reversed by ICI 174864 (300nM), whereas the depression pro-
duced by DAMGO (300 nM) was reversed by naloxone (100 nm),
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Table 1 Quantal analysis of the action of opioids to inhibit synaptic transmission in the mouse hypogastric ganglion

Neurone
A number Control
1 X 1.57 £ 0.21
m 0.34
q.u. 4.61 + 0.62
2 X 3.13 + 036
m 0.53
q.u. 591 + 0.68
3 X 5.00 + 0.30
m 1.76
q.u. 2.84 + 0.16
4 X 8.27 + 0.64
m 272
q.u. 394 +0.23
5 X 0.58 + 0.10
m 033
q.u. 1.76 + 0.30
6 X 5.80 + 0.70
m 1.44
q.u. 399 + 048
Neurone
B number Control DAMGO 10nm
3 X 1.60 + 0.18 0.81 +0.14
m 0.58 0.28
q.u. 2.76 + 0.19 2.89 + 048
7 X 277 + 0.22
m 0.69
q.u. 4.01 +0.32
8 X 290 + 035 0.51 +0.10
m 1.07 0.22
q.u. 271 + 033 2324+ 045

DSLET 10nm DSLET 100nM
0.20 + 0.08

0.04
4.82 + 1.86

0.86 + 0.20
0.13
6.61 + 1.54

0.96 + 0.15
0.28
3.10 +£ 048

4.53 +0.39
1.17
387 +034

0.20 + 0.06
0.13
1.54 + 0.46

0.78 + 0.19
0.30
2.58 + 0.60

0.06 + 0.08
0.05
220+ 1.25

2.96 + 0.29
0.74
4.00 + 0.39

DAMGO 30nm DAMGO 100 nm DAMGO 300 nm
0.38 + 0.09
0.13

292 + 0.69

1.63 + 0.20
0.37
441 + 0.54

045 +0.11
0.15
3.00 +0.73

0.27 + 0.08
0.07
370 + 1.10

The results are from quantal analysis performed on 6 neurones to which [D-Ser?,Leu®, Thré]enkephalin (DSLET) was applied (A), and 3
neurones to which [D-Ala2, NMePhe* ,Gly-ol*]enkephalin (DAMGO) was applied (B). When the ganglion was superfused with a Krebs
solution containing 0.3 mM calcium and 3 mM magnesium preganglionic fibre stimulation (1 Hz) elicited e.p.s.ps which were subthreshold
for action potential initiation. Control data were obtained after 10min in the low calcium/high magnesium solution. Thereafter, either
DSLET or DAMGO, at the concentrations indicated, was applied for 3min before data were collected. In some neurones increasing
concentrations of each opioid were added cumulatively, each concentration being applied for 3 min before data collection. DSLET and
DAMGO were applied to neurone 3 with a 15min wash between the application of the different agonists. X is the mean response to a
single stimulus over 100 to 200 stimuli: m is the mean number of quanta released per stimulus and was calculated as described in the
Methods. The mean amplitude of the quantal unit (q.u.) was obtained by dividing X by m.

little is known of the ionic mechanism(s) by which opioids
inhibit transmitter release. Several potassium channel blockers
have been shown to reduce or abolish the somatic, outward
potassium current resulting from u-receptor activation on the
somata of locus coeruleus neurones (Cherubini et al., 1985;
Cherubini & North, 1985; North & Williams, 1985). In the
present study, the effects of two potassium channel blocking
agents, barium and quinine, on the opioid depression of the
e.p.s.p. were examined to gain insight into whether a pot-
assium conductance was involved in the u- or -opioid inhibi-
tion of the e.p.s.p.

Application of barium (1 mm), but not quinine (100 uM),
depolarized neurones by 10-20mV and increased input resist-
ance. Therefore in experiments with barium the membrane
potential was manually clamped back to the pre-barium level
by injection of hyperpolarizing, direct current. In the presence
of barium (1mM; n = 6) the eps.p. increased in amplitude
from 14.3 + 3.0mV to 22.4 + 4.5mV, whilst in the presence of
quinine (100uM, n = 3) it decreased from 15.8 + 3.8mV to
7.8 + 1.7mV. The depression of the e.p.s.p. by DSLET and
DAMGO was reduced but not abolished in the presence of
either potassium channel blocking agent (Table 2). Barium
appeared to reduce the effect of DSLET less than that of
DAMGO, but the difference was not statistically significant.

Discussion

Neurones lying within the mouse hypogastric ganglion have a
simple morphology, being ovoid in shape and giving rise to a
single axonal process (Rogers et al., 1990). They appear to lack
completely dendritic processes. In several species, including
the mouse, ganglion neurones which lack dendritic processes
receive only a single synaptic input (Tabatabai et al., 1986;
Snider, 1987; Purves et al., 1988; Rogers et al., 1990). Activa-
tion of the presynaptic input gives rise to an all-or-nothing,
suprathreshold e.p.s.p. (Blackmann et al., 1969; Holman et al.,
1971; Tabatabai et al., 1986; Snider, 1987; Purves et al., 1988).
Physiologically these ganglia appear to function as simple
relays. The simplicity of the anatomical arrangement has per-
mitted us to investigate the mechanisms by which opioids
modulate synaptic transmission. In the mouse hypogastric
ganglion activation of either u- or d-opioid receptors
depressed the nicotinic e.p.s.p., apparently by altering
stimulus-secretion coupling in the presynaptic nerve terminal.
The selective activation of - and u-receptors by DSLET and
DAMGO respectively was confirmed by the selective antago-
nism of responses to DSLET but not DAMGO by the é-
receptor antagonist ICI 174864 (Cotton et al., 1984).
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Table 2 Effect of barium and quinine on the depression by [D-Ser?Leu® ThréJenkephalin (DSLET) and [D-Ala?,NMePhe* Gly-
ol*Jenkephalin (DAMGO) of the e.p.s.ps in mouse hypogastric ganglion neurones
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% inhibition % inhibition

Control Barium Ratio (n) Control Quinine Ratio (n)
DSLET (100 nM) 68.8 + 5.0 524 + 6.3* 0.74 £+ 0.05 (&) 727 +9.1 52.7+58 0.76 + 0.14 A3)
DAMGO (300 nM) 60.6 + 7.1 31.6 + 5.0* 0.55 £ 0.11 (&) 63.0 + 104 37.7 £ 130 0.60 + 0.15 3)

In the neurones used in this study stimulation of the preganglionic fibre with single pulses (0.017 Hz) in the presence of hexamethonium
(1 mMm) evoked subthreshold, all-or-nothing e.p.s.ps. Barium (1 mM) or quinine (100 uM) was added to the superfusate for 15min before
reapplying DSLET or DAMGQO. Data are given as mean + s.e.mean. The asterisk indicates statistically significant difference (P < 0.05)

from control.

Our experiments suggest that u- or d-receptor activation
depressed the e.p.s.p. by an action on the preganglionic nerve
terminal. Neither u- nor J-agonists had any effect on the
resting membrane potential or input resistance of the postgan-
glionic neurone, suggesting that the depression of the e.p.s.p.
was not secondary to the activation of a postganglionic con-
ductance. Also, the response of the postganglionic neurone to
exogenous acetylcholine was not depressed by concentrations
of DSLET and DAMGO which were supramaximal for the
inhibition of the e.p.s.p.

Furthermore, the results of the analysis of the effects of
opioids on the quantal content of the e.p.s.ps support a pre-
synaptic locus of action. The distribution of e.p.s.p. amplitudes
observed was consistent with a Poisson distribution, as the
range of amplitudes did not exceed that predicted by the value
of m. Also, the number of e.p.s.ps measuring between zero mV
and the amplitude of the quantal unit was approximately half
the value of the first term of the calculated distribution (Del
Castillo & Katz, 1954). Opioids were shown to depress the
mean amplitude of the e.p.s.p. in a concentration-dependent
manner. However, this was due to a reduction in the number
of quanta constituting an e.p.s.p. and not due to a reduction in
the amplitude of the response evoked by a single quanta. This
is entirely consistent with an action at a presynaptic locus, as
opposed to a reduction in the response of the postganglionic
neurone to acetylcholine.

Opioids have long been known to depress neuro-effector
transmission in the mouse vas deferens (Henderson et al.,
1972). Thus, both the preganglionic and postganglionic ter-
minals of the sympathetic outflow to the vas deferens possess
opioid receptors. However, the distribution of opioid receptor
subtypes is different in that the preganglionic terminals bear
only u- and é-receptors, whereas postganglionic terminals in
the mouse vas deferens bear u-, - and x-receptors (Ramme &
Illes, 1986). The potency of u-agonists to depress transmitter
release from preganglionic nerve terminals and postganglionic
terminals is similar whereas, J-receptor agonists are 20-40
fold more potent at the postganglionic terminals suggesting
that there is a larger reserve of d-receptors on postganglionic
terminals (Rogers & Henderson, unpublished observations).

In autonomic ganglia, a number of workers have previously
shown that opioids and opioid peptides depress ganglionic
transmission by inhibiting transmitter release (Konishi et al.,
1979; 1986; Dun & Karczmar, 1979; Fileccia & Julé, 1983;
Katayama & Nishi, 1984; Kennedy & Krier, 1987; Balayadi
et al., 1988; Hirai & Katayama, 1988). However, in the mouse
hypogastric ganglion we have shown, for the first time, that
both u- and J-receptor activation inhibits transmitter release.
In addition, we have previously found that e.p.s.ps evoked by
focal stimulation arise from the stimulation of a single strong
fibre input (Rogers et al., 1990). Thus the present finding that
activation of either u- or o-receptors depresses the same
e.p.s.ps in all neurones tested is strong evidence for the co-
localisation of both u- and J-receptors on the same pregan-
glionic terminal. The lack of an additive effect of maximally
effective concentrations of u- and d-agonists when applied
simultaneously, supports this conclusion.

It would appear that in the mouse hypogastric ganglion
there is a large safety factor for synaptic transmission, typical
of other simple ganglia, which apparently prevents the opioids
from blocking transmission. Activation of opioid receptors did

not, in general, completely block synaptic transmission. Large
e.p.s.p./action potential complexes remained suprathreshold
for action potential initiation in the presence of opioids,
despite considerable reduction in e.p.s.p. amplitude. E.p.s.ps
that were just suprathreshold for action potential initiation
were rendered subthreshold by opioids but this type of syn-
aptic response was only rarely observed. This raises the ques-
tion as to whether the opioid receptors present on these nerve
terminals have any physiological significance. Enkephalin-like
immunoreactivity has been detected in baskets of nerve fibres
surrounding these ganglion neurones (M. Costa, J.B. Furness
& G. Henderson, unpublished observations); thus an endoge-
nous ligand for u- and J-receptors is present in the vicinity of
the receptors.

We have attempted to define whether opioid activation of a
potassium conductance in the preganglionic terminals under-
lies the depression of the e.p.s.p. Electrophysiological experi-
ments monitoring somatic membrane responses have shown
that both u- and J-receptors are functionally coupled to the
activation of a potassium conductance (North & Tonini, 1977;
Pepper & Henderson, 1980; Werz & Macdonald, 1983;
North & Williams, 1985; Mihara & North, 1986). Excitability
testing on nerve processes in the cortex (Nakamura et al.,
1982) and spinal cord (Carstens et al., 1979) has detected an
increase in membrane conductance following local application
of opioids. The somatic potassium conductance activated by
opioids can be blocked by extracellularly applied barium or
quinine (North & Williams, 1983; 1985; Cherubini et al.,
1985; Cherubini & North, 1985). In the presence of barium
the inhibition of the e.p.s.p. by DAMGO in the mouse hypo-
gastric ganglion was reduced by 45%, whilst that produced by
DSLET was reduced by only 25%. Interestingly, in the pre-
sence of quinine there was only a slight, non-significant
reduction in the u- and é-receptor mediated inhibition of the
e.p.s.p. Thus, it seems unlikely that an increase in potassium
conductance is the sole mechanism by which x- and 6 receptor
activation results in inhibition of transmitter release. It has
also been demonstrated that both u- and é-receptor activation
directly reduces neuronal, voltage-dependent calcium conduc-
tances (Tsunoo et al., 1986; Hescheler et al., 1987; North et al.,
1988; Bean, 1989; McFadzean & Docherty, 1989; Seward et
al., 1989). It is of note that in the low calcium solution used in
our quantal release studies, the inhibition of the e.p.s.p. was
greater at lower concentrations of DSLET and DAMGO than
that observed in normal Krebs. This would be consistent with
opioids having a direct inhibitory action on calcium influx in
the preganglionic nerve terminals. However, we cannot
exclude other mechanisms for inhibition of transmitter release
which do not involve potassium or calcium conductances, as
has recently been described for the inhibitory neuropeptide
Phe-Met-Arg-Phe-NH, (Man-Son-Hing et al., 1989).

In conclusion, in the mouse hypogastric ganglion, both u-
and d-receptor activation results in a reduction of transmitter
release from the same preganglionic nerve terminals. The
mechanism by which opioids inhibit transmitter release does
not appear to be entirely by an increase in the potassium con-
ductance of the preganglionic terminal.

Supported by a grant from the MRC: H.R. held an MRC Research
Studentship.
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Characterization of 5-HT; and ‘atypical’ 5-HT receptors
mediating guinea-pig ileal contractions in vitro

!R.M. Eglen, S.R. Swank, L.K.M. Walsh & R.L. Whiting

Institute of Pharmacology, Syntex Research, 3401 Hillview Ave., Palo Alto, CA 94304, U.S.A.

1 Neuronal 5-hydroxytryptamine (5-HT) receptors mediating contraction of guinea-pig ileal segments
have been characterized in vitro by the use of methysergide to block 5-HT,-like and 5-HT, receptors.
Concentration-response curves to 5-HT were biphasic (first phase, defined as those responses occurring
between 1nm and 0.32um 5-HT, —log EC,, = 7.15 + 0.08; second phase, defined as these responses
occurring between 0.32um and 32um 5-HT, —log ECs, = 5.32 + 0.03) but monophasic to 5-
methoxytryptamine (—log ECso = 7.0 + 0.08) and 2 methyl S-HT (—log ECso =52 1 0.13). The
maximal response of the first phase to 5-HT and the maximal response to 5-methoxytryptamine were
30+ 4% and 35+ 5% respectively of the maximum response to the second phase of the 5-HT
concentration-effect curve (set at 100%). In contrast, the maximal response to 2-methyl-5-HT equalled
that obtained with 5-HT (second phase).

2 The responses comprising the second phase of the concentration-effect curve to 5-HT were antago-
nized by 1 um ICS 205-930, ondansetron, granisetron, quipazine, N-methyl-quipazine and (R,S)-zacopride
and the following pKy values, with 5-HT as the agonist, were obtained at the 5-HT, receptor: ICS
205-930 7.61 + 0.05, ondansetron 6.90 1+ 0.04, granisetron 7.90 + 0.04, (S)-zacopride 8.11 + 0.06, (R,S)-
zacopride 7.64 + 0.11, and (R)-zacopride 7.27 + 0.06.

3 Under conditions of 5-HT,-like, 5-HT, and 5-HT; receptor blockade, the following rank order of
agonism was observed: 5-HT > 5-methoxytryptamine = renzapride > (S)-zacopride > (R,S)-zacopride
> 5-carboxamidotryptamine > BRL 24682 > (R)-zacopride > metoclopramide > 2-methyl-5-HT > sul-
piride.  8-Dihydroxydiphenylaminotetralin (8-OHDPAT), GR 43175, N,N-dipropyl-5-carbo-
xamidotryptamine, ondansetron, ICS 205-930, granisetron, quipazine and N-methyl-quipazine were
inactive as agonists and antagonists. Relative to 5-HT, (R,S)-zacopride acted as a partial agonist (intrinsic
activity, o = 0.80; —log EC;, = 6.3 + 0.12; —log K, = 6.1 + 0.03) as did (R)-zacopride (x = 0.4, —log
EC,o 5.7 £ 0.08, —log K, = 5.5 + 0.11). (S)-zacopride acted as a full agonist (—log ECs, = 6.9 + 0.03).
ICS 205-930 (3 uM) antagonized competitively responses to 5-HT, 5 methoxytryptamine, (R,S)- and (S)-
zacopride and 5-carboxamidotryptamine yielding —log K estimates ranging from 6.1-6.5.

4 1t is concluded that two different 5-HT receptors mediate excitatory neuronal responses in the guinea-
pig ileum. 5-HT, receptors mediate the second phase of the biphasic concentration-response curve,
whereas a receptor with properties distinct from the 5-HT,-like, 5-HT, and 5-HT, subtypes mediates the
initial phase of the concentration-response curve. This receptor, which exhibits a close similarity to the
5-HT, subtype is: (1) stimulated by 5-methoxytryptamine but not 2-methyl-5-HT; (2) stimulated selec-
tively by certain substituted benzamides; (3) recognizes the optical isomers of zacopride and (4) is blocked
by relatively high concentrations ICS 205-930 (pK; = 6.0-6.5) but not ondansetron, granisetron, quipa-

zine or N-methyl-quipazine.

Introduction

Gaddum & Picarelli (1957) showed that directly and indirectly
mediated responses to 5-hydroxytryptamine (S-HT) receptors
evoked contractions of guinea-pig ileum. They termed these
receptors D and M, respectively. The indirect responses are
sensitive to atropine and involve the release of acetylcholine
(Clarke et al., 1989). 5-HT receptors have been most recently
classified as 5-HT,-like, 5-HT, and 5-HT, (Bradley et al.,
1986). The 5-HT, subtype, which corresponds to the M recep-
tor (see Clarke et al, 1989 for discussion), is selectively
antagonized in the guinea-pig ileum by ICS 205-930 (pA, =
8.0, Richardson et al., 1985), renzapride (BRL 24924; pA, =
7.3, Sanger, 1987), granisetron (BRL 43694; pA, = 7.8, Sanger
& Nelson, 1989), zacopride (pA, = 8.5, Smith et al., 1988) and
ondansetron (GR 38032F ; pA, = 7.0, Butler et al., 1988).
Studies on guinea-pig isolated longitudinal ileal muscle
strips (Kilbinger & Pfeuffer-Freidrich, 1985; Buchheit et al.,
1985) have revealed a biphasic concentration-response curve
to 5-HT which is sensitive to tetrodotoxin (TTX) and it has
been suggested that two different 5-HT receptors may modu-
late excitatory neuronal activity. The second component of
the biphasic concentration-response curve to S-HT is due to
stimulation of 5-HT, receptors but the receptor mediating the

! Author for correspondence.

initial, high potency, phase of the curve has not been exten-
sively characterized. The initial phase, however, has been
shown to be insensitive to blockade by ICS 205-930 (up to
1 umM), granisetron and ondansetron (Buchheit et al, 1985;
Sanger & Nelson, 1989; Butler et al, 1985) confirming the
lack of involvement of 5-HT, receptors. Similar experiments
undertaken in the presence of methysergide (Costa & Furness,
1976; Buchheit et al., 1985) indicate that the responses at the
initial, high potency phase appear to be unrelated to stimu-
lation of 5-HT,-like or 5-HT, receptors.

Taken together the data on the unstimulated ileum
(Buchheit et al., 1985) suggest that a 5-HT receptor which acts
to modulate excitatory neuronal activity, is present in the
ileum but is distinct from 5-HT,-like, 5-HT, or 5-HT, sub-
types as currently defined (Bradley et al., 1986; Myelcharane,
1989). The aim of the present study was to examine this
‘orphan’ 5-HT receptor on the isolated, quiescent ileum of the
guinea-pig.

Methods

Portions of ileum (dissected 1.5cm distal to the ileocaecal
junction) were removed from male, Dunkin-Hartley guinea-
pigs (350400 g) which had been killed by CO, asphyxiation.
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Whole segments of ileum were gently flushed intraluminally
with warm Tyrode solution (pH 7.4, 37°C) and prepared by
the method described by Edinburgh Staff (1968). The com-
position of the Tyrode solution was (mm): NaCl 136.9, KCl
2.7, MgCl, . 6H,0 1.2, NaH,PO, 1.2, glucose 10.0, NaHCO,
25.0 and CaCl, - 6H,0 2.5. It was continually gassed with 5%
0,/95% CO,. Methysergide was added at a concentration of
1uM as described by Smith et al. (1988) in order to exclude
any potential effects of 5-HT,-like or 5-HT, receptor stimu-
lation. Portions (1.5 cm) of intact ileum were placed in Tyrode
solution under 1.0 g tension and allowed to equilibrate for 60
min. During this period the bathing solution was replaced
every 15 min. Preliminary experiments (R.M. Eglen, unpub-
lished observations) showed that the tissues responded with
an initial contracture when exposed to methysergide. The con-
tracture did not persist and the baseline tension was re-
attained within 5 min. The inclusion of 1 uM methysergide did
not significantly affect the potency of 5-HT, a finding which is
in agreement with that of Buchheit et al. (1985). However, all
experiments were conducted in the presence of methysergide
because Costa & Furness (1972) have demonstrated the con-
verse.

Ileal responses were measured by determining changes in
isometric tension (mg), with a Hugo Sachs K30 force trans-
ducer and a Graphtec-Watanabe Linearecorder WR3101.

In all experiments, tissues were exposed to 50mm KCI for
3min to obtain an estimate of the maximal size of contraction
of the preparation (4.81 + 0.06 g, mean + s.e.mean, n = 103).
The tissues were washed and allowed 15min to re-attain
baseline tension. Concentration-response curves were then
constructed, in a non-cumulative fashion, to 5-HT (1 nm-
32umM) with an agonist exposure period of 30s on a Smin
dose-cycle. After the final agonist exposure, the tissues were
washed and left for 60min. During this 60min recovery
period, the bathing solution was replaced every 15Smin after
which another agonist concentration-response curve was con-
structed.

In studies with antagonists, the ileum was equilibrated with
a particular antagonist during the 60 min recovery period, and
the antagonist was retained in the bath during construction of
the subsequent concentration-response curve. Only one
antagonist was exposed to each ileal segment, and parallel
control studies were always undertaken to correct for changes
in sensitivity of the tissue to 5-HT.

To obtain an accurate estimation of the dissociation con-
stants of antagonists at the 5-HT, receptors, the technique of
Fozard (1985) was employed. The preparations were placed in
10 uM S-methoxytryptamine for the duration of the experi-
ment, which selectively removed the initial component of the
5-HT concentration-response curve, the remaining S-HT
responses being mediated through 5-HT, receptors. Prelimi-
nary experiments showed that inclusion of S5-methoxytrypta-
mine did not affect responses of the preparation to carbachol,
histamine, substance P, 1,1-dimethyl-4-phenylpiperazinium
iodide (DMPP) or KCl (data not shown).

In separate studies, the effect of catecholamine depletion on
5-HT responses was assessed in animals that had been
pretreated with reserpine (Smgkg™!, ip.) 18h before they
were killed, a procedure that has been previously shown to
remove the responses to tyramine (Eglen & Whiting, 1989).

Analysis of results

The methods used to determine agonist potencies (—log
EC,,) were similar to those described by Buchheit et al.
(1985). The potencies from monophasic concentration-
response curves were characterized by non-linear iterative
fitting procedures (Parker & Waud, 1971) calculated with RS1
software (BBN Software Products Corp., Cambridge, MA,
U.S.A). Biphasic concentration-response curves were charac-
terized as follows: the maxima for each phase of the curve
were determined graphically, and the —log EC;, values were
calculated with respect to the two phases, defined as follows.

The —log EC;, values determined at the initial phase (defined
as those responses occurring between 1nM and 0.32 um 5-HT)
were denoted as —log EC, and the maximal response denoted
as max,. The —log EC,, value determined at the second
phase (defined as those responses occurring between 0.32 uM
5-HT and 32um 5-HT) was denoted as —log EC, and the
maximal response as max, .

In some experiments, the dissociation constants for partial
agonists were calculated according to the method of Barlow et
al. (1967). Equiactive concentrations of 5-HT and the partial
agonist were plotted in a double reciprocal fashion, with the
former values plotted on the ordinate scale and latter values
plotted on the abscissae. The intercept with the ordinate scale
and slope of the resulting straight line were determined by
linear regression. The dissociation constant (expressed as the
—log K,) was calculated from the relationship:

slope
—log K, = —1 .
08 %A °8 (interoept)

Antagonists

The antagonist dissociation constants were determined in two
ways. Firstly, where the concentration-response curves were
dextrally shifted in parallel, with no reduction in maxium
response, the pA, values were calculated by the method of
Arunlakshana & Schild (1959). The slope and the intercept of
the resulting straight line with the abscissae were determined
by linear regression. Secondly, in experiments where a single
concentration of antagonist was used, the method employed
was that described by Furchgott (1972). The —log Ky values
were calculated according to the following relationship:

[antagonist]
—log Ky = —log | —————m).
08 B °8 (dose-ratio -1

Statistics

Statistical differences were assessed by Student’s ¢ test, with
P < 0.05 being considered as significant; all values quoted are
the mean + s.e.mean from 6-10 experiments.

Drugs used

The following compounds were synthesized in the Institute of
Chemistry, Syntex Research: ( 4 )-pindolol, atenolol, BRL
24682 (4-amino-N(N-methyl-8-azabicyclo[3.2.1]-5-chloro-2-
methoxy benzamide), renzapride (BRL 24924 ()-endo-4-
amino-5-chloro-2-methoxy-N-(1-azabicyclo[3.3.1]non-4-yl)
benzamide), granisetron (BRL 43694; N-endo-9-methyl-9-
azabicyclo [3.3.1] non-3-yl)-1-methyl-indazole-3-carbexamide),
5-carboxamido-tryptamine, N,N-dipropyl-5-carboxamido-
tryptamine, ondansetron (GR 38032F, 1,2,3,9-tetrahydro-3-
[(methyl-imidazol-1-yl)methyl]-9-methyl-4H-carbazol - 4 - one),
GR 43175 (3-[2-dimethyl-amino]ethyl-N-methyl-1H-indole-5-
methane- sulphonamide), N-methylquipazine, rauwolscine,
(R,S)-zacopride, (S)-zacopride and (R)-zacopride. Reserpine
(Serpasil) was purchased from Ciba-Geigy. Methysergide was
generously donated by Sandoz, Research Institute, N.J,,
U.S.A. ICS 205-930 ((3a-tropanyl)-1H-indole-3-carboxylic acid
ester), 8-OHDPAT (8-dihydroxydiphenylaminotetralin), sulpi-
ride, metoclopramide and quipazine were purchased from
Research Biochemicals Ltd. 5-Methoxytryptamine was
obtained from Aldrich, and the remaining compounds were
obtained from Sigma Chemical Co. Ltd.

Results

Studies conducted in the presence of 5-HT ,-like and
5-HT, receptor blockade

The contractile responses to S-HT were rapid in onset and
accompanied by a fade phenomenon, particularly at high
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Figure 1 Recordings of representative responses to  5-

hydroxytryptamine (5-HT) in the segments of whole ileum from
guinea-pig. Shown are responses to S-HT in the absence (a) or pre-
sence (b) of 0.1um ICS 205-930. Methysergide (1uM) was present
throughout each experiment. Concentrations of 5-HT were added, at
points indicated by the closed triangles, in 3 fold molar incremental
increases in concentration. The exposure period was 30s.

(>1um) concentrations (Figure 1a). The concentration-
response curve to 5-HT was biphasic, consisting of an initial
phase occurring between 5-HT concentrations of 3.2nM and
0.32 uM and a second phase which occurred between 1 um and
32um 5-HT. The —log EC, value for 5-HT was 7.15 + 0.08,
and the —log EC, value was 532+ 0.03. The maximal
responses at each phase were: max, = 33.4 + 0.02%; max, =
100%. No evidence of desensitization was evident with a
60min recovery period between consecutive S5-HT
concentration-response curves. In time control experiments,
the first concentration-response curves exhibited a mean —log
EC, of 720 + 0.11 and a mean —log EC, of 5.35 + 0.08,
whereas the second concentration-response curve exhibited a
—log EC, of 723 +0.06 and a —log EC, of 529 + 0.11
(Figure 2). The maximal responses of either phase were also
similar in the two curves.

The data obtained with 5-HT in the absence and presence
of various antagonists are summarised in Tables 1 and 2. The
effect of tetrodotoxin, which inhibits neuronal depolarization
by blocking sodium channels (Gershon, 1967) and morphine,
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Figure 2 Concentration-response curves to 5-hydroxytryptamine (5-
HT) in segments of whole ileum: (Q) initial concentration-response
curve; (@) second curve to 5-HT, after an interval of 60 min. Values
are mean, from 6-10 preparations with the vertical bars indicating
s.e.mean.

which inhibits acetylcholine release (Ganatra et al., 1979), were
studied. In the presence of tetrodotoxin (1 uM), the responses
to 5-HT in the initial phase of the curve were abolished (Table
1). However, the second phase of the concentration-response
curve was shifted slightly to the right but the maximum
response was greatly reduced (Table 2). Similar results were

Table 1 Effect of antagonists on 5-hydroxytryptamine (5-HT) responses occurring in the initial phase of the concentration-response

curve
Control + Antagonist

Antagonist —log EC, % max, —log EC, % max,
TTX (1 um) 7.52 £ 0.03 36+3 abolished
Morphine (10 um) 7.38 £ 0.11 22+4 abolished
Atropine (0.1 uM) 7.51 + 0.06 43+3 7.35+0.10 124£2°
Atropine (1 uMm) 7.62 + 0.08 25+ 8 abolished
Physostigmine (0.1 um) 7.83 +0.11 28+ 5 7.52 +0.18* 90 + 18°
Propranolol (1 um) 7.48 + 0.09 38+4 735+ 0.13 35+2
Atenolol (1 M) 7.53 £0.13 35+5 7.52 + 0.09 3617
Pindolol (1 um) 7.61 + 0.04 36+ 2 7.59 + 0.11 38+4
ICI 118551 (1 um) 7.55 + 0.07 38+7 7.62 + 0.14 40+5
Phenoxybenzamine (0.1 um)° 7.54 + 0.06 38+5 abolished
Phentolamine (1 um) 7.52 + 0.09 38+9 743 +0.11 3448
Prazosin (1 uM) 7.55 £ 0.04 35+4 7.48 + 0.03 34+5
Rauwolscine (1 uM) 7.35 + 0.08 34+5 6.85 + 0.04* 25+ 3%
Ondansetron (1 uM) 7.49 + 0.07 36+ 4 7.54 + 0.13 38+5
Granisetron (1 uM) 7.58 + 0.09 34+8 7.62 £ 0.11 37+6
ICS 205-930 (1 um) 7.53 £ 0.11 32+6 7.44 + 0.04 28 +4
Quipazine (1 uM) 7.46 + 0.08 3749 7.38 +0.12 35+ 6
N-methylquipazine (1 uM) 7.69 + 0.04 38+7 7.59 £ 0.11 36+9
(R,S)-zacopride (1 uM) 7.78 £ 0.11 35+4 7.32 £ 0.14 84+ 2°

Values are mean + s.e.mean, n = 6-10.
* Significantly different (P < 0.05) from control —log EC, value.
® Significantly different (P < 0.05) from control % max, value.

° Phenoxybenzamine was allowed 60 min to equilibrate and the second curve to 5-HT was constructed in the presence of phenoxybenz-

amine.
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Table 2 Effect of antagonists on 5-hydroxytryptamine (5-HT) responses occurring in the second phase of the concentration-response

curve
Control + Antagonist

Antagonist —log EC, % max, —log EC, % max,
TTX (1 M) 5.81 + 0.06 100 5.61 + 0.11* 12+2°
Morphine (10 um) 5.73 + 0.08 100 5.24 + 0.08* 38 +4°
Atropine (0.1 uM) 5.68 + 0.11 100 5.18 + 0.12* 34 + 8°
Atropine (1 uMm) 5.75 + 0.03 100 532+ 0.11* 18 + 4°
Physostigmine (0.1 uM) 5.52 £ 0.04 100 543 +0.17 141 + 19®
Propranolol (1 um) 5.69 + 0.08 100 5.63 + 0.05 100
Atenolol (1 um) 5.71 £ 0.11 100 5.73 £ 0.08 100
Pindolol (1 um) 5.75 £ 0.04 100 5.69 + 0.14 100
ICI 118551 (1 um) 5.77 £ 0.07 100 5.81 +0.11 100
Phenoxybenzamine (0.1 um)° 5.72 +£ 0.08 100 5.75 + 0.09 30 + 4°
Phentolamine (1 um) 5.73 £ 0.04 100 5.88 + 0.06 100
Prazosin (1 um) 5.68 + 0.11 100 5.73 + 0.04 100
Rauwolscine (1 uM) 5.63 + 0.04 100 5.59 + 0.08 100
Ondansetron (1 uM) 5.64 + 0.14 100 abolished* —
Granisetron (1 um) 5.66 + 0.18 100 abolished* —
ICS 205-930 (0.1 um) 5.73 £ 0.08 100 abolished*
Quipazine (1 uM) 5.78 + 0.12 100 abolished*
N-methyl-quipazine (1 um) 5.81 +0.18 100 abolished* —
(R,S)-zacopride (1 M) 5.68 + 0.07 100 abolished® —

Values are mean + s.e.mean, n = 6-10.
* Significantly different (P < 0.05) from control —log EC, value.
® Significantly different (P < 0.05) from control % max, value.

° Phenoxybenzamine was allowed 60 min to equilibrate and the second curve to 5-HT was constructed in the presence of phenoxybenz-

amine.

seen with morphine (10uMm) in that the initial phase of the
concentration-response curve to 5-HT was abolished (Table
1), whereas the second phase was shifted to the right and the
maximum was reduced (Table 2).

Pre-exposure of the tissues to 0.1 um phenoxybenzamine for
a 15min period (when followed by a 45min washout period)
was without significant effect on either component of the
concentration-response curve to 5-HT (data not shown).
However, when phenoxybenzamine (0.1 uM) was equilibrated
with the tissue for 60min and a second concentration-
response curve was constructed in its presence, the initial
portion of the curve was abolished and the second phase
reduced by 70%. In order to assess the effect of phenoxyben-
zamine on direct muscarinic receptor stimulation, identical
experiments were performed with the muscarinic agonist car-
bachol instead of 5-HT. A parallel dextral shift in the
concentration-response curve to carbachol was obtained
(control —log EC,o = 6.52 + 0.04; plus phenoxybenzamine
—log EC;, = 5.53 £ 0.08).

Since phenoxybenzamine also possesses a-adrenoceptor
antagonist activity, further experiments were undertaken in
which different a-adrenoceptor antagonists were used: phen-
tolamine (a non-selective adrenoceptor antagonist), prazosin
(an a,-adrenoceptor selective antagonist) and rauwolscine (an
a,-adrenoceptor selective agonist). There was no significant
effect on either phase of the concentration-response curve to
5-HT established in the presence of either 1 uM phentolamine
or prazosin (Table 1). In the presence of 1um rauwolscine,
however, the initial phase of the 5-HT curve was slightly but
significantly shifted to the right. The maximal response was
also reduced whereas the second phase was unaffected (Tables
1 and 2). The effects of the S-adrenoceptor antagonists, prop-
ranolol and pindolol (non-selective  f-adrenoceptor
antagonists), atenolol (B8,-adrenoceptor selective) and ICI
118551 (B,-adrenoceptor selective) were also studied on the
5-HT responses. At 1uM there was no significant effect of
these compounds on either phase of the 5-HT concentration-
response curve (Tables 1 and 2).

Atropine (0.1 uM) markedly affected the concentration-
response curve to 5-HT, in that both phases were shifted dex-
trally and the maximal responsed were reduced (Figure 3).
Atropine at 1uM completely abolished the initial component

and markedly reduced the second component. Conversely,
physostigmine (0.1 uM) potentiated the maxima of both phases
of the concentration-response curve to 5-HT (Figure 4). The
potency of 5-HT on the initial phase was slightly but signifi-
cantly reduced, whilst no effect was seen on the second phase
(Tables 1 and 2).

The concentration-response curve to the selective 5-HT,
agonist, 2-methyl-5-HT was uniphasic (—log EC,, =54
+ 0.03), and the maximum response was not significantly dif-
ferent from that attained with 10 um 5-HT. The concentration-
response curve to S-methoxytryptamine was also uniphasic
(—log ECso=17.1+008), and the maximum response
(35 + 5%) was not significantly different from that attained by
1 um 5-HT. The responses to S-methoxytryptamine were abol-
ished in the presence of 0.1 um atropine.

Maximal responses to 2 methyl 5-HT were reduced by
80 + 5%. Conversely, in the presence of physostigmine, the
maxima, although not the potency, of responses to 5 methoxy-
tryptamine were enhanced to 63 + 8% of the 5-HT (10 um)
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Figure 3 Concentration-response curves to S-hydroxytryptamine (5-
HT) in the absence (O) or presence of 0.1 uM (@) atropine. Values are
mean, from 6-10 preparations, with vertical bars indicating s.e.mean.
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Figure 4 Concentration-response curves to 5-hydroxytryptamine (5-
HT) in the absence (O) and presence (@) of 0.1 um physostigmine.
Values are mean, from 6-10 preparations, with vertical bars indicating
s.e.mean.

maximal response. Furthermore, the maximal response to 2
methyl 5-HT was increased to 113 + 4% of the maximal 5-HT
(10 uM) response by physostigmine. Ondansetron, quipazine,
N-methyl quipazine and granisetron did not affect the
responses to S5-HT over the initial component of the
concentration-response curve, whereas they antagonized the
second phase of the curve. These data are shown in Tables 1
and 2. Similar results were observed in the presence of 0.1 um
ICS 205-930. However, at higher concentrations of ICS
205-930 (> 1 um), the initial phase of the curve to S-HT was
dextrally shifted in a non-parallel fashion.

The effects of (R,S)-zacopride (10 nM-1 uM) were similar to
ICS 205-930, in that the second component of the
concentration-response curve was abolished, and, in addition,
concentration-dependent reductions in the initial portion of
the 5-HT concentration-response curve were also observed
(Figure 5). During the 60 min exposure of the tissues to zaco-
pride (0.1-10um), a contracture of the tissues was observed
which was maximal after S5min and declined to baseline
tension levels after 40min. This effect was not observed
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Figure 5 Concentration-response curves to 5-hydroxytryptamine (5-
HT) in the absence (O) and presence (@) of 0.1 uM (R,S)-zacopride.
Values are mean, from 6-10 preparations, with vertical bars indicating
s.e.mean.
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with either ICS 205-930, ondansetron, quipazine, N-
methylquipazine or granisetron at the concentrations studied
(1 nM-10 um) (Table 3). The effects seen with (R,S)-zacopride
may not represent receptor blockade, but desensitization since
(R,S)-zacopride acts as an agonist at the site mediating the
initial component (see below).

In the presence of 10um 5-methoxytryptamine and 1um
methysergide, the concentration-response curve to 5-HT was
uniphasic with no evidence of an initial component. Under
these conditions, pA, values versus 5-HT were obtained with
ICS 205-930, ondansetron, granisetron, (R,S)-zacopride, (R)-
zacopride and (S)zacopride (Table 4). All compounds
exhibited Schild slopes which were not significantly different
from unity, with the exception of (R,S)-zacopride. At concen-
trations of granisetron above 0.32uM, the concentration-
response curves to S5-HT were shifted dextrally in a
non-parallel fashion, and were accompanied by a depression
in the maximum. When the unity constraint was imposed, the
following rank order of dissociation constants was found: (S)-
zacopride > granisetron > (R,S)-zacopride = ICS 205-930>
(R)-zacopride > ondansetron (Table 4).

Table 3 Potencies (—log EC,,) and maximal responses
(% max) relative to 5-hydroxytryptamine (5-HT) of agonist
eliciting contractile responses of guinea-pig ileum

Agonist —log EC,, % max
5-HT 7.5 + 0.08 1.0
5-methoxytryptamine 7.0 + 003 1.0
Renzapride 7.0 + 0.06 0.8
(S)-zacopride 6.9 + 0.03 1.0
(R,S)-zacopride 6.3 +0.12 038
(R)-zacopride 5.7 + 0.08 04
S-carboxamidotryptamine 6.1 +0.12 0.6
BRL 24682 59 +0.11 04
Metoclopramide 55+0.12 0.6
Sulpiride >40 —
2-methyl-5-HT inactive —
N,N,-dipropyl-5- inactive —
carboxamidotryptamine
GR 43175 inactive —
B-OHDPAT inactive —
Ondansetron inactive —
ICS 205-930 inactive —
Granisetron inactive —
Quipazine inactive —
N-methyl-quipazine inactive —

Values are mean + s.e.mean, n = 4-8. All agonists studied
between 1nM-10 uM. All studies conducted in the presence of
1M methysergide and 1uM ondansetron to exclude
5-HT,-like, 5-HT, and 5-HT, receptor function.

Table 4 pA, values and Schild slopes of antagonists at
5-HT, receptors in guinea-pig ileum

Antagonist PA, Slope pKy

ICS 205-930 7.62 + 0.10 098 1+ 0.12 7.61 + 0.05
Ondansetron 695 + 0.10 0.88 + 0.11 691 + 0.04
Granisetron® 7.84 + 0.07 1.09 + 0.08 7.90 + 0.04
(R,S)-zacopride 7.86 + 0.24 1.23 + 0.15° 7.64 + 0.11
(R)-zacopride 7.15 + 0.09 1.18 + 0.14 7.27 + 0.06
(S)-zacopride 796 + 0.14 1.15 £ 0.16 8.11 + 0.06

Values are mean + s.e.mean, n = 8-16. All experiments were
conducted in the presence of 10 M 5-methoxytryptamine in
order to desensitize selectively the initial phase of the 5S-HT
concentration-response curve. pKy values are those calcu-
lated after imposing the unity constraint.

* At concentrations of granisetron above 0.32uM, the
maximum and slope of the concentration-response curves
were reduced. Consequently, the pA, values were calculated
with concentrations up to and including 0.32 um.

® Significantly different from unity.
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Table5 Equilibrium dissociation constants (—log Kp) for ICS
205-930 (3 um) at 5-HT receptors mediating ileal contractions
in the presence of 1 uM methysergide and ondansetron (1 um)

Agonist —log Kp

5-HT 6.31 +0.12
5-Methoxytryptamine 6.02 + 0.09
(S)-zacopride 6.26 + 0.13
(R,S)-zacopride 6.52 + 0.14
5-Carboxamidotryptamine 6.10 £ 0.05

Values are mean + s.emean, n = 4-8.

Studies conducted in the presence of 5-HT ,-like, 5-HT,
and 5-HT 5 receptor blockade

In order to characterize further the initial phase of the
concentration-response curve to 5-HT, the preparations were
placed in Tyrode solution containing both 1 zM methysergide
and 1um ondansetron, to exclude responses at 5-HT,-like,
5-HT, and 5-HT, receptors (Buchheit et al., 1985; Richardson
et al., 1985). Under these conditions the concentration-
response curve to 5-HT was uniphasic (Figure 1b). The
potency (—log ECso =72+ 0.12) and maximal response
(34.5 + 6%) to 5-HT were not significantly different from the
potency and maximal response to 5-HT at receptors medi-
ating the initial phase of the concentration-response curve,
when determined in the absence of ondansetron. The
responses to 5-HT were highly reproducible, with no evidence
of desensitization occurring between 2 consecutive
concentration-response curves when established after a 60 min
interval (curve 1, —log EC,s, = 7.2 + 0.05; curve 2, —log
EC;o = 7.3 + 0.08. The maximum responses of the two curves
were not significantly different).

The responses to 2-methyl 5-HT were abolished in the pre-
sence of both methysergide (1uM) and ondansetron (1 um)
whereas responses to 5-methoxytryptamine were not signifi-
cantly affected (—log ECso, = 7.1 + 0.08; maximum = 31
+ 4%). The potencies of 5-HT, S-methoxytryptamine and 2-
methyl 5-HT were also unaffected following reserpine
pretreatment in terms of both EC,, and maximal responses at
both phases of the concentration-response curve (data not
shown).

The potencies (—log EC,, values) and intrinsic activities,
relative to the maximum response to 5-HT (% maximum
response) of a number of agonists at receptors mediating the
contractile response in the presence of 1 uM ondansetron and
1 uM methysergide, are shown in Table 3. The rank order of
agonist potency was S5-HT > 5-methoxytryptamine = (S)-
zacopride = renzapride > (R,S)-zacopride > 5-carboxamido-
tryptamine > BRL 24682 > (R)-zacopride > metoclopramide
> sulpiride = N,N,dipropyl-5-carboxamidotryptamine =
8-OHDPAT = GR 43175 =0. Only 5-HT, 5-methoxytrypt-
amine and (S)-zacopride acted as full agonists. None of the
‘inactive’ compounds antagonized responses to 5-HT after
equilibration for 60 min at a concentration of 1 uMm. As (R,S)-
zacopride and (R)-zacopride acted as partial agonists (Table
4), the dissociation constants (—log K,) were calculated by
the method of Barlow et al. (1967). The —log K, values for
(R,S)- and (R)-zacopride were 6.1 + 0.08 and 5.5+ 0.11,
respectively. The responses to (R,S)-zacopride and its isomers
were abolished in the presence of 0.1 uM atropine, whereas the
maximal response was significantly potentiated in the pre-
sence of 0.1 um physostigmine (98 + 4%). Atropine (0.1 uM)
also abolished the contractile responses to all the other ‘active’
agonists (data not shown).

In separate experiments, the responses to 5-HT, 5-
methoxytryptamine, (S)-zacopride, (R,S)-zacopride and 5-
carboxamidotryptamine were studied in the absence and
presence of a high concentration of ICS 205-930 (3 uM: relative
to its equilibrium dissociation constant at 5-HT, receptor; see
above). To eliminate completely the possibility of an inter-
action at 5-HT, receptors, 1 um ondansetron was also present

throughout the experiment. The concentration-response
curves to the agonists were shifted dextrally in a parallel
fashion by ICS 205-930. It can be seen that the —log Ky
values of ICS 205-930 obtained with these agonists were very
similar (Table 5). In order to study the specificity of action of
ICS 205-930, the effect of 10 um ICS 205-930 against responses
to carbachol and DMPP was studied. Responses to these
agonists were not significantly affected either in terms of
potency or maxima (carbachol control, —log EC;, = 6.9
+ 0.06; in the presence of 10 uM ICS 205-930, —log EC;, =

7.1 £ 0.11; DMPP control, —log EC;, = 5.6 + 0.11; in the
presence of 10 um ICS 205-930, —log EC,, = 5.6 + 0.14).

Discussion

The present study has characterized the receptors mediating
the indirectly mediated contractile response to the neuronally
mediated effects of 5-HT in isolated segments of guinea-pig
ileum. This preparation has been shown to exhibit a biphasic
concentration-response curve to 5-HT (Fozard, 1985; Buch-
heit et al., 1985; Butler et al., 1988; Sanger & Nelson, 1989).
The second portion of the curve is mediated by stimulation of
5-HT; receptors (Richardson et al., 1985; Butler et al., 1988;
Cohen et al., 1988), whereas the receptor mediating the initial
phase of the concentration-response curve remains to be char-
acterized.

The data obtained in the first series of experiments (Tables
1 and 2), in which both phases of the concentration-response
curve to 5-HT were studied, are in good agreement with pre-
vious results (Buchheit et al., 1985; Butler et al., 1988; Sanger
& Nelson, 1989). However, the lack of effect of methysergide
while in agreement with data obtained by Buchheit et al.
(1985) contrasted with that of Costa & Furness (1972) in
which an inhibitory effect of methysergide was seen. The
receptors mediating both phases of the biphasic
concentration-effect curve appear to be neuronally located, in
view of their high sensitivity to the sodium channel blocker,
tetrodotoxin. The sensitivity of the 5-HT responses to mor-
phine is in agreement with previous studies (Paton, 1957;
Schaumann, 1957; Ganatra et al., 1979) and is due to inhibi-
tion acetylcholine release. Pre-exposure of the preparations to
phenoxybenzamine (0.1 M) for a brief period (15min), fol-
lowed by subsequent washout, did not affect responses to
5-HT over either phase. However, in the maintained presence
of phenoxybenzamine responses to 5-HT over the second
phase responses to 5-HT were reduced by 70% whilst the
responses over the initial phase were abolished. A reasonable
explanation for the effect of phenoxybenzamine is that alkyl-
ation of postjunctional muscarinic receptors occurred which
decreased the indirect effects of 5-HT. The ability of phenoxy-
benzamine, under similar conditions to those used in the
S5-HT studies, to antagonize responses to carbachol is in
agreement with this hypothesis.

The lack of effect of the a-adrenoceptor antagonists prazo-
sin and phentolamine on the 5-HT response suggest that these
effects were not due to «,-adrenoceptor blockade. A small, but
significant, inhibitory effect was observed with rauwolscine. In
addition to its well characterized a,-adrenoceptor antagonist
properties this antagonist has been shown (Kaumann, 1983;
Clinschmidt et al., 1985) to antagonize S-HT responses in the
bovine coronary artery and rat stomach fundus. The 5-HT
responses of both phases were unaffected in the presence of
either propranolol, pindolol, atenolol or ICI 118551, suggest-
ing that B,- or B,-adrenoceptors do not participate in the
responses to 5-HT. Therefore, the receptors mediating both
phases of the concentration-effect curve to 5-HT may differ
from those shown to mediate positive chronotropic responses
in guinea-pig atria (Eglen & Whiting, 1989). In this latter
preparation 5-HT responses are non-competitively antago-
nized by pindolol and atenolol.

The present studies on the second component of the 5S-HT
concentration effect curve are in accord with the literature in



that this component appears to be mediated by 5-HT; recep-
tor stimulation. The 5-HT; antagonists (ICS 205-930, ondan-
setron, granisetron, quipazine and N-methyl-quipazine) all
antagonized the second phase of the concentration-
response curve to 5-HT as well as responses to the 5-HT,
agonist, 2-methyl 5-HT. Conversely, the inclusion of 5-
methoxytryptamine in the Tyrode solution selectively abol-
ished the initial phase of the concentration-response curve to
5-HT in agreement with a previous report (Fozard, 1985). The
curve to S-HT became monophasic in the presence of 5-
methoxytryptamine, allowing unambiguous estimations of the
effect of antagonists at the remaining 5-HT, receptors. The
PA, values obtained under these conditions for ICS 205-930,
ondansetron, granisetron, (R,S)-zacopride and its constituent
enantiomers were in good agreement with other values in
guinea-pig ileum reported in the literature (see Introduction
for references and Fozard, 1988 for review). The present study
shows (S)-zacopride to about 10 fold greater than (R)-zaco-
pride, in terms of affinity at the 5-HT; receptor (8.11 versus
7.27, respectively). These values are similar to the pA, estimate
for (R,S)-zacopride in guinea-pig ileum (Smith et al., 1988) but
the isometric ratio is considerably larger than that reported in
binding studies in guinea-pig ileum with [3HJ-zacopride (R/S
ratio = 1.4; Pinkus et al., 1989a). Isometric ratios for zacop-
ride (R/S) of 28, 42, 6 and 12 were obtained in rabbit ileum,
vagus nerve, rat ileum and rat brain respectively (Pinkus et al.,
1989a,b).

The data are in agreement with the hypothesis that the bi-
phasic nature of the concentration-response curve to 5-HT is
mediated through two distinct receptors, the second phase
being mediated by a 5-HT, receptor. The finding that the
initial phase of the concentration-effect curve to 5-HT is un-
affected by ondansetron, granisetron, quipazine and N-methyl
quipazine show that, in this respect, they are more selective
5-HT, antagonists than either (R,S)-zacopride or ICS 205-930.
Higher concentrations (0.1 uM—10 um) of these latter two com-
pounds also inhibited the initial phase of the S5-HT
concentration-response curve suggesting effects independent of
an interaction at the 5-HT receptor.

Stimulation of the receptor mediating the initial phase of
the concentration-response curve appears to be due exclu-
sively to an enhancement of acetylcholine release. The antago-
nism of the response by atropine, morphine and
phenoxybenzamine and its potentiation by physostigmine is in
support of this proposal and with previous reports (Buchheit
et al., 1985; Sanger & Nelson, 1989). The second, 5-HT,
receptor-mediated phase of the concentration-response curve
also involves the release of acetylcholine, in view of the sensi-
tivity of 5-HT and 2-methyl 5-HT responses to atropine,
physostigmine and phenoxybenzamine (this study; Cohen et
al., 1985; Fox & Morton, 1989). A residual component of the
5-HT;-mediated response, which was observed in the presence
of atropine (this study), may involve the release of a second
neurotransmitter. Buchheit et al. (1965) have proposed this to
be substance P, although this has been disputed.

The inclusion of 1 uM ondansetron in the Tyrode solution,
to inhibit 5-HT, function, enabled the effects of agonists to be
selectively measured at the 5-HT receptor mediating the initial
phase of the curve. The responses to S-HT, S-
methoxytryptamine, (S)-zacopride, (R,S)-zacopride and 5-
carboxamidotryptamine were competitively antagonized by
ICS 205-930 with similar —log Ky values, indicating that
these agonists interacted at the same receptor site. The con-
centration of ICS 205-930 required to elicit a significant
dextral shift (3 um), whilst relatively high, was specific in that
no effect was observed directly at muscarinic or nicotinic
receptors, as judged by the lack of effect on the responses to
carbachol and DMPP.

The S5-HT receptor mediating the initial phase of the bi-
phasic concentration-effect curve recognized optical isomers of
zacopride i.e., (S)-zacopride was more potent than (R)-zaco-
pride as an agonist. This stereoselectivity was the same for
antagonism of the 5-HT, receptor. In terms of affinity, (R,S)-
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zacopride was approximately 100 fold more selective for ileal
5-HT, receptors (pA, = 7-9-8-5; Smith et al., 1988; Cohen et
al., 1989; this study), in comparison to the receptor mediating
the initial phase of the response curve to 5-HT. The structur-
ally related benzamides, BRL 24682 and metoclopramide were
weaker agonists whilst other 5-HT; antagonists, ondansetron,
ICS 205-930, granisetron, quipazine and N-methyl-quipazine
were inactive as agonists. These data indicate that the agonist
actions of (R,S)-zacopride, renzapride, BRL 24682 and meto-
clopramide were independent of their 5-HT, antagonist
properties. In addition, S5-methoxytryptamine, a potent
agonist at receptors mediating the initial phase, is devoid of
5-HT, agonist and antagonist properties (Fozard, 1985; this
study).

Taken together these data further suggest that the site
mediating the first phase of the biphasic curve to 5-HT is dis-
tinct from the 5-HT; receptor. The differential affinity of ICS
205-930 at the 5-HT, receptor (7.6) and at the former site (6.3)
is in accordance with this hypothesis. Since this site was also
insensitive to methysergide it appeared to be different from
5-HT,-like and 5-HT, receptors. The contractile response to
5-carboxamidotryptamine, but not to N,N-dipropyl-5-carbox-
amidotryptamine, observed at the receptors mediating the
initial phase, also suggests that the receptor is dissimilar to the
5-HT,-like receptor. This postulate is also consistent with the
lack of contractile responses with. the 5-HT,-like and 5-HT,,
agonists, GR 43175 and 8-OHDPAT, respectively.

The pharmacology of the receptor mediating the initial
phase of the response to 5-HT is similar to the pharmacology
of the 5-HT receptor which mediates an increase in the
‘twitch’ response of the field-stimulated guinea-pig ileum
(Sanger, 1987; Craig & Clarke, 1989). This latter response is
insensitive to 5-HT,-like, 5-HT, and 5-HT, antagonists, but
sensitive to high concentrations (0.3 um and greater) of ICS
205-930 (Craig & Clarke, 1989). It should be noted that whilst
the —log Ky values for ICS 205-930 observed in the present
study were similar to those reported by Craig & Clarke (1989),
the potency of 5-HT at receptors mediating the contractile
response in the unstimulated ileum was less than in the field-
stimulated ileum (—log EC,, values: present study, = 7.3;
field stimulated tissue, = 8.5; Craig & Clarke, 1989). Potent
responses to 5-HT, equivalent to the first phase of the biphasic
concentration-response to 5-HT, have also been obtained in
the field-stimulated guinea-pig ileum (Sanger, 1987; Craig &
Clarke, 1989). ‘Twitch’ responses to electrical stimulation were
enhanced by low concentrations (1nM-1uM) of S-HT
(Kilbinger & Pfeuffer-Friedrich, 1985; Sanger, 1987; Craig &
Clarke, 1989) and by 5-HT, antagonists of the substituted
benzamide class, including renzapride (Sanger, 1987), zacop-
ride (Craig & Clarke, 1989) and cisapride (Neya et al., 1985;
Schuurkes et al., 1985). No enhancement was obtained with
ICS 205-930 (Sanger, 1987) or granisetron (Sanger & Nelson,
1989). (R,S)-zacopride was a partial agonist at receptors in the
quiescent ileum, but a full agonist in the field-stimulated
ileum. These differences may reflect differences in effective
receptor reserves between the two preparations rather than
receptor differences per se.

The receptor mediating the contractile responses of the first
phase is clearly not a 5-HT,-like, 5-HT, or 5-HT, receptor,
when defined by the criteria of Bradley et al. (1986). It most
resembles the putative 5-HT, receptor recently described by
Dumuis et al. (1988, 1989) which is present in both guinea-pig
hippocampus and mouse colliculi neuronal culture. It should
be noted that the term 5-HT, receptor has not been officially
recognized by the Serotonin Club Receptor Nomeclature
Committee (July 1990). The stimulation of this latter receptor
leads to an increase in adenylate cyclase activity, a response
which is insensitive to 5-HT,-like, 5-HT, or 5-HT, ligands,
but is antagonized by high concentrations of ICS 205-930 (pK;
values = 6.0 and 6.3 in mouse embryo colliculi neuronal cul-
tures and guinea-pig hippocampus slices, respectively; Dumuis
et al., 1988). In addition, 5-methoxytryptamine (Dumuis et al.,
1988) and renzapride (Dumuis et al., 1989) are also potent
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agonists in these preparations. Since the receptor mediating
the initial phase of the responses to 5-HT in the quiescent
ileum also exhibits this profile it is our contention that 5-HT,
receptors also mediate this response.

In conclusion, indirect excitatory responses to 5-HT in
whole segments of guinea-pig ileum appear to be mediated by
two distinct receptors. The pharmacological profiles of these
receptors suggest stimulation of 5-HT, and 5-HT; subtypes.
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Influence of phorbol esters, and diacylglycerol kinase and lipase
inhibitors on noradrenaline release and phosphoinositide

hydrolysis in chromaffin cells

J. Alison Jones, P. Jane Owen & 'Michael R. Boarder

Department of Pharmacology and Therapeutics, University of Leicester, P.O. Box 138, Medical Sciences Building, University

Road, Leicester LE1 9HN

1 We have investigated the modification of catecholamine efflux and inositol phosphate formation in
cultured adrenal chromaffin cells by tetradecanoyl phorbol acetate (TPA) and inhibitors of diacylglycerol
kinase (R 59 022) and diacylglycerol lipase (RG 80267), the two principal pathways of diacylglycerol
metabolism.

2 TPA (1nM to 1uM) elicited a slow, calcium-dependent, sustained release of noradrenaline, which was
partially blocked by the dihydropyridine calcium channel blocker (—)-202 791 and potentiated by the
channel enhancer (+)-202 791.

3 R 59 022 enhanced noradrenaline efflux at 30 and 50 uM, while the lipase inhibitor RG 80267 failed to
elicit release.

4 Neither R 59 022 nor RG 80267 affected bradykinin- or histamine-stimulated release, but both drugs
substantially attenuated nicotine- and high K *-stimulated release.

5 Pretreatment for 10 min with TPA (but not the relatively inactive 4-methoxyTPA) or the non-phorbol
protein kinase C stimulator mezerein potently inhibited bradykinin- and histamine-stimulated accumula-
tion of total [*H]J-inositol phosphate; inhibition of [*H]-inositol phosphate formation was also seen with
24h TPA treatment.

6 Neither R 59 022 nor RG 80267, separately or together, affected bradykinin-stimulated [*HJ-inositol
phosphate formation.

7 Thus while the mechanism exists for inhibition of formation of inositol phosphates by stimulation of
protein kinase C, these studies failed to show that this mechanism is activated by agonists acting on

phospholipase C linked receptors.

Introduction

Chromaffin cells maintained in primary culture release cate-
cholamines in response to activation of a variety of cell
surface receptors. This includes receptors which, in addition to
stimulating release of noradrenaline, stimulate hydrolysis of
polyphosphoinositides, generating inositol phosphates and
diacylglycerol, such as receptors to bradykinin, histamine,
angiotensin II and prostaglandin (Livett & Marley, 1986;
Zimlichman et al., 1987; Noble et al., 1988; Plevin & Boarder,
1988; Koyama et al., 1988; Owen et al., 1989a; Plevin et al.,
1990). The generation of diacylglycerols which may activate
protein kinase C (PKC) is likely to be of significance in
stimulus-secretion coupling. The clearest indication of this is
the demonstration that PKC activating phorbol esters such as
tetradecanoyl phorbol acetate (TPA) can themselves stimulate
release, in a calcium-dependent manner, both in intact
(Brocklehurst et al., 1985; Pocotte et al, 1985) and per-
meabilised cells (Knight & Baker, 1983; Pocotte et al., 1985;
Brocklehurst & Pollard, 1985). The studies with permeabilised
cells demonstrate that PKC activation may play a role in exo-
cytosis at the level of fusion of granules with the cell mem-
brane, while Bittner & Holz (1990) have shown that more
than one mechanism may be responsible for enhancement of
release from permeabilized cells.

A second possible role for PKC in stimulus-secretion coup-
ling may be at the level of the receptor. Activation of phos-
pholipase C (PLC) may cause a diacylglycerol-mediated
stimulation of PKC which feeds back to inhibit the agonist-
induced activation of PLC. Evidence for such a mechanism
falls into two categories. Firstly, the inhibition of agonist-
induced stimulation of PLC by exogenous PKC activators
such as phorbol esters. Secondly, evidence that inhibitory
feedback loop is activated by an agonist, such as the enhance-

! Author for correspondence.

ment of agonist-stimulated PLC by prior down-regulation of
PKC, or attenuation of agonist-stimulated PLC by blocking
diacylglycerol breakdown. Studies in a variety of preparations
have shown that phorbol esters can attenuate agonist-
stimulated formation of inositol phosphates; in chromaffin cell
preparations it has been shown that histamine-induced inosi-
tol phosphate accumulation can be attenuated by phorbol
ester (Wan et al., 1989). Several recent studies have provided
evidence that such a feedback loop is activated by agonists
acting on PLC-linked receptors in platelets, smooth muscle
and epithelial cells (Helper et al., 1988; King & Rittenhouse,
1989; Pfeilschifter et al., 1989; Crouch & Lapetina, 1989).

In the present study, we used bovine cultured adrenal chro-
maffin cells to characterize the effect of phorbol esters and
inhibitors of diacylglycerol metabolism on release of catechol-
amines. We demonstrated the inhibition of agonist-stimulated
PLC by phorbol esters and, also, sought to provide evidence
for the regulation of inositol phosphate responses by agonist-
stimulated diacylglycerol production.

Methods

Freshly obtained bovine adrenal medullae were digested
with collagenase/protease as described by Marriott et al.
(1988). Chromaffin cells were purified to about 90% by centri-
fugation and differential plating and cultured on 24-well ‘Pri-
maria’ plates in complete medium as described earlier (Owen
et al., 1989a). Cells for release studies were washed twice with
HEPES-buffered balanced salt solution (BSS) containing
(mM): NaCl 125, KCl 54, NaHCO, 16.2, N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulphonic acid 30, NaH,PO, 1,
MgSO, 0.8, CaCl, 1.8 and glucose 5.5, gassed with 95% O,:
5% CO, and buffered to pH 7.4. Release was measured by
incubating the cells at 37°C in BSS in the presence or absence
of drugs. A preincubation period of 10 min, in the presence or
absence of drugs, was introduced where appropriate. At the
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end of the incubation period the medium was removed, centri-
fuged and the supernatant was acidified with 0.1 HCL. The
cell contents were extracted into 0.1 M HCI and the noradrena-
line and adrenaline contents of both supernatant and cell
extract were estimated by high pressure liquid chromato-
graphy with electrochemical detection. Similar patterns of
release were seen for both noradrenaline and adrenaline, but
only the release of noradrenaline is shown, expressed as either
pmol per well or as % of cell content. Each result is the mean
of quadruplicate determinations from a single cell preparation
which has been repeated in similar or identical form three or
more times on different cell preparations.

To estimate stimulation of total inositol phosphate forma-
tion, cells were incubated with 1uCi myo-[2-*H]-inositol
(15Cimmol 1) at 37°C for 32-40h in 0.5ml of modified BSS
containing (mM): NaCl 125, KCl 54, NaHCO; 162,
NaH,PO, 1, MgSO, 0.8, CaCl, 1.8, glucose 5.5, GIBCO non-
essential and essential amino acids at 1%, glutamine 27 mg
100ml~?, streptomycin 5000ug 100ml~!, penicillin 5000iu
100ml~?, cytosine arabinoside 5uM, in 5% CO, 95% air.
Cells were then washed, and preincubated with 10 mm lithium
chloride in BSS in the presence or absence of drugs for 10 min.
Drugs were then added for the duration of the incubation
period as appropriate in BSS plus lithium. The reaction was
stopped with cold methanol. Chloroform extraction was fol-
lowed by isolation of [*H]J-inositol phosphates on Dowex-1
(C171) essentially as described by Rooney & Nahorski (1986).

Dihydropyridine, phorbol esters and diacylglycerol kinase
and lipase inhibitors were diluted with BSS from stock solu-
tions in dimethylsulphoxide (DMSO).

Materials

Cell culture supplies were from GIBCO, Paisley, Scotland
except for Primaria plates (Falcon) which were from Becton-
Dickinson, Oxford. myo-[2-3H]-inositol was from New
England Nuclear. The diacylglycerol kinase inhibitor R 59 022
(6-[2-[4-[(4-fluorophenyl)phenylmethylene]- 1 - piperidinyl] -
ethyl]-7-methyl-5H-thiazolo[ 3,2-a]pyrimidin-5-one) was pur-
chased from Janssen, Olen, Belgium. The diacylglycerol lipase
inhibitor RG 80267 (1,6-bis(cyclohexyloximinocarbonylamino)
hexane) (Revlon) was a kind gift of Rorer Central Research,
Washington, Pasadena, USA, while the isomers of 202 791 (4-
(benzoxadiazolyl)-1,4-dihydro-2,6-dimethyl-5-nitro-3-pyridin-
carbonate-isopropylester) were kindly donated by Sandoz Ltd,
Basle, Switzerland. Other chemicals and drugs were from
Sigma Chemical Co. plc, Poole, Dorset, U.K. or Fisons plc,
Loughborough, UK.

Results

Effect of TPA, diacylglycerol kinase inhibitor and
diacylglycerol lipase inhibitor on noradrenaline release

The time course, dose-response curve and calcium-dependence
for the release of noradrenaline in response to TPA is shown
in Figure 1a,b and c, respectively. The rate of release was
characteristically slow and consequently subsequent experi-
ments used a 30min incubation. The ECs, for TPA was
between 8 and 35nM (3 determinations). Consistent with pre-
vious observations, phorbol ester-stimulated release was
dependent on added extracellular calcium (Figure Ic), being
maximal at 0.3 mm. The dependence on extracellular calcium
suggests that calcium entry may play a role in TPA-stimulated
release, thus the effects of two dihydropyridine calcium
channel drugs were studied (Table 1). The calcium channel
blocker (—)-202 791 reduced noradrenaline release in
response to TPA while its stereoisomer, (+)-202 791, a
calcium channel enhancer, caused a small release alone but
had a greater than additive effect when combined with TPA.
The endogenous PKC activator diacylglycerol is metabo-
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Figure 1 Characteristics of tetradecanoyl phorbol acetate (TPA)-
stimulated release of noradrenaline. (a) Release in response to incu-
bation for increasing time with 1 uMm TPA (O) or dimethylsulphoxide
control (@). (b) Release after 30 min incubation with increasing con-
centrations of TPA. (c) Release in response to incubation for 30 min
with 100nM TPA in increasing concentrations of extracellular
calcium. Basal release in the absence of added calcium was
3.15 + 0.25%. Release is expressed as % of total noradrenaline cell
content. Values are means and vertical bars show s.e.mean of quad-
ruplicates from a single experiment.

lised through either phosphorylation to phosphatidic acid,
by diacylglycerol kinase (DG kinase), or deacylation at the
2 position to monoacylglycerol, by diacylglycerol lipase (DG
lipase). It was therefore of interest to see whether comparable
effects to TPA could be produced by inhibition of one or both
of these pathways. Hence, we investigated the effect of a DG
kinase inhibitor (R 59 022) and a DG lipase inhibitor (RG
80267) on noradrenaline release. Neither the vehicle alone
(dimethylsulphoxide 0.3%) nor the DG lipase inhibitor RG
80267 (up to 50 uM) had any effect on release over a period of
30min. The DG kinase inhibitor RS9 022 did induce
enhanced efflux at 30um and above (Figure 2a), after incu-
bation periods of over 8 min (Figure 2b). The DG lipase inhib-
itor failed to stimulate release at any time up to 60min
(Figure 2b).

Since bradykinin and histamine stimulate inositol phos-
phate production in chromaffin cells as well as release (Plevin
& Boarder, 1988), then they must also stimulate formation of
diacylglycerol. It was therefore possible that inhibition of dia-

Table 1 Effect of dihydropyridine on tetradecanoyl phorbol
acetate (TPA)-stimulated release

Control TPA (100 nm)
Control 278+ 13 1250+ 7.9
(—)-202 791 313105 772+ 74
(+)-202 791 548 + 3.2 2199 +9.8

Data shown are pmol noradrenaline released per well over a
30min incubation period, with dihydropyridine present
during a 10min preincubation as well as during the incu-
bation period. Dimethyl sulphoxide was present at 0.01%
throughout. Values are means + s.e.mean of quadruplicates
from a single experiment.
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Figure 2 Release of noradrenaline in the presence of inhibitors for
diacylglycerol (DG) kinase and diacylglycerol lipase. (a) Noradren-
aline release (% of cell content) in response to increasing concen-
trations of the DG kinase inhibitor R59 022 (@). The
dimethylsulphoxide vehicle up to 0.3% had no effect on release. (b)
Release (% of cell content) after various times of incubation with
30.uM RG 80267 (O), 30 um R 59 022 (@) or 0.3% dimethylsulphoxide
(0OJ). Values are means and vertical lines show s.e.mean of quadrupli-
cates from a single experiment.

cylglycerol breakdown would modify release by these agents.
It was found that bradykinin-stimulated release was unaf-
fected by either the kinase inhibitor or the lipase inhibitor,
added separately or together at 30 uM (data not shown). The
histamine-stimulated release was reduced by 30uM kinase
inhibitor (data not shown); this was, however, the expected
consequence of the antihistamine nature of the drug and was
unrelated to its metabolic effects.

Noradrenaline release stimulated by either nicotine or high
K* (depolarization) was inhibited by preincubation with
either inhibitor (30 uM). This is illustrated by results from one
such experiment shown in Figure 3; with a stimulation period
of 6min it was found that the nicotine-evoked stimulation
could be almost eliminated by either R 59 022 or RG 80267.
The high K*-stimulated release was similarly affected by the
kinase inhibitor R 59 022, but was reduced to a lesser extent
by the lipase inhibitor RG 80267.

Thus, it appears that neither inhibitor of diacylglycerol
metabolism inhibited bradykinin-stimulated release, but they
both substantially attenuated release stimulated by nicotine
and high K* depolarization.

Effect of TPA, diacylglycerol kinase inhibitor and
diacylglycerol lipase inhibitor on agonist-stimulated
inositol phospholipid breakdown

In the experiments to investigate the effects of TPA on
agonist-stimulated formation of total inositol phosphates (in
the presence of lithium), the pretreatment time with the
phorbol ester was either 10 min (to stimulate PKC) or 24h (to
downregulate PKC). In each case the phorbol ester was also
present during the 30 min incubation period in the presence of
the agonist. We have previously shown that histamine and
bradykinin stimulation of total inositol phosphate formation

Basal
KI 30 um 7773
LI 30 pm 22720
KI + LL A
Nic 30 um %)
Kl + Nic p27222¢
U + Nic 2222220
Kl + LI + Nic Z)
K 60 mm ZH
Kl + K | 74
LI+ K|
Kl + LI + K 70 . .
0 10 20 30 40

Mean release of noradrenaline
(% of cell content)

Figure 3 Noradrenaline release in response to nicotine (Nic) and
high K* (K): effect of diacylglycerol (DG) kinase (KI) and DG lipase
(LI) inhibitors. The inhibitors were present where appropriate during
a 12min preincubation period as well as during the 6 min incubation
period, in the presence or absence of 30uM nicotine or 60mm K™,
during which release was measured. Both inhibitors were present at
30 uM, and dimethylsulphoxide at 0.3% was included where inhibitors
were not added. Values are means and horizontal bars show s.e.mean
of quadruplicates from a single experiment.

is linear for 30 min (Plevin & Boarder, 1988). The influence of
1um TPA pretreatment for 10min and 24h is illustrated by
the results in Tables 2 and 3 respectively. Surprisingly, both
pretreatment periods produced a substantial loss in agonist-
stimulated formation of inositol phosphates. The effect of
10min TPA pretreatment was characteristically greater with
histamine stimulation than with bradykinin stimulation, while
24h TPA pretreatment almost eliminated (histamine) or sub-
stantially reduced (bradykinin) the inositol phosphate
response to agonists (Table 3).

We investigated the effects of different TPA concentrations,
of the relatively inactive 4-methoxy TPA and of the structur-
ally disparate PKC activator mezerein on bradykinin- and

Table 2 Effect of tetradecanoyl phorbol acetate (TPA)
pretreatment for 10 min on bradykinin and histamine stimu-
lation of total inositol phosphate formation

DMSO control TPA (1 um)
Control 4625 + 319 3979 + 426
Bradykinin 9854 + 664 4934 + 401
Histamine 26546 + 734 5494 + 637

Data shown are d.p.m. of [*H]-inositol phosphate accumu-
lated in the presence of 10 mM lithium during a 30 min incu-
bation period. TPA was present where appropriate, with
dimethyl sulphoxide (DMSO) vehicle at 0.1%, during a
10 min preincubation as well as the incubation period. Values
are means + s.e.mean of quadruplicates from a single experi-
ment.

Table 3 Effect of 24h pretreatment with tetradecanoyl
phorbol acetate (TPA) on bradykinin- and histamine-
stimulated total inositol phosphate formation

DMSO Control TPA (1 .uM)
Control 2391 + 135 2001 + 244
Bradykinin 9049 + 1794 6875 + 657
Histamine 22239 + 7943 4118 + 945

Data shown are d.p.m. of [*H]J-inositol phosphate accumu-
lated in the presence of 10 mM lithium during a 30 min incu-
bation period. TPA was present, where appropriate, with
dimethylsulphoxide (DMSO) vehicle at 0.1% during a 24h
preincubation as well as the incubation period. Values are
means + s.e.mean of quadruplicates from a single experiment.
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Figure 4 Total [*H]-inositol phosphate (IP) formation in response
to stimulation for 30 min with (a) 30 uM histamine (His) or (b) 10 nM
bradykinin (BK). Tetradecanoyl phorbol acetate (TPA) was present at
the concentrations shown, 4-methoxy TPA (MeOTPA) 1uM or
mezerein (Mez) 1uM were present during a 10min preincubation as
well as the 30 min incubation period. Values are means and horizontal
bars show s.e.mean of quadruplicates from a single experiment.

histamine-stimulated formation of inositol phosphates. These
results are illustrated in Figure 4. When stimulation was with
histamine substantial effects of TPA could be seen at 10nMm,
with essentially maximal effects at 100 nM. 4-MethoxyTPA at
1 um was no more effective than TPA at 1 nM. Mezerein (1 um),
while having no effect of its own, effectively inhibited
histamine-stimulated formation of inositol phosphates. A very
similar pattern of results was obtained when stimulation was
with bradykinin (Figure 4b). These results are consistent with
the regulation by PKC of histamine- and bradykinin-
stimulation of inositol phosphates.

The indication that phorbol ester stimulation of PKC might
regulate the chromaffin cell response to histamine and brady-
kinin led us to investigate the role of endogenously activated
PKC, using the inhibitors of diacylglycerol kinase (R 59 022)
and lipase (RG 80267). When included before and during
incubations with bradykinin, R 59 022 was without effect
(Table 4). Results of experiments in which the effect of R 59
022 on histamine stimulation was investigated are not present-
ed since it is known that R 59 022 is an H,-receptor antago-
nist (de Chaffoy de Courcelles et al., 1985). RG 80267 had no
effect on either bradykinin- or histamine-stimulated inositol

phosphate formation. A combination of the two inhibitors
also failed to influence the accumulation of inositol phosphate
in response to bradykinin.

Discussion

The initial observation of Knight & Baker (1983), who used
permeabilized cells to show that TPA induced an increased
sensitivity of the exocytotic process for calcium, presumably
by activating PKC, was influential in directing attention to
the role of stimulation of this enzyme in exocytosis. However,
here we are concerned with the role of PKC in the initiation
of stimulus secretion coupling at the cell membrane. The
time course of TPA-stimulated release described was found
to be very slow and sustained and dependent on extra-
celiular calcium, in confirmation of previous observations
(Brocklehurst et al., 1985). There are perhaps two explanations
for this calcium-dependency. Firstly, incubation in nominally
calcium-free medium results in a reduction in free intracellular
calcium levels, to which TPA-stimulated release is sensitive
(Brocklehurst et al., 1985; Pocotte et al., 1985). Secondly, TPA
leads to an enhanced calcium influx, without which TPA-
stimulated release cannot occur. We found that in chromaffin
cells the release in response to TPA was partly blocked by the
dihydropyridine antagonist (—)-202 791. Chromaffin cells
have clearly been shown to possess L-type dihydropyridine
sensitive voltage gated calcium channels which may mediate
stimulus-secretion coupling (e.g. Garcia et al., 1984; Boarder
et al., 1988; Owen et al., 1989b) and so one explanation for
this observation is that TPA-stimulated release is, in part
dependent upon an enhanced opening of these channels
caused, directly or indirectly, by stimulated PKC activity. The
data we present here contain one additional indication that
TPA is affecting calcium entry through L-type channels: the
calcium channel agonist (+)-202 791 enhanced the release
stimulated by TPA. This is consistent with the demonstration
of dihydropyridine-sensitive phorbol ester-stimulated calcium
influx in cloned rat pituitary cells (Albert et al., 1987). Effects
of TPA on calcium fluxes in other cell types include an
enhancement of calcium channel opening in Aplysia (De
Riemer et al., 1985), facilitation of depolarization enhanced
calcium influx in intact adrenal medulla of the rat (Wakade et
al., 1986), inhibition of depolarization-enhanced calcium flux
in PC12 cells (Harris et al., 1986; Di Virgilio et al., 1986) and
attenuation of calcium influx in neutrophils (McCarthy et al.,
1989).

An interesting alternative to TPA as an activator of PKC is
the inhibition of DG kinase and/or DG lipase, in an attempt
to elevate the levels of diacylglycerol, an endogenous activator
(alongside calcium) of PKC. The DG kinase inhibitor R 59
022 has been shown to potentiate thrombin-induced dia-
cylglycerol production in platelets and inhibit phosphatidic
acid production in neutrophils (de Chaffoy de Courcelles et
al., 1985; Mege et al., 1988), while RG 80267 has been shown
to increase basal diacylglycerol levels and potentiate hormon-
al stimulated diacylglycerol production (Sutherland & Amin,

Table 4 Effect of inhibitors of diacylglycerol lipase and kinase on bradykinin- and histamine-stimulated inositol phosphate production

Control
Control 2373 + 343
Bradykinin (100 nm) 6540 + 376

Histamine (30 um) 12270 + 1133

RG 80267
and
RG 80267 R 59 022 R 59 022
2816 + 84 3079 + 511 2396 + 469
6261 + 498 5899 + 619 5559 + 304
12918 + 414 * *

The diacylglycerol lipase inhibitor RG 80267 was 10 uM and the diacylglycerol kinase inhibitor R 59 022 was 50 uM. Data shown are
d.p.m. of [3H]-inositol phosphates produced during a 30 min incubation period with the inhibitors present during both this incubation
period and a preceding 10 min pre-incubation. Values are means + s.e.mean of quadruplicates from a single experiment. * Effect of R 59
022 on histamine stimulated [*H]-inositol phosphate production was not valid due to antihistamine nature of the inhibitor.
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1982; Chang et al., 1988). In experiments run in parallel with
those described here, we have shown that both these meta-
bolic inhibitors increase the accumulation of diacylglycerol in
chromaffin cells at 30 uM and 50 um, with the effect of R 59 022
being greater than that of RG 80627 (Owen & Boarder,
unpublished observations). Here we showed that the DG
kinase inhibitor was able to enhance release at these concen-
trations. By contrast, the lipase inhibitor was not able to elicit
increased noradrenaline efflux. Combined with the effect of
these compounds on diacylglycerol accumulation in chromaf-
fin cells (Owen & Boarder, unpublished observations), these
results may indicate a relationship between enhancement of
diacylglycerol accumulation and the stimulation of release.

Bradykinin-stimulated noradrenaline release was unaffected
by the DG kinase and lipase inhibitors suggesting that accu-
mulation of diacylglycerol plays little role in bradykinin-
stimulated release. This is consistent with the differing
sensitivity of bradykinin- and TPA-stimulated release to di-
hydropyridines: the TPA-stimulated release is partially sensi-
tive (this paper) while bradykinin-stimulated release is
insensitive (Owen et al., 1989) to dihydropyridine calcium
channel blockers. The contrasting observation that nicotine-
and high K*-stimulated release is inhibited by both kinase
and lipase inhibitors is most likely due to an effect at the level
of calcium entry, since the lack of effect on responses to brad-
kykinin shows that the exocytotic process is not impaired. The
inhibition of nicotine- and high K *-stimulated release may be
through PKC activation and subsequent phosphorylation of a
component of calcium entry, or a ‘non-specific’ membrane
effect perturbing channels and/or nicotinic receptors.

A possible role for bradykinin-stimulated PKC in chromaf-
fin cells is modulation of receptors and associated effector
mechanisms. For example, we have previously provided evi-
dence that angiotensin II enhances prostaglandin stimulation
of adenylate cyclase in cultured adrenal medulla cells, by a
mechanism involving diacylglycerol production and the acti-
vation of PKC (Boarder et al., 1988). In addition, a number of
examples exist in a variety of cell types of inositol
phospholipid-linked receptor responses which are down-
regulated by phorbol ester-stimulated PKC (e.g. Rittenhouse
& Sasson, 1985; Drummond, 1985; Aiyar et al., 1986), with
indications that endogenously produced PKC activation may
be involved (Helper et al., 1988; King & Rittenhouse, 1989;
Crouch & Lapetina, 1989; Pfeilschifter et al., 1989). We
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Sodium nitroprusside modulates the fibrinolytic system in the

rabbit

1Paul S. Lidbury, Richard Korbut & John R. Vane

The William Harvey Research Institute, St. Bartholomew’s Hospital Medical College, Charterhouse Square, London ECIM 6BQ

1 We have investigated the effect of sodium nitroprusside (NP) and glyceryl trinitrate (GTN) on fibri-
nolysis in anaesthetized rabbits ex vivo and in vitro by measurement of euglobulin clot lysis time (ECLT),
plasma levels of tissue plasminogen activator (t-PA) activity, plasma t-PA antigen levels and plasminogen
activator inhibitor (PAI-1) activity.

2 In vivo, NP (30ugkg™'), GTN (30ugkg~') and prostacyclin (3 ugkg™!) caused similar transient
decreases in left ventricular systolic pressure. However, while prostacyclin induced near-maximal inhibi-
tion of ex vivo platelet aggregation, NP or GTN had no effect.

3 Ex vivo, NP caused a significant decrease in ECLT and an increase in plasma t-PA activity.

4 Intravenous co-administration of t-PA (30ugkg™!) with NP caused substantial prolongation of
plasma t-PA activity, without affecting t-PA antigen levels.

5 1In whole blood in vitro, NP (30 ugkg ') prevented the time-dependent increase in PAI-1 activity and
inhibited inactivation of added t-PA (10ngml™1).

6 We propose that NP exhibited fibrinolytic activity through increased t-PA activity as a result of
inhibition of PAI-1 release from platelets. These results could have important therapeutic consequences

when t-PA and nitrate treatments are combined.

Introduction

Fibrinolysis is a process by which activated plasmin proteo-
lytically degrades fibrin. Conversion of plasminogen to
plasmin is stimulated by a variety of plasminogen activators
(PAs), predominantly tissue-PA (t-PA). However, t-PA can be
rapidly degraded by the liver, and inactivated upon binding to
plasminogen activator inhibitors (PAIs) in the plasma. There-
fore, a major control over the release of plasmin and fibri-
nolysis lies both with t-PA and PAls.

Platelets, in addition to their procoagulant role, have an
inhibitory effect on fibrinolysis, which is mainly due to the
release of PAI-1 (Erickson et al., 1984). Prostacyclin (PGI,)
and many of the nitrovasodilators, including sodium nitro-
prusside (NP) and endothelium-derived relaxing factor
(EDRF)/nitric oxide (NO) inhibit platelet aggregation and
adhesion (Radomski et al., 1987a,b). Prostacyclin exhibits its
anti-platelet activity by increasing platelet cyclic AMP
(Tateson et al, 1977; Gorman et al., 1977) while the nitro-
vasodilators (NO releasing agents) inhibit platelet function by
an increase in cyclic GMP (Mellion et al., 1980).

Recently we have found that co-administration of NP with
t-PA in vivo resulted in significant prolongation of plasma
t-PA activity (Korbut et al., 1990). In the present study we
further investigate the mechanism of fibrinolytic activity
induced by NP or GTN in anaesthetized rabbits.

Methods

Surgical procedure

The studies were performed on male rabbits (New Zealand
White), weighing 2.1-3.2kg, receiving a standard diet and
water ad libitum. General anaesthesia was induced with
sodium pentobarbitone (20-30mgkg~!; Sagatal, May &
Baker) administered via the left marginal ear vein and main-
tained with supplementary doses of anaesthetic as required. In
addition, lignocaine (Xylocaine 2%) was administered for local
anaesthesia. Body temperature was maintained at 37°C by
means of a homeothermic blanket (BioScience, Sheerness,

! Author for correspondence.

Kent). The trachea was cannulated and the rabbit ventilated
with air at a rate of 4045 strokes min~! and a tidal volume of
14-20ml by a miniature ventilator (Harvard, Edenbridge,
Kent). Polythene cannulae were placed into the left ventricle
via the right carotid artery, for withdrawal of blood samples,
and the femoral vein or right marginal ear vein for i.v. injec-
tions. The left ventricular cannula was connected to a trans-
america type 4-422-0001 pressure transducer to monitor left
ventricular systolic pressure (LVSP) and heart rate (HR) on a
Grass model 7D polygraph (Grass Instruments, Quincy,
Mass., USA).

Platelet aggregation ex vivo

Arterial blood (2ml) was withdrawn from the left ventricle
and collected into tri-sodium citrate (3.15% w/v) in a ratio of
9:1 and immediately centrifuged at 1400 g (4000 r.p.m.) for 20s
(Biofuge A; Hereus) to produce platelet-rich plasma (PRP).
The blood was further centrifuged at 14900 g (12000 r.p.m.) for
I min to obtain platelet-poor plasma (PPP). Platelet aggre-
gation was measured in a Payton aggregometer with 0.5ml
PRP. In initial experiments, dose-response curves to aden-
osine 5'-diphosphate (ADP, 0.2-3.2 ug ml~') were determined
to establish 1.6ugml~! ADP as a sub-maximal dose with
respect to aggregation, as measured by peak increase in light
transmission.

After a stabilization period of 20-30 min two blood samples
were processed and the aggregation to ADP (1.6 ugml™?)
assessed. At time 0, vehicle or NP, t-PA, NP + t-PA or GTN
(all at 30ugkg™') were given intravenously. Blood samples
were withdrawn at 1, 5, 15, 30 and 60 min after injection, and
the PRP challenged with ADP (1.6 ugml~?).

Fibrinolytic activity ex vivo

The fibrinolytic activity within plasma samples was assayed ex
vivo, by measurement of t-PA activity and t-PA antigen levels,
using commercially available kits (Biopool; Sweden). In addi-
tion, the euglobulin clot lysis time (ECLT) was assessed, based
on the method of von Kaulla & Schultz (1958), as described
below.

Blood containing tri-sodium citrate (3.15% w/v) in a ratio
of 9:1 was centrifuged at 14900g (12000r.p.m.) for 1min
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(Biofuge A; Hereus) to produce PPP. Distilled water was
added (14mlml~! PPP) and the pH adjusted to pH 5.4 by
bubbling with CO, gas (approximately 3 min). This procedure
causes precipitation of the euglobulin fraction, while the
acidity destroys the biological activity of PAI. After a second
centrifugation at 14900g (12000r.p.m.) for 1min, the super-
natant was discarded and the euglobulin precipitate dissolved
in 1 ml buffer (13.4mMm KH,PO,, 53.6mM Na,HPO,).

At time O, 2u human thrombin (10u4l; 200u
thrombinml~!0.05M CaCl,) was added to 0.3ml euglobulin
fraction to induce clot formation. The fraction was incubated
at 37°C and the time for complete lysis to occur recorded.

Fibrinolytic activity in vitro

Rabbit blood was collected into tri-sodium citrate (3.15% w/v)
in a ratio of 9:1 and centrifuged at 200 g (low speed) for 8 min
(Petalfuge; OrthoDiagnostis Systems) to produce PRP. The
PPP was obtained by further centrifugation of PRP at 900¢g
(high speed).

Whole blood, PRP or PPP (2ml) was added to plastic
tubes and incubated at 37°C with gentle agitation. At time 0,
vehicle, NP (0.1-30 ugml~!), t-PA (1-10ngml~"), or NP and
t-PA was added and samples taken after 1, 5, 15, 30 and
60min. The fibrinolytic activity was evaluated by measure-
ment of plasma t-PA activity and PAI-1 activity (Biopool,
Sweden).

Drugs

Sodium nitroprusside (Sigma Chem. Co., Poole, U.K.) and
glyceryl trinitrate (Lipha, West Drayton, U.K.) were dissolved
and administered in saline. Single chain tissue plasminogen
activator, specific activity 600,000i.u. mg™! (Biopool, Sweden)
was initially dissolved in KHCO, (1M) and diluted and
administered in saline. Prostacyclin (a gift from Dr B.J.R.
Whittle, Wellcome Research Labs., U.K.) was initially dis-
solved in Tris buffer (1M, pH 8.4) and diluted and adminis-
tered in 1.25% NaHCO,. Sagatal (May & Baker, Dagenham,
U.K.) was administered in saline 1:1 and Xylocaine 2% (Astra
Pharm., Kings Langley, UK) was administered directly.

Statistical analysis

Results are expressed as the mean + s.e.mean of n experi-
ments, and analysed by two-way analysis of variance followed
by a least significance procedure to determine the nature of
the response. A P value of less than 0.05 was considered sta-
tistically significant.

Results
Haemodynamic effects

The resting LVSP observed in this study ranged from
75mmHg to 110mmHg (97 + 2mmHg). During the 60min
experimental period, no changes in LVSP were observed in
anaesthetized rabbits treated with vehicle or t-PA
(30 ugkg™'). Prostacyclin (3ugkg™!) caused a transient, but
significant, decrease in LVSP (31 + 5mmHg) 20s after admin-
istration, that returned to basal pressure within 5min. Both
NP (30 ugkg ') and GTN (30 ugkg™') caused a similar fall in
LVSP (— 33 + 3mmHg and 38 + 7mmHg, respectively) at
205, which also returned to basal levels within 5 min, although
that induced by NP was slightly more prolonged (Figure 1a).

Platelet aggregation ex vivo

Prostacyclin caused almost complete inhibition of ADP-
induced platelet aggregation ex vivo (93 + 7%) 1 min after
administration. This effect was still significant at 5min, but
had returned to control levels by 15min. In contrast, NP or
GTN had no effect on platelet aggregation ex vivo (Figure 1b).
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Figure 1 The effect of 3 ugkg™" prostacyclin (@; n = 7), 30ugkg™!
sodium nitroprusside (A; n = 4) or 30 ugkg™"! glyceryl trinitrate (¢ ;
n = 3) administration to anaesthetized rabbits on (a) left ventricular
systolic pressure (LVSP) and (b) ADP-induced, ex vivo platelet aggre-
gation. Results are expressed as mean and vertical lines show
s.e.mean. ** P < 0.01; *** P < 0.001.

Fibrinolysis ex vivo

Intravenous administration of NP (30ugkg™') or GTN
(30ugkg™!) to anaesthetized rabbits caused a gradual
decrease in ECLT measured ex vivo, although only that
induced by NP proved significantly different from control
(Figure 2a). In addition, NP (30ugkg™!'), but not GTN
(30 ugkg™!), caused an increase in plasma t-PA activity, sig-
nificantly different from the control 5min after administration
(Figure 2b).

Bolus injection of t-PA (30 ugkg™") caused an increase in
plasma t-PA activity measured in a sample withdrawn after
1 min. This transient activity had returned to basal levels, just
detectable by the assay, within Smin (Table 1). However,
while NP alone (30 ugkg™') had comparatively little effect on
plasma t-PA activity (Figure 2b), co-administration of NP
with t-PA resulted in considerable prolongation of the plasma
t-PA activity measured ex vivo. This activity was significantly
greater than that obtained with t-PA alone at 5, 15, 30 and
60 min (Table 1).

Using samples from the same experiments, exogenous t-PA
caused an immediate increase in plasma t-PA antigen levels
1 min after administration, that decreased exponentially over
60 min. The co-administration of NP with t-PA did not sig-
nificantly alter the t-PA antigen levels measured with t-PA
alone (Figure 3).

Fibrinolysis in vitro

When t-PA (10ngml™!) was incubated with citrated whole
blood in vitro a gradual decline in plasma t-PA activity was
observed over 60 min. Co-incubation of NP (3 ugml~!) with
t-PA resulted in a stabilization of the t-PA activity that
proved significantly higher than with t-PA alone after 60 min
(Figure 4a).

Incubation of citrated whole blood at 37°C resulted in a
gradual increase in PAI-1 activity in the plasma. The addition
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Figure 2 The effect of vehicle (ll; n = 5), 30 ugkg ™! sodium nitro-
prusside (A; n=4), or 30ugkg™! glyceryl trinitrate (@; n=13)
administration to anaesthetized rabbits on fibrinolysis, as measured
ex vivo by (a) euglobulin clot lysis time (ECLT) and (b) tissue plasmin-
ogen activator (t-PA) activity in plasma. Results are expressed as
mean and vertical lines show s.e.mean. * P < 0.05; ** P < 0.01.

Table 1 The time-related changes in tissue plasminogen

activator (t-PA) activity measured ex vivo, following adminis-

tration of 30ugkg™! t-PA alone or in the presence of

30ugkg™! sodium nitroprusside (NP) to anaesthetized
rabbits at time 0

t-PA activity (ijuml~!)

Time (min) t-PA NP +t-PA
0 08 +02 0.8 +0.2
1 338 +24 3201
5 23+09 27.0 + 0.6***
15 0.6 +0.1 20.0 + 0.6***
30 05+02 8.0 + 0.6***
60 0.7 +0.1 6.0 + 0.6**
Results are expressed as mean + semean; n=3.
** P < 001; *** P < 0.001.
150 -
T
g
o 100 1
£
c
<]
o
£ 50
@
<
]
0 J
0 5 15 30 60

Time (min)

Figure 3 The time-related changes in tissue plasminogen activator
(t-PA) antigen levels measured ex vivo, following administration of
30ugkg™" t-PA alone (@; n = 3) or in the presence of 30 ugkg™!
sodium nitroprusside (NP, O; n = 3) to anaesthetized rabbits. Results
are expressed as mean and vertical lines show s.e.mean.
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Figure 4 (a) The time-related decrease in tissue plasminogen activa-
tor (t-PA) activity following administration of 3 ugml~! sodium nitro-
prusside (NP) (A; n = 3), and 10ngml~! t-PA alone (@; n = 3) or in
the presence of 3ugml~! NP (O; n=3) to whole blood in vitro.
(b) The effect of 30 ugml~! NP (A; n = 3) on the time-related increase
in plasminogen activator inhibitor (PAI-1) activity in whole blood in
vitro (l; n = 3). The increase in PAI-1 activity in platelet rich plasma
(O; n = 3) is also represented. Results are expressed as mean and ver-
tical lines show s.e.mean. * P < 0.05.

of NP (30 ugml~1!) to the blood inhibited this increase, main-
taining basal levels of PAI-1 throughout the experimental
period, and was significantly lower than control at 15, 30 and
60 min (Figure 4b). Incubation of PRP caused a considerable
increase in PAI-1 activity, that was not observed with PPP.

Discussion

When administered to anaesthetized rabbits prostacyclin
(PGI,), NP or GTN all caused a transient decrease in LVSP,
while only PGI, induced inhibition of platelet aggregation ex
vivo. This emphasizes the weak activity that nitrates display
on platelets as compared to their action on vascular smooth
muscle (Schafer et al, 1980). In contrast, PGI, was equally
active on the vasculature and on platelets (Lidbury et al.,
1989). Despite the lack of anti-aggregatory activity, NP acti-
vated fibrinolysis, as measured by a significant decrease in
ECLT and a significant increase in plasma t-PA activity ex
vivo. To elucidate the mechanism by which NP induces fibri-
nolysis, exogenous t-PA was administered, in the presence or
absence of NP, and the profile of t-PA removal from the cir-
culation determined by measurement of plasma t-pA activity
and t-PA antigen levels. The t-PA activity assay measures
only free plasma t-PA (exclusive of that bound to PAls), while
the t-PA antigen assay measures total plasma t-PA (inclusive
of that bound to PAIs). The t-PA activity measurements
demonstrated the rapid removal of t-PA activity from the
blood (less than 5min) by binding to PAIs and degradation by
the liver, whereas the plasma t-PA antigen levels decreased
somewhat more slowly representing the loss of t-PA due to
degradation by the liver only. As demonstrated recently, in the
presence of NP, t-PA activity ex vivo was greatly prolonged,
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while t-PA antigen levels remained unchanged (Korbut et al.,
1990). This indicates that NP prevents inactivation of t-PA by
PAI, probably by inhibition of PAI-1 release from platelets,
which normally accounts for more than 90% of circulating
PAI (Booth et al., 1985).

That NP inhibited PAI-1 release was supported by in vitro
experiments with whole blood. They showed that the time-
related decrease in t-PA activity following incubation with
t-PA, presumably due to binding to PAIls, was significantly
maintained in the presence of NP. Furthermore, the time-
related increase in PAI-1 activity seen in whole blood, prob-
ably due to release of PAI-1 from platelets, was significantly
inhibited by NP.

While we have shown that NP can induce fibrinolysis at
lower concentrations than those required for inhibition of
platelet aggregation (Lidbury et al., 1989), PGI, exhibits fibri-
nolytic activity (Korbut et al, 1983) at concentrations very
similar to anti-aggregatory concentrations (Gorman et al.,
1977; Moncada, 1982). Furthermore, we found that the time
course of NP-induced fibrinolysis differs from that of PGI,
(Moore et al., 1988; Korbut et al., 1989). Thus, the mechanism
of fibrinolytic activity induced by activators of guanylate
cyclase, such as NP, is different from that of activators of
adenylate cyclase. Although various hypotheses have been
proposed to explain the fibrinolytic activity induced by PGI,
(Moore et al., 1988), it is accepted that activators of adenylate
cyclase produce a long-lasting stimulation of fibrinolysis by an
unknown mechanism. Furthermore, due to the lack of effect of
NP on platelet aggregation ex vivo, these results indicate that
NP may induce fibrinolysis while producing minimal changes
in platelet cyclic GMP levels. Although our evidence is indi-
rect, fibrinolysis may be stimulated by small increases in cyclic
GMP, as with platelet adhesion, whereas larger increases in
cyclic GMP are required for inhibition of platelet aggregation.
It is tempting to speculate that the fibrinolytic action of NP
may be related to the NO-induced anti-adhesive effect on
platelets (Radomski et al., 1987b) rather than anti-aggregatory
properties. Alternatively, NP may stimulate fibrinolysis via an
unknown, cyclic GMP-independent mechanism. Although
both GTN and NP cause smooth muscle relaxation via NO-
mediated stimulation of soluble guanylate cyclase, only NP
activated fibrinolysis ex vivo. This may occur because GTN
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Tolbutamide excites rat glucoreceptive ventromedial
hypothallamic neurones by indirect inhibition of ATP-K*

channels

IM.L.J. Ashford, *P.R. Boden & J.M. Treherne

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1QJ and *Parke-Davis Research
Unit, Addenbrooke’s Hospital Site, Hills Road, Cambridge CB2 2QB

1 The sulphonylureas, tolbutamide (0.1-10mm) and glibenclamide (0.1-100 uM) were shown not to
inhibit ATP-K* channel currents when applied to inside-out membrane patches excised from rat cultured
cerebral cortex or freshly-dispersed ventromedial hypothalmic nucleus (VMHN) neurones.

2 Saturable binding sites for [3H]-glibenclamide, with similar affinity constants are present in rat cere-
bral cortex and hypothalamic membranes. The density of binding sites was lower in the hypothalamus
than cortex.

3 Intracellular recordings from glucoreceptive VMHN neurones in hypothalamic slices were obtained.
In the absence of glucose, tolbutamide (0.1 mM) depolarized these cells, increased membrane resistance
and elicited action potentials.

4 Tolbutamide (0.1 mm) inhibited ATP-K* channel currents and induced action current activity in cell-
attached recordings from glucoreceptive VMHN neurones.

§ Glibenclamide (10-500nm) had no effect per se on glucoreceptive VMHN neurones but did antago-
nize the actions of tolbutamide.

6 It is concluded that the hypothalamic (and perhaps cortical) sulphonylurea receptors are not directly

coupled to ATP-K * channels.

Introduction

The sulphonylureas (e.g. tolbutamide and glibenclamide) are
used clinically in the treatment of maturity onset (Type 2) dia-
betes. Their hypoglycaemic properties have been mainly
attributed to their actions on pancreatic f-cells where they
stimulate insulin release (Lebovitz, 1985). They cause persist-
ent depolarization of f-cells which, coupled with the gener-
ation of calcium-dependent action potentials and calcium
entry, results in insulin secretion (Howell, 1984). The depolar-
ization is due to a reduction in the f-cell resting K* per-
meability (Henquin & Meissner, 1982). Recent studies, with
single channel recording techniques, have shown that the sul-
phonylureas inhibit the activity of ATP-K* channels in
insulin-secreting cells (Sturgess et al., 1985; Trube et al.,
1986). Thus, they seemingly mimic the actions of nutrient
secretagogues like glucose which also act to inhibit ATP-K*
channel activity (Ashcroft et al., 1984; 1988). However, the
actions of the sulphonylureas and the nutrients differ in one
important respect, the latter require intracellular metabolism
to induce ATP-K* channel closure whilst the former act
directly to close the channel. This is clearly demonstrated by
the ability of tolbutamide and glibenclamide to inhibit
ATP-K* channels when applied to inside-out or outside-out
membrane patches (Trube et al., 1986; Sturgess et al., 1988;
Zunkler et al., 1988).

Tritiated sulphonylureas bind reversibly to saturable, high-
affinity sites on f-cell membranes. Other oral antidiabetic
compounds compete with these sites in a manner that correl-
ates well with their relative hypoglycaemic activities in vivo
(Giesen et al., 1985). Thus the f-cell is thought to contain
specific sulphonylurea receptors and it has been argued that
these drugs initiate their pharmacological effects through
interactions with these sites. Binding sites for sulphonylureas,
seemingly identical to those on insulin-secreting cell mem-
branes, have also been shown to be present in avian and
mammalian heart cells (Fosset et al., 1988) and mammalian
central neurones (Geisen et al., 1985; Lupo & Bataille, 1987,
Bernardi et al., 1988). The presence of ATP-K* channels has

! Author for correspondence.

been well documented in mammalian cardiac cells (Noma,
1983; Trube & Hescheler, 1984; Noma & Shibasaki, 1985)
and recently such channels have also been demonstrated in
mammalian central neurones (Ashford et al., 1988; 1990a). It
has been shown that the sulphonylurea receptor is function-
ally linked to ATP-K* channels in heart cells, as glibencla-
mide inhibits channel activity in isolated membrane patches
(Belles et al., 1987 ; Fosset et al., 1988). The actions of sulpho-
nylureas on ATP-K* channels in central neurones have not
been described although it has been shown that 1 um gliben-
clamide blocks hyperpolarization induced by anoxia in hippo-
campal slices (Mourre et al., 1989; Grigg & Andersen, 1989,
Ben-Ari, 1990). However, Grigg & Anderson found that, in
contrast to its action on other tissues, 0.1 uM glibenclamide
had no significant effect.

We have examined the effects of the sulphonylureas, tolbu-
tamide and glibenclamide, on ATP-K* channels recorded
from inside-out patches obtained from cultured cerebral
cortex neurones and ventromedial hypothalmic nucleus
(VMHN) neurones and on cell-attached patches from
VMHN neurones. In addition, the effects of these drugs on in
vitro neurones were determined by intracellular recording
from glucoreceptive VMHN cells in hypothalamic slices. Pre-
liminary accounts of some of these data have been published
in abstract form (Boden et al., 1989; Ashford et al., 1990b).

Methods

Preparation of cerebral cortex and hypothalmic mem-
branes

Male Sprague-Dawley rats (200-500g) fed ad libitum were
stunned, decapitated and the cerebral cortex and hypo-
thalamus dissected out on ice and immediately immersed on
ice-cold phosphate buffer. The tissues were homogenized in
10 volumes of ice-cold 50mm Na-K phosphate buffer
(37.8 mm Na,HPO,, 12.2mm KH,PO,), pH7.5, by a teflon-
glass homogenizer with a motor-driven pestle (5 up and down
strokes run at 3000r.p.m.), and then centrifuged for 30 min at
17000g. The resulting pellet was resuspended in phosphate
buffer and then centrifuged again for 30min at 17000g.
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Finally, this pellet was resuspended in buffer to give a protein
concentration of 5-7mgml~! and was used the same day.
Protein concentration was determined according to the
method described by Lowry et al. (1951), with bovine serum
albumin as standard.

Measurement of ® H-ligand binding

Incubations were carried out in 50mm Na-K phosphate
buffer, pH7.5, containing the 3H-ligand, inhibitor (where
appropriate) and homogenate (1 mg protein) in a total volume
of 1 ml (4-5 replicates for each determination). Equilibration
was for 2h at 25°C and was terminated by addition of 4ml
ice-cold buffer. The mixture was filtered immediately through
Whatman GF/B glass fibre filters by use of a Shearline R&D
(Cambridge, U.K.) 10-place filtration block (25mm diameter
filters). The filters were transferred to scintillation vials and
10 ml scintillator added and allowed to stand overnight before
determination of the tritium by liquid scintillation counting.
The scintillator was Emulsifier-Safe (Packard)/water 95:5
(v/v). The final concentration of [*H]-glibenclamide in each
experiment was determined by counting an aliquot of the
equilibrium medium (buffer + 3H-ligand).

Curves for the amount of [3H]-glibenclamide bound versus
the concentration of [3*H]-glibenclamide, after subtraction of
the binding of [*H]-glibenclamide not inhibited by 1um gli-
benclamide, were fitted to the equation:

3 H H _ Bmax -A"
[*H]-glibenclamide bound A" + ECL,
where B, is the maximum binding of [3H]-glibenclamide, A
is the concentration of [3*H]-glibenclamide, ECj, is the con-
centration of [3H]-glibenclamide giving half-maximal binding
and n is the Hill coefficient. The best-fit values of B, , ECs,
and n were obtained by weighted non-linear regression
analysis using the Harwell library routine VBOIA, as imple-
mented on the Cambridge IBM 3081/3084. All points were
weighted by the reciprocal of the variance associated with
them.
Curves of inhibition of ligand binding were fitted in the
same way to the equation:

% of uninhibited binding of *H-ligand =

100 — NS
(A/ICs0)" + 1

with IC,,, n and NS as variables. A is the concentration of
inhibitor, IC, the inhibitor concentration giving 50% inhibi-
tion of the inhibitor-sensitive binding, n the Hill coefficient
and NS the percentage of the binding of the H-ligand insen-
sitive to the inhibitor (‘non-specific’ binding). The affinity
constant of the inhibitor (unlabelled ligand) was calculated
from the relationship: K, = 1/(ICs, — *H-ligand]).

+ NS

Electrical recording and analysis

Coronal slices (400 um thick) of hypothalamus were cut from
brains of Wistar or Sprague-Dawley rats (100-200g weight)
with a Vibratome (Oxford Instruments). The slices were main-
tained at room temperature in artificial cerebro-spinal fluid
(ACSF). For intracellular recording, the slices were trans-
ferred to a recording chamber where they were superfused
with ACSF at 37°C. Electrodes were filled with 3 M potassium
acetate and had d.c. resistances of 100-150MQ when mea-
sured in physiological saline. A period of thirty minutes was
allowed for equilibration following impalement. Input resist-
ances were derived from the slope of the current-voltage plot
obtained by measuring the electrotonic potential during
current injection. Pulses, of greater than 100ms duration,
were applied in order to ensure complete capacitance satura-
tion of the membrane. These recording procedures have pre-
viously been described in full (Boden & Hill, 1988).

Primary neuronal cultures were obtained from 2-7 day old
neonatal rat cerebral cortices. Full details of this procedure
have been published elsewhere (Ashford et al., 1988).

For single channel recording from VMHN neurones, cells
were acutely dissociated from the VMHN isolated from rat
hypothalamic slices. The nuclei were incubated in 0.5 mgml !
collagenase (Clostridiopeptidase A. Boehringer, Mannheim),
1 mgml~! trypsin (Type XII, Sigma, Poole, Dorset) in ACSF
at room temperature for 1-2h and then triturated by use of
flame-polished Pasteur pipettes of decreasing internal dia-
meter. The dispersed cells were plated onto Sterilin dishes
(35mm) and left for 30 min-1 h before use, by which time the
cells had adhered. Single channel currents were recorded, at
room temperature, from cell-attached and inside-out mem-
brane patches obtained from cultured or acutely dispersed
neurones by standard patch-clamp recording procedures
(Hamill et al., 1981). Current recordings were made by either
a List Electronic EPC-7 or a Dagan 8900 patch clamp ampli-
fier and stored on magnetic tape (Racal 4DS) for later
analysis and reproduction of figures. The potential across the
membrane is described following the usual sign convention
for membrane potential (i.e. inside negative). Outward current
(i.e. current flowing from the intra- to extracellular side of the
membrane) is shown as upward deflections on all traces. The
data were analysed for current amplitude and open-state
probability by computer (Apricot XEN-i 286/45) as described
previously (Sturgess et al., 1988 ; Kozlowski et al., 1989).

Solutions

The ACSF contained (mMm): NaCl 128.0, KCl 5.0, NaH,PO,
1.2, CaCl, 2.4, MgCl, 1.3, NaHCO, 26.0, p-glucose 10.0,
pH 7.4. Before single channel recording the cells (cultured and
isolated neurones) were washed thoroughly with normal
external physiological salt solution (PSS) consisting of (mm):
NaCl 135.0, KCl 5.0, CaCl, 1.0 MgCl, 1.0, HEPES 10.0,
pH 7.4 with NaOH. For cell-attached and isolated inside-out
patch recordings, the patch pipette contained (mm): KCl
140.0, CaCl, 5.0, MgCl, 5.0, HEPES 10.0, pH 7.2 with KOH
and the batching solution was either the normal external PSS
(cell-attached recordings) or an intracellular solution (inside-
out recordings) consisting of (mm): KCl 140.0, MgCl, 1.0,
CaCl, 0.9, EGTA 1.0, HEPES 10.0, pH 7.2 with KOH (free
Ca?* concentration of 1um). The high concentration of diva-
lent cations (5mum) in cell-attached experiments was included
to maintain stable recordings. The high concentrations were
maintained in some inside-out patches as these were excised
following cell-attached recordings. In some inside-out experi-
ments the electrode contained the normal external PSS. In
experiments where high concentrations of adenosine 5'-
triphosphate (ATP) were used, the concentrations of the diva-
lent cations and EGTA were altered in order to compensate
for chelation by ATP (as determined by the metal ion/ligand
binding programme ‘METLIG’ (P. England & R. Denton,
University of Bristol)). Solutions (with or without drugs) were
applied, by gravity feed systems at a rate of 4mlmin~" for
slices and approximately 0.5mls™! for the isolated cells and
membrane patches. The different types of ATP (Na* and K*
salts, vanadium-free) were obtained from Sigma (Poole,
Dorset) and [3H]-glibenclamide, glibenclamide and tolbuta-
mide were donated by Hoechst Aktiengesellschaft (Frankfurt,
West Germany). All data in the text and figures are presented
as mean values + s.e.mean.

Results

Lack of direct inhibition of ATP-K* channels by
sulphonylureas

Cultured cortical neurones The incidence of ATP-K* chan-
nels in rat cultured cortical neurones has been shown to be
extremely low (Ashford ef al., 1988) and this has also been



borne out in this study. Out of 78 inside-out membrane
patches in which the actions of ATP (applied to the intracellu-
lar membrane aspect) were tested, only 15 contained an
ATP-K* channel. In agreement with the previous study, the
single channel current-voltage relationship for the ATP-K*
channel exhibits pronounced outward rectification at depolar-
ized potentials (as expected from Goldman-Hodgkin-Katz
theory) when recorded under an asymmetric potassium ion
gradient (normal PSS in electrode and a 140mm K*-
containing PSS in the bath). Furthermore, the reverse poten-
tial (approximately —80mV) and the single channel
conductance (~130pS, measured between —20mV and
+20mV) were similar to those described previously. Applica-
tion of ATP to the solution bathing the inside-out membrane
patch resulted in a reversible inhibition of channel activity
(Figure 1a). This action of ATP was due to a reduction in the
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Figure 1 Single channel currents recorded from inside-out mem-
brane patches, excised from rat cultured cerebral cortical neurones,
held at a membrane potential of 0mV. The recording pipette con-
tained 135mM NaCl and 5mm KCI and the bath 140mM KCl and
10-M calcium. Single channel openings are denoted by upward
deflections (outward currents). (a) Inhibition of a potassium selective
channel by 6mm ATP added to the bath solution. Note the effect of
ATP is reversible on wash. The values of P, were as follows:
control 0.381; 6mM ATP 0.001; wash 0.365. Application of 1 mm tol-
butamide (b) or 1 um glibenclamide (c) to the bath solution produced
no effect upon the activity of the ATP-sensitive potassium channel.
The values of P__ ., were as follows: (b) control 0.745; 1 mm tolbuta-
mide 0.689; wash 0.788- (c) control 0.736; 1 uM glibenclamide 0.791;
wash 0.752. The data shown in (a) to (c) were obtained from three
different inside-out patches. Although not shown, the channel activity
in (b) and (c) was inhibited by application of ATP to the bath.
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open-state probability (P,,.,) of the channel and an apparent
decrease in the overall number of functional channels present
in the patch. ATP reduced P, in a dose-dependent manner
over the range tested (1-10 mMm) with half-maximal inhibition
obtained at 2-3mm ATP.

The actions of both tolbutamide (0.5-10 mmM, n = 8) and gli-
benclamide (0.1-10uM, n=9) were tested on ATP-K*
channel activity, recorded from inside-out membrane patches.
This patch configuration was chosen because ATP-K* chan-
nels could be identified unequivocally (by testing for inhibition
of activity with ATP) and also because the sulphonylureas
have been shown to be at least as effective when applied to
this side in patches excised from insulin-secreting cells
(Sturgess et al., 1988). On each occasion tested, neither tolbu-
tamide nor glibenclamide had any effect on ATP-K™* channel
activity (Figure 1b,c) regardless of ionic configuration (i.e.
high K* in bath, Na* in electrode or high K* in both).
Quantified results for 1 mm tolbutamide and 1um glibencla-
mide are shown in Table 1.

Freshly-isolated VMHN neurones We have recently shown
(Ashford et al., 1990a) that ATP-K* channels are present in
glucoreceptive neurones of the VMHN and have suggested
that the glucose-induced excitation of these neurones is medi-
ated by inhibition of ATP-K* channels in a manner identical
to that for pancreatic S-cells (Ashcroft et al., 1984; 1988). As
far as we have been able to ascertain these hypothalamic
ATP-K* channels are identical, in terms of K* selectivity,
conductance and sensitivity to ATP (Ashford ez al., 1990a) to
those of the cerebral cortex, except that they occur at a much
higher density in freshly dispersed VMHN neurones
(approximately 1 in 3 patches). This much-increased success
rate in obtaining ATP-K* channels coupled to identifiable
cells (glucoreceptive) meant that a more detailed study of sul-
phonylurea action could be undertaken.

Thus the actions of tolbutamide and glibenclamide were
tested on inside-out membrane patches isolated from freshly
dispersed VMHN neurones. On each occasion (n = 21) the
channel identity was confirmed by testing for inhibition of
channel activity with ATP (2-3 mMm) either before or after the
application of the sulphonylurea. Neither tolbutamide (0.1-
10mMm; n = 11) nor glibenclamide (1-100 uMm; n = 10) produc-
ed any observable effect on channel activity (Figure 2a,b),
even over prolonged exposure periods (up to 20 min tested).
The mean change of N(P, in the presence of tolbutamide or
glibenclamide, was calculated for some of these patches and is
shown in Table 1, where it can be seen that there is no signifi-
cant inhibition induced by these compounds. These results are
similar to the data obtained from the cultured cortical cells.

Binding of [3H]-glibenclamide to cerebral cortex and
hypothalamic membranes

Although previous studies have demonstrated the presence of
saturable [*H]-glibenclamide binding sites in the rat cerebral

Table 1 The lack of effect of sulphonylureas on ATP-K*
currents recorded from inside-out membrane patches

Mean change in channel activity
N, P (test)/N P(control)

Sulphonylurea Cortex VMHN

Tolb 1mm 0.96 + 0.1 (5) 0.93 £+ 0.09 (5)
10mm —_ 1.00 £+ 0.06 (4)

Glib 1um 0.93 £ 0.14 (5) 0.92 +0.20 (3)
10 um — 1.02 1+ 0.08 (4)
100 um — 0.97 £+ 0.06 (3)

Results are expressed as the mean relative change in NP,
+ s.e.mean. The number of patches used are shown in par-
entheses. Tolb = tolbutamide, Glib = glibenclamide,
VMHN = ventromedial hypothalamic nucleus, N, = number
of functional channels in patch and P, = open-state prob-
ability.
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Figure 2 Lack of effect of tolbutamide and glibenclamide on ATP-K* channels recorded from inside-out membrane patches from
ventromedial hypothalamic neurones. The recording pipette contained 135mM NaCl, Smm KCl and the bath 140mM KCl and
10~®M calcium. The patch potential was O0mV and openings are shown as upward deflections (outward currents). (a) Membrane
patch containing 2 ATP-K* channels. Application of 1 mM tolbutamide had no effect on channel activity, whereas application of
3mM ATP produced a substantial inhibition of the channel open state probability, which was reversible upon wash. The values of
P, Were as follows: control 0.728; 1 mMm tolbutamide 0.704; wash 0.750; 3mm ATP 0.350 and wash 0.695. (b) A recording from a
separate patch which also contained 2 ATP-K* channels. ATP 3mM applied to the bath produced an inhibition of the channel
activity which was reversible on wash, whereas 10-100 uM glibenclamide had no significant effect on channel activity. The Popen
values were as follows: control 0.841; 3mm ATP 0.385; wash 0.853; 10 uM glibenclamide 0.865; 100 uM glibenclamide 0.815 and

wash 0.875

cortex, such sites have not yet been described in the hypo-
thalamus. Therefore, the demonstration of a lack of action of
sulphonylureas on ATP-K™* channels of cells from this region
may simply reflect the absence of binding sites. Thus, binding
of [*H]-glibenclamide was investigated in rat hypothalamus
and a comparison performed with cerebral cortex.

Saturable binding sites for [3H]-glibenclamide are present
in both rat cerebral cortex and hypothalamic neuronal mem-
branes (Figure 3a,b). The affinity constants of the [3H]-gli-
benclamide binding sites were 2.13 + 0.09 x 10°M~! (n = 5)
in the cerebral cortex and 2.70 + 0.15 x 10°M™! (n=3) in
the hypothalamus. The values for the Hill slope were
095+ 0.04 (n=15) for cortex and 1.15+0.04 (n = 3) for
hypothalamus suggesting a single class of binding sites.
However, the density of binding sites was lower in the hypo-
thalamus (49.8 + 0.5pmolg~! protein) than in the cortex
(84.9 + 1.1pmol g~! protein). These values for binding den-
sities are generally lower than those obtained recently with a
variety of [°*H]-sulphonylureas. For example, with [*H]-glipi-
zide in rat cerebral cortex the density was 110pmolg~?!
protein (Lupo & Bataille, 1987); [3*H]-glibenclamide in rat
brain microsomes, 140 pmol g~ ! protein (Mourre et al., 1989),
although values as low as 30pmolg~! protein have been
obtained for [3H]-glibenclamide binding to rat cerebral
cortex membranes (Geisen et al., 1985). For comparison,
values of 150pmolg~! protein (Schmid-Antomarchi et al.,
1987) and >300pmolg~! protein (Geisen et al., 1985) have
been found for rat insulinoma microsomes and f-cell tumour
membranes, respectively. The binding of [3H]-glibenclamide
to rat cortical membranes was inhibited by unlabelled gliben-
clamide (e.g. Figure 3c) with a mean affinity constant of
2.78 + 0.25 x 10°M~! (n = 3), similar to the value obtained

from analysis of saturation curves. Therefore [*H]-glibencla-
mide binding sites, with similar characteristics to those in
cortex, are present in the hypothalamus but at a lower
density. The inhibition of [*H]-glibenclamide binding to
cortex by tolbutamide is well established (e.g. Geisen et al.,
1985) and it is likely that tolbutamide would have a similar
affinity for the sulphonylurea binding site in the hypo-
thalamus.

Actions of sulphonylureas on intact VMHN cells

It is well documented that the sulphonylurea receptors are
functionally coupled to ATP-K* channels in isolated patches
of insulin-secreting cells (Sturgess et al., 1985; Trube et al.,
1986). The binding data described above, coupled with the
evidence that the cortical sulphonylurea receptors appear very
similar to those of pancreatic f-cells, make it surprising that
tolbutamide and glibenclamide have no effect on this channel
in inside-out membrane patches from neurones. One possi-
bility is that the receptor and ATP-K* channel are function-
ally uncoupled in central neurones. However, recently it has
been demonstrated (Mourre et al., 1989; Grigg & Andersen,
1989; Ben-Ari, 1990) that high (1 uM) concentrations of gli-
benclamide prevented anoxia-induced hyperpolarization of
hippocampal neurones (an effect involving inhibition of
ATP-K* channels activated by the anoxic stimulus). This
would suggest that some degree of functional coupling must
exist.

Therefore we decided to test the actions of the sulphonyl-
ureas tolbutamide and glibenclamide on intact cells. In order
to determine whether these drugs produced any effect what-
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Figure 3 Binding of [*H]-glibenclamide to cerebral cortex and
hypothalamic membranes. (a) Saturable [*H]-glibenclamide binding
to rat cerebral cortex membranes: ([l]) total binding; (@) non-
specific binding, insensitive to 1 uM glibenclamide. (b) Saturable [*H]-
glibenclamide binding to rat cerebral cortex (@) and rat hypo-
thalamus (). The curve for the cortical data is the difference
between the two curves shown in (a). Note the similarity in the shape
of the curves and the decreased density of binding sites in the hypo-
thalamus compared to the cortex. (c) An experiment showing the dis-
placement of [*H]-glibenclamide binding to cortex membranes by
unlabelled glibenclamide. Each point is the mean of 5 incubations.

soever, intracellular recordings from glucoreceptive VMHN
neurones in hypothalamic slices were made under current-
clamp. Before the application of drug, removal of glucose
from the superfusing medium allowed unequivocal identifica-
tion of the cell, by the decreased membrane resistance, hyper-
polarization and the cessation of spontaneous action potential
activity (Figure 4a) similar to that found previously (Ashford
et al., 1990a). The cell remained quiescent and hyperpolarized
throughout the period of exposure to glucose-free PSS. On
application of tolbutamide (0.1 mM) to the glucose-free super-
fusate, the cell depolarized, spontaneous action potential
activity returned and there was an increase in membrane
resistance. These actions of tolbutamide were reversible on
washing-out the drug with glucose-free PSS. Further expo-
sures to the same concentration of tolbutamide produced
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Figure 4 (a) Pen recording showing the effect of tolbutamide

(100 umM) on a glucoreceptive neurone located within the ventromedial
nucleus of a rat hypothalamic slice. Initial resting potential of the
neurone was —62mV. Removal of extracellular glucose from the per-
fusing ACSF led to membrane hyperpolarization accompanied by a
fall in apparent input resistance as indicated by the reduction in size
of electrotonic hyperpolarizing potentials (downward deflections).
Upward deflections are action potentials, truncated by the limited fre-
quency response of the pen recorder. Both spontaneous and anode-
break action potentials were abolished in glucose-free ACSF. A one
minute application of tolbutamide reversed the effect of glucose
removal, depolarizing the neurone and leading to the return of action
potential firing. Note also the apparent increase in input resistance
produced by tolbutamide. All effects of the sulphonylurea were
reversed on return to drug-free saline. (b) Summary of data obtained
for the concentration-dependent effects of tolbutamide and glucose
on the input resistance of glucose-sensitive ventromedial hypo-
thalamic nucleus neurones. The ordinate scale gives the increase in
input resistance produced by either tolbutamide (@) or glucose (Ill);
the concentration is plotted on the abscissa scale. All the results were
from neurones perfused in glucose-free ACSF but initial impalement
and recording was performed in normal glucose. This ensured that
only neurones hyperpolarized by glucose removal (i.e. glucoreceptive)
were used in the study. The data points show the mean and vertical
lines indicate s.e.mean (figures in parentheses are the number of neu-
rones used for each point). Only one concentration of drug was used
per neurone.

similar actions. The effects of tolbutamide were
concentration-dependent; this is illustrated in Figure 4b,
where the increase in membrane resistance elicited by tolbuta-
mide (0.01-0.3 mmM) is compared to that of excitatory concen-
trations (5-20mMm) of glucose. Thus tolbutamide acts on
VMHN glucoreceptive cells in a manner identical to that of
glucose (Ono et al., 1982; Minami e al., 1986; Ashford et al.,
1990a) on these cells and of glucose (Atwater et al., 1978) or
sulphonylureas (Ferrer et al., 1984) on pancreatic f-cells. Pre-
vious studies have clearly shown that both glucose and tolbu-
tamide inhibit the activity of ATP-K™* channels in pancreatic
P-cells (Ashcroft, 1988; Ashford, 1990) and this accounts for
their excitatory effects. Recently, we have demonstrated that
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Figure 5 A cell-attached recording from glucoreceptive ventromedial hypothalamic nucleus neurone. Single channel currents were
recorded at a pipette potential of 0mV with 140mm KCl in the electrode solution, normal saline in the bath. In the presence of
glucose (10mm) very few channel openings were observed and the cell fired action potentials regularly. Application of glucose-free
solution to the bath resulted in the complete abolition of spiking activity and the appearance of single channel currents. Addition of
0.1 mMm tolbutamide to the bath in the continued absence of glucose produced (after approximately 2min) complete abolition of
channel activity and the reappearance of action potentials. The current records in (a)~(c) were filtered at 0.2 kHz.

glucose inhibits ATP-K* channels in VMHN glucoreceptive
neurones in a similar manner (Ashford et al., 1990a).

In order to determine whether tolbutamide also acts in this
way on VMHN neurones, cell-attached single channel record-
ings were made from acutely dissociated VMHN cells. Figure
S shows a recording from a single glucoreceptive VMHN
neurone. The recording pipette contained 140mm K* and the
pipette potential was zero mV. In the presence of normal bath
saline plus 10 mm glucose (Figure 5a) the cell can be observed
to spike fairly regularly (seen as extracellularly recorded
action currents). Superfusion of the cell with glucose-free
saline produced an inhibition of action current activity,
usually within 2-3 min. Under these conditions, single channel
currents of very short duration (<10ms) could, on some

a Control

occasions, be observed (Figure 5b). Addition of 0.1 mMm tolbu-
tamide to the bathing solution (Figure 5c), resulted in the
inhibition of this channel activity, when present, and was fol-
lowed by the re-appearance of action currents (n = 7). These
data therefore complement the current-clamp slice data and
clearly indicate that tolbutamide is capable of exciting gluco-
receptive cells.

In order to determine the identity of the channel observed
in the above experiments further cell-attached recordings were
performed. In these experiments, the cells were kept in normal
PSS with no added glucose for approximately 30 min prior to
recording, in an attempt to induce a significant level of resting
ATP-K* channel activity. Figure 6 illustrates a typical cell-
attached recording from a VMHN cell under these conditions,
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Figure 6 A cell-attached recording from a glucoreceptive ventromedial hypothalamic nucleus neurone. In this experiment the cells
had been bathed in zero glucose (for at least 30 min) before the recording. Single channel currents were recorded at a pipette
potential of 0mV in (a)-(c). The electrode contained 140 mM KCl and normal PSS was present in the bath. In (a) under control
conditions in the absence of glucose, a single active ATP-sensitive potassium channel can be seen, which was later identified by its
conductance and lack of voltage-dependence. Application of 0.1 mM tolbutamide resulted in the cessation of the channel activity and
this effect was reversible upon washout of the tolbutamide. Action current activity was not observed on this occasion in the presence
of tolbutamide, this was often observed if the cell was exposed to zero glucose for long periods. The P, values were as follows (a)
control 0.723; (b) tolbutamide 0.000; (c) wash 0.694. (d) and (¢) Recordings from the same membrane patch but after excision from
the cell. Under these conditions 0.1 mM tolbutamide produced no inhibition of channel activity. Note also the difference in kinetics
between the activity of the ATP-K* channel in cell attached conditions and in inside-out conditions. Membrane potential was 0 mV
in traces (d) and (e).



clearly showing channel activity with a high level of open-
state probability (Figure 6a; see also Figure 2a in Ashford et
al., 1990a). Addition of 0.1 mm tolbutamide induced complete
closure of this channel, an effect reversible on wash (Figure
6b,c). However, a delay of 1-2min was usually observed
before the sudden termination of channel activity (an action
not compatible simply with the superfusion rate, since fluid
exchange was less than 30s). Similar effects were observed on
four further patches. Following the reversal of tolbutamide
inhibition (1-2min after the initiation of wash), the mem-
brane patch was excised into the normal saline bathing the
cells and an inside-out patch configuration obtained. Under
these asymmetric K* ion conditions, channel openings are
observed as downward deflections (as K* leaves the
electrode) and it can be seen that the K* channel kinetics are
quite distinct from that recorded cell-attached (Figure 6d).
This reflects the excision of the patch into an ATP-free solu-
tion. Application of 0.1 mMm tolbutamide to the solution
bathing the internal surface of the membrane patch had no
effect on channel activity (Figure 6€), even after prolonged
contact time (5min), in agreement with previous data from
isolated patches. In a separate experiment (with identical
recording conditions to that used in the experiments shown
in Figures 5 and 6), the single channel activity recorded cell-
attached was completely inhibited by 0.1 mm tolbutamide and
the electrode then lifted off the cell (to form an inside-out
patch) into the tolbutamide-containing normal external PSS.
Channel activity was observed to recover slowly and only
after approximately 1min to regain a high value of P,
(Figure 7). Following this recovery, the bath solution was
exchanged for an intracellular solution (which resulted in
symmetrical 140mM KCl conditions) and the active channel
was found to have a conductance of 142 pS (compare with
mean value of 146 pS; Ashford et al., 1990a) and to be inhib-
ited by ATP (data not shown). In this experiment, 3mm ATP
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Figure 7 Cell-attached recording from a glucoreceptive ventromedial
hypothalamic neurone. The electrode solution was 140mm KCl,
normal PSS was present in the bath. In (a) under control conditions,
a single active ATP-K* channel can be seen. Application of 0.1 mm
tolbutamide (b) produced complete inhibition of channel activity fol-
lowing a 1 min delay after the addition of the drug. In this experiment
the electrode was lifted off the cell to form an inside-out patch (c, d)
whilst tolbutamide was present in the bath solution, and channel
activity returned after a delay (~20s). Note again the difference in
kinetics between the cell-attached recording (a) and the inside-out
recording (b).
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reduced the P, from a control value of 0.694 to 0.341, but
similar results were obtained from two other cells. These data
clearly show that tolbutamide (0.1 mm) does reversibly inhibit
the ATP-K* channel, but only under conditions where the
cell is intact.

In contrast to the depolarizing action of tolbutamide on
glucoreceptor neurones in VMHN slices, addition of gliben-
clamide (10-500 nM, n = S) had no effect. This is illustrated in
Figure 8a where, after the cell had hyperpolarized and
stopped firing in the zero-glucose PSS, application of 100 nM
glibenclamide produced no change in input resistance and no
significant depolarization (compare with Figure 4 for
tolbutamide). In five experiments the mean depolarization
obtained with 100 nm glibenclamide was 2.1 + 2.04mV with a
mean resistance decrease of 7.15 + 6.14%. However, following
glibenclamide treatment, the cell no longer responded to tol-
butamide (even after prolonged washing). Figure 8b, clearly
shows the effects of the two sulphonylureas on a VMHN glu-
coreceptive neurone in normal glucose medium. The addition
of tolbutamide (0.1 mM) depolarized the cell and induced an
increase in action potentials, effects which were both reversible
on wash-out of drug and reproducible on re-application of
tolbutamide. Glibenclamide (50nM) had no effect per se but
blocked the excitatory action of a further application of tolbu-
tamide (0.1 mMm).

Discussion

Sulphonylurea receptors (identified as high-affinity binding
sites for [*H]-glibenclamide) present in mammalian pancreatic
P-cells, cardiac muscle cells and central neurones have similar
binding characteristics. The affinity constants for [*H]-gliben-
clamide are comparable between tissues and similar to the
values obtained for the cortex and hypothalamus in the
present study. In addition, sulphonylureas displace [*H]-gli-
benclamide with the same relative potency in all tissues and
this also correlates well with their relative hypoglycaemic
activity. Furthermore, the sulphonylureas inhibit the activity
of ATP-K ™ channels in excised patches from insulin-secreting
cells (Ashford, 1990) and heart cells (Belles et al., 1987). These
observations have led to the notion that the sulphonylurea
receptor and the ATP-K* channel are a single entity or, at
least, very closely linked (de Weille et al., 1989). This is further
supported by the good correlation between the rank order of
potency for sulphonylureas to block ATP-sensitive Rb* efflux
from RINmSF insulinoma cells and their ability to displace
[®H]-glibenclamide from receptor sites on the same cells
(Schmid-Antomarchi et al., 1987). Indeed, the specificity of gli-
benclamide for ATP-K* channels (no effects have been
demonstrated on other K* channels; Ashford, 1990) has led
to its use as a probe for these channels. For example,
glibenclamide-induced block of vasorelaxation and increased
86Rb* efflux of vascular smooth muscle by K* channel
openers has been taken as strong evidence for the presence of
ATP-K* channels. This has recently been substantiated for
rabbit mesenteric artery at the single channel level, where
ATP has been shown to abolish K* channel activity, croma-
kalim to restore activity and glibenclamide to induce block
(Standen et al., 1989). Similar arguments have been used to
explain sulphonylurea-sensitive *K* or %¢Rb efflux from
metabolically exhausted frog skeletal muscle (Castle &
Haylett, 1987) and tolbutamide block of a K* conductance
activated by cromakalim, pinacidil and RP 49356 in human
skeletal muscle fibres (Quasthoff et al, 1989; Spuler et al.,
1989).

Recently, purification of the [3H]-glibenclamide binding
site from pig brain and direct photoaffinity labelling of brain
and insulinoma cells membranes have indicated that the
binding site is a single polypeptide chain of 140-150kDa. It
has been suggested that this polypeptide incorporates the
ATP-K* channel (Bernardi et al., 1988; Kramer et al., 1988;
de Weille et al., 1989). This proposal may, however, be rather
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Figure 8 (a) Glibenclamide (100 nm) has no apparent effect on gluco-
receptive ventromedial hypothalamic (VMH) neurones. A pen record-
er trace from one such neurone, which showed a typical
hyperpolarization and decrease in input resistance following removal
of extracellular glucose, is presented. A one minute application of gli-
benclamide (100 nm) failed to produce any change in input resistance
(cf. Figure 4). After a further two minutes, the slice was returned to
normal ACSF which led to a recovery of control membrane param-
eters. (b) Effects of the sulphonylureas tolbutamide and glibenclamide
on a glucoreceptive neurone in a VMH slice in normal ACSF. Resting
potential of the neuroné was —68 mV. The figure shows a continuous
pen recorder trace with the corresponding ratemeter trace for action
potential firing plotted beneath. Upward deflections are action poten-
tials truncated by the limited frequency response of the pen recorder.
Downward deflections are electrotonic potentials following current
injection which were used to monitor the input resistance of the cell.
The magnitude of injected current was varied at times during the
experiment merely to obtain data for current-voltage relationships.
The upper record shows that two, one minute, applications of tolbuta-
mide (100 M) separated by an interval of some eight minutes produc-
ed an equal amount of excitation. Glibenclamide (50 nm), perfused
continuously after the time indicated by the arrow, did not alter the
firing rate of the neurone but did produce a profound reduction in the
excitation produced by a further one minute application of tolbuta-
mide (100 um).
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presumptive, in particular for neuronal membranes. It is clear
from the isolated membrane patch data presented here that
the sulphonylurea receptor and the ATP-K* channel are not
directly linked in either the cortical or ventromedial hypo-
thalamic neurones. Current-clamp and cell-attached record-
ings from identified (glucoreceptive)  ventromedial
hypothalamic neurones do indicate that the sulphonylurea
receptor and ATP-K* channel are functionally linked in
intact cells, and that on patch excision this coupling is lost.
Because of the paucity of ATP-K™* channels in the cultured
cortical cells and the difficulty in identifying individual cell
types we cannot be certain that functional coupling does

occur in these cells, as no cell-attached recordings of ATP-K*
channels were obtained. However, it does seem a reasonable
assumption given the similarities of the ATP-K* channels and
sulphonylurea binding sites between cerebral cortex and
hypothalamus.

Hence, despite the biochemical similarity between the sul-
phonylurea binding sites in these two brain areas and insulin-
secreting cells the interaction between tolbutamide and the
ATP-K* channel differs. In insulin-secreting cells, tolbuta-
mide blocks ATP-K* channel activity in inside-out mem-
brane patches (i.e. applied to cytoplasmic side of membrane),
suggesting a close association between the sulphonylurea



receptor and the channel (Sturgess et al., 1985; 1988; Trube et
al., 1986), whereas for VMHN neurones (and probably corti-
cal neurones) some factor which confers a functional link
between the receptor and channel is not present, or is inhib-
ited, in inside-out membrane patches. Alternatively, a struc-
tural difference in the ATP-K* channel of neurones (different
amino acid sequence?) underlies this altered sensitivity to sul-
phonylureas. Such a proposition is strengthened by the differ-
ent conductance, rectifying properties and ATP-sensitivity of
the channel in neurones compared to insulin secretory cells. It
is unlikely that the sulphonylurea receptor is accessed only
from the extracellular side of the membrane patch, as
ATP-K* channel inhibition readily occurred in the cell-
attached recording configuration with tolbutamide present in
the bath solution only (i.e. not electrode) and the tight glass-
membrane seal is known to be a diffusion barrier to hydro-
philic molecules (Sakmann & Neher, 1984). In addition,
Zunkler et al. (1989), on studying the pH-dependence and time
course of sulphonylurea-induced block of ATP-K* currents in
mouse pancreatic f-cells, have concluded that it is the undis-
sociated forms of the drugs which are effective and it is likely
that the sulphonylureas gain access to their binding site on the
receptor via the lipid phase of the membrane. Furthermore,
there is evidence to suggest that the coupling between the sul-
phonylurea receptor and ATP-K™ channel in cardiac cells
may also be labile. Belles et al. (1987) showed that tolbuta-
mide has a slow onset of action during whole-cell recordings
(in agreement with the delay observed for ATP-K™* channel
inhibition in the cell-attached recordings from VMHN neu-
rones presented here) and that about 30% of the isolated
patches were not affected by 2 mm tolbutamide. These authors
also suggested that some unknown link between the sulpho-
nylurea receptor and ATP-K™* channel was missing in some of
the isolated patches. Perhaps the sulphonylurea receptor-
ATP-K* channel linkage exhibits tissue-dependence, with the
lability of coupling being in the order of pancreatic g-
cells < cardiac cells < central neurones (i.e. reverse of the
order for ATP-sensitivity).

A reduction in the effectiveness of tolbutamide at inhibiting
ATP-K™* channel activity in inside-out patches compared to
whole-cell currents has been demonstrated for mouse
(Zunkler et al., 1988) and human (Ashcroft et al., 1989) pancre-
atic fB-cells. It appears likely that this discrepancy is due to the
absence of cytosolic ADP in the excised patch, as Zunkler et
al. (1988) have shown that this nucleotide enhances the
channel sensitivity to tolbutamide. Although we have yet to
determine the possible modulatory effect of cytosolic ADP on
VMHN neurones, it is unlikely that this would account for
the total lack of action of 10mm tolbutamide on inside-out
membrane patches. A further indication of the different nature
of the link between the sulphonylurea receptor and ATP-K*
channel in neurones compared to S-cells, heart cells and
smooth muscle cells is the total lack of inhibition by glibencla-
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mide, not only on excised inside-out membrane patches, but
also on intact-cell current-clamp recordings. This latter obser-
vation apparently contrasts with data showing that gliben-
clamide can reverse hyperpolarization in hippocampal cells
(Mourre et al., 1989; Grigg & Anderson, 1989; Ben-Ari, 1990).
However, these results are not compatible with the data pre-
sented here for the following reasons: different brain regions
were employed for the slice preparation; the concentrations of
glibenclamide used were different; and anoxia was induced by
replacing O, with N, in the ACSF without changing glucose.
Furthermore, there is no direct evidence that glibenclamide is
acting on ATP-K* channels. In fact, Ben-Ari (1990) suggests
that the anoxic hyperpolarization is due to an activation of
calcium-activated K* channels and not ATP-K* channels,
which are located presynaptically and mediate glutamate
release. This lack of inhibition per se cannot simply result
from insufficient receptor occupancy, as a very low (50nM)
concentration of glibenclamide prevented the excitatory
actions of tolbutamide on intact cells. This in fact supports the
argument that high-affinity sulphonylurea binding sites are
present on these glucoreceptive cells. Thus a ‘second gener-
ation’ sulphonylurea (glibenclamide) acts as an ‘antagonist’ to
the excitation induced by a ‘first generation’ drug
(tolbutamide).

One explanation for the inhibition of ATP-K* channels on
intact cells and not inside-out patches is that tolbutamide
stimulates glucose metabolism resulting in increased levels of
intracellular ATP. Such an action has been obtained for tol-
butamide in normal (Kramer et al., 1983) and diabetic (Tan et
al., 1984) rat heart. However, in the present experiments we do
not believe, for several reasons, that tolbutamide acts in this
way. Firstly, it has been shown that sulphonylureas decrease
the ATP content of f-cells (Ashcroft et al., 1973; Kawazu et
al., 1980). Secondly tolbutamide depolarizes the VMHN neu-
rones in the absence of glucose and inhibits ATP-K * channels
cell-attached after 30 min exposure to zero glucose (Figure 6).
Thirdly, the effect of tolbutamide is ‘antagonized’ by low con-
centrations of glibenclamide.

In conclusion, we have shown that ATP-K* channels
present in mammalian central neurones can be inhibited by
tolbutamide in cell-attached recordings (but not inside-out
patches) and this results in depolarization of glucoreceptive
VMHN neurones. Furthermore, glibenclamide (at concentra-
tions which inhibit f-cell ATP-K* channels) does not depo-
larize these cells, but does block the action of tolbutamide.
Hence, either the CNS sulphonylurea receptors are not func-
tionally identical to those of pancreatic f-cells or heart cells,
or the CNS ATP-K* channel is markedly different in its
coupling to these receptors.
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Induction of non-specific airway hyperreactivity by potassium
channel blockade in rat isolated trachea

N. Chand, W. Diamantis & R.D. Sofia

Wallace Laboratories, Division of Carter-Wallace, Inc., Cranbury, New Jersey 08512 U.S.A.

1 The exposure of rat isolated tracheal segment to the K *-channel inhibitor tetracthylammonium (TEA,
10mm) for a period of 10-15 min generally produced little or no contractile response.

2 Cooling (10°C) provocation alone usually produced small (10 + 3% acetylcholine maximum) contrac-

tile responses.

3 In the presence of TEA (10mM, 10-15min exposure), rat trachea exhibited airway hyperreactivity to
acetylcholine, 5-hydroxytryptamine (5-HT) and cooling. It also increased the peak tension induced by

5-HT.

4 TEA-induced airway hyperreactivity to cooling was signficantly inhibited in Ca2*-free Krebs solution
suggesting an important role for extracellular Ca2* influx.

5 We conclude that the blockade of potassium channels with TEA induces non-specific airway hyper-
reactivity to cooling, 5-HT and acetylcholine in rat isolated tracheal segments.

Introduction

Non-specific airway hyperreactivity (AH) to a variety of phar-
macological and physical stimuli such as histamine, meth-
acholine, KCl, prostaglandin F,, (PGF,,) and exercise is a
hallmark of asthma (Bleeker, 1986; Dixon et al., 1989). There
are at least two hypotheses (cooling and/or drying of the
airways and transient increase in the osmolarity/osmolality of
tracheal mucosal fluid) which have been put forward to
explain the underlying cause of exercise-induced asthma
(Anderson, 1984). We have recently developed an in vitro
model of AH to cooling in rat trachea, in which cooling (10°C)
itself causes weak (5-10% acetylcholine maximum) contractile
responses. However, tracheal segments exposed to threshold/
subthreshold concentrations of potassium chloride, chemical
mediators such as platelet activating factor (PAF), acetyl-
choline, adenosine, phospholipase A,, and phospholipase C,
or following recovery from allergic responses, exhibit marked
AH to cooling (Chand et al., 1986; 1987; 1988). In the present
study we now demonstrate that tetraethylammonium (TEA; a
potassium channel inhibitor; a depolarizing agent) induces
non-specific airway hyperreactivity to acetylcholine, 5-
hydroxytryptamine (5-HT) and cooling in rat trachea.

Methods

Adult male Sprague-Dawley rats, weighing between 241689 g
were killed by CO, exposure. A terminal segment of the
trachea, 8 to 10mm long, was dissected from each rat and
kept in warm Krebs-Henseleit solution (37°C). Each tissue
was cut into two equal segments and set up ‘in pairs’ in iso-
lated tissue baths containing Krebs-Henseleit solution, main-
tained at 37°C and gassed with a mixture of 95% O, and 5%
CO,. The composition of Krebs-Henseleit solution was (in
mmMm): NaCl 118, KCl 4.7, CaCl, - 2H,0 2.5, MgSO,-7H,0
1.2, KH,PO, 1.2, NaHCO, 25.0 and glucose 10.0 (pH 7.4).
The tracheal segments were attached to force-displacement
transducers (Grass type FT.03C) by two L-shaped stainless
steel hooks. Tissues were allowed to equilibrate for 1 to 3h
with washings at 30-60 min intervals. An optimal resting force
of about 1 g was readjusted and maintained during the stabili-
zation period.

Following the equilibration period, tissues were exposed to
tetracthylammonium (TEA, 10 mm) for 10-15min and the cir-
culating water in the outer jackets of the isolated tissue baths
was switched to a cold water supply (10°C, refrigerated con-

stant temperature circulator, Polyscience Series 9000). The
cold-induced contractile responses were recorded isometrically
for a period of 15 to 30 min or until a plateau was established.
The circulation of heated (37°C) water in the outer jacket of
the tissue baths produced immediate relaxation of cold-
induced contractions. Fifteen min later, the resting force (if
lowered beyond resting level) was readjusted and then tissues
were exposed to acetylcholine (ACh, 10 3M) to determine
contractility (peak developed tension) in mg. This response
was termed the ACh maximum contractile response (ACh
max.). The cold-induced responses were expressed as % of
ACh max. About 20% of the tracheal segments exhibited con-
tractions to TEA and were not included in this study.

Role of calcium in TEA-induced airway hyperreactivity

After the equilibration period in normal Krebs solution, one
tracheal segment of each pair was incubated in Ca?*-free
Krebs solution for a period of 120min with two or three
washes. The second tissue was maintained in normal (Ca2*-
containing) Krebs solution. Both tissues were exposed to TEA
(10mm) and then to cold (10°C) by changing circulation fluid
in the outer jacket of the tissue baths. Fifteen min later, tissues
were exposed to ACh (1073M) at 37°C. The cold responses
were expressed as % of ACh max. and compared by paired ¢
test.

Induction of non-specific airway hyperreactivity to
acetylcholine and 5-HT

After the equilibration period one tissue of each pair was
exposed to TEA (10mm) and another received vehicle (Krebs
solution 0.1ml) for a period of 15min. The cumulative
concentration-effect curves to either ACh or 5-HT were estab-
lished with effect expressed in mg and also as a % of control
ACh max. responses and compared by paired t test. The
EC,os (uM), as a measure of sensitivity, were calculated from
the linear part of the concentration-effect curves; the 95%
confidence limits were also determined and compared by the
Bliss method (Bliss, 1967).

Drugs and statistics

Tetraethylammonium chloride (TEA), acetylcholine chloride
(ACh) and 5-hydroxytryptamine creatinine sulphate (5-HT)
were obtained from Sigma Chemical Co., St. Louis, MO,
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U.S.A. These drugs were dissolved in normal Krebs solution
immediately before use. Drug concentration is expressed as
that occurring in the bath fluid.

Statistical significance was determined by comparing cold-
induced responses (% ACh max.) as well as peak developed
tension (mg) in control (vehicle)-treated and TEA-treated seg-
ments by Student’s ¢ test for paired observations. Statistical
significance was indicated by a P value of 0.05 or less.

Results

The exposure of rat tracheal segments to TEA (10 mM) gener-
ally produced little (50-200 mg) or no contractile response in
about 80% of the preparations. However, this treatment pro-
duced airway hyperreactivity to ACh and 5-HT (Figures 1
and 2; Table 1). In the case of ACh, TEA produced a signifi-
cant change in sensitivity (a six fold decline in EC,,). With
5-HT, it increased both the sensitivity (a seven fold decline of
EC;,) as well as increasing the peak tension developed to
238% of the control value (Table 1).

Rat isolated tracheal segments responded with poor con-
tractile responses (10 + 3% of ACh max.) to cold provocation.
However, cold provocation produced strong and rapid con-
tractile responses (35.3 + 4.2% ACh max.; an increase to
264% of the control) in segments exposed to TEA for a period
of 10-15 min (Figures 3 and 4).

The exposure of rat tracheal segments to Ca?*-free Krebs
solution for a period of two hours produced a significant inhi-
bition of TEA-induced airway hyperreactivity as well as peak
developed tension to acetylcholine (Figure 5).
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Figure 1 Cumulative  concentration-effect  curves for  5-
hydroxytryptamine (5-HT) in the presence (©) and absence (OJ) of
tetraecthylammonium (TEA, 10mM, 15-30min exposure) in rat iso-
lated tracheal segments. Each point represents the mean of values
from 12 tissues; vertical lines show s.e.mean. Asterisks indicate signifi-
cant difference (* P < 0.05, ** P < 0.01 and *** P < 0.001) compared
with corresponding response in the absence of TEA.
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Figure 2 Cumulative concentration-response curves for acetyl-

choline in the presence () and absence ([]) of tetraethylammonium

(TEA, 10mM, 15-30min exposure) in rat isolated tracheal segments.

Each point represents the mean of values from 8 tissues; vertical lines

show s.e.mean. Asterisks indicate significant difference (* P < 0.05 and

** P < 0.01) compared with corresponding response in the absence of

TEA.
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Figure 3 Typical tracings of tetraecthylammonium (TEA)-induced
airway hyperreactivity to cooling (10°C) in rat tracheal segments.

Table 1 Effect of tetraethylammonium (TEA) on sensitivity and contractility to acetylcholine and 5-hydroxytryptamine (5-HT) in rat

isolated tracheal segments

Agonist
Acetylcholine (n = 8) 5-HT (n=12)
Sensitivity Peak developed Sensitivity Peak developed

Pretreatment EC,o (uM) tension (mg) ECo (uM) tension (mg)
Krebs solution 19.5 (16.9-22.6) 2693 + 357 2.7 (2.1-3.3) 648 + 141

0.1ml r = 0.99; slope = 31 r = 0.96; slope = 36
TEA, 10mm 34 (1.8-6.4)} 2760 + 238 0.36 (0.13-0.99)1 1341 £ 138***
(15-30 min) r =0.97; slope = 53 r =097; slope = 124

Values are means + s.e.mean.
+ P < 0.05 as compared to respective controls (Bliss method).
*** P < 0.001 as compared to respective controls (paired ¢ test).
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Figure 4 Induction of airway hyperreactivity to cooling provocation
(10°C) by tetraethylammonium (TEA, 10mM, 10-15min exposure) in
rat isolated tracheal segments. Values are means and bars show
s.e.mean (n = 12). ** P < 0.01, *** P < 0.001. (B8) Normal Krebs solu-
tion, (M) Krebs solution containing TEA (10 mm).
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Figure 5 Inhibition of tetracthylammonium (TEA)-induced airway
hyperreactivity to cooling and acetylcholine max. (contractility) in
Ca?*-free Krebs solution (2h exposure). All responses to cooling were
obtained after 15min treatment with, and in the presence of, 10 mm
TEA. Values are means and bars show s.e.mean (n = 12). ** P < 0.01,
*** P < 0.001. (B3) Normal Krebs solution, (#) Ca?*-free Krebs solu-

tion.

Discussion

The data obtained in this study clearly demonstrate that the
potassium channel inhibitor, TEA, induces non-specific
airway hyperreactivity to cooling, ACh and 5-HT in rat tra-
cheal segments. Antigen- and phospholipase A, (Chand et al.,
1987; 1988)- and TEA (this study)- induced airway hyper-
reactivity to cooling in this tissue is predominantly mediated
via the influx of extracellular Ca?*. The maximum response
to ACh (contractility; peak developed tension) utilized 40%
intracellular calcium (Figure 5).
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for ACh, histamine, KCl and PGE, (Boyle et al., 1988). There-
fore, due to species-related variations, caution must be exer-
cised when extrapolating results of in vitro studies to a disease
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Rat tracheal segments generally did not contract in
response to TEA. However, TEA induced slow waves of con-
traction, occurring at 5-10min intervals, or produced a sus-
tained contractile response (500-1000 g) in about 20% of the
tracheal segments examined. Such tissues were extremely
hyperresponsive to low concentrations of ACh (10~ 7-1076 m).
TEA has been shown to depolarize and to induce action
potentials and contractions in guinea-pig, bovine and canine
trachealis (Kirkpatrick, 1975; Kroeger & Stephens, 1975;
Suzuki et al., 1976; Foster et al., 1983). Repeated antigen chal-
lenge (repeat sensitization) has been shown shown to produce
depolarization of guinea-pig trachealis (McCaig, 1987; Souh-
rada & Souhrada, 1981). These data and the findings of the
present study suggest that the basic fundamental physiological
defect in the induction of airway hyperreactivity/hyper-
responsiveness in asthmatics may be depolarization (blockade
of potassium channels) of the airway smooth muscle cells.

TEA, KCI, subthreshold concentrations of chemical medi-
ators, added exogenously (ACh, 5-HT, PAF, adenosine, etc.)
or released endogenously (neuropeptides, PAF, ACh, etc.)
during repeated antigen challenge, could produce slight depo-
larization of airway smooth muscle cells and thus induce non-
specific airway hyperresponsiveness, a cardinal sign of asthma
(this study, Chand e al., 1986; 1987; 1988; McCaig 1987).
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Front-surface fluorometry with fura-2 and effects of
nitroglycerin on cytosolic calcium concentrations and on tension

in the coronary artery of the pig

Shimako Abe, 'Hideo Kanaide & Motoomi Nakamura

Division of Molecular Cardiology and Cardiovascular Clinic, Research Institute of Angiocardiology, Faculty of Medicine,

Kyushu University, Fukuoka, Japan

1 By use of front-surface fluorometry and fura-2-loaded strips of the coronary artery of the pig, the
effects of nitroglycerin (NG) on cytosolic Ca2* concentrations ((Ca2*];) and on tension development were
measured simultaneously.

2 Both high K* depolarization and histamine increased [Ca?*]; and tension in a concentration-
dependent manner. However, the tension development in relation to the [Ca2?*], increase
([Ca2*];-tension relation) observed with histamine was much greater than that observed with K* depo-
larization.

3 NG reduced in a concentration-dependent manner both [Ca2*]; and tension, irrespective of whether
the vascular strips were in a resting state or during exposure to high K* or to histamine stimulation.
However, the extent of reduction in tension (relaxation) was greater than that expected from the reduction
in [Ca?*]; based on the [Ca?*];-tension relationship observed with K *-depolarization.

4 In the absence of extracellular Ca%*, NG depleted stored Ca?* and also inhibited Ca2* release from
histamine-sensitive stores, but had no effect on the caffeine-sensitive stores. NG inhibited the caffeine-
induced tension development with no change in [Ca2*];.

5 We suggest that NG relaxes the coronary artery of the pig by reducing [Ca2*]; and also by directly

controlling contractile elements through second messengers not related to changes in [Ca2*];.

Introduction

Changes in cytosolic Ca?* concentrations, [Ca2*];, play a
key role in the excitation-contraction coupling in vascular
smooth muscle (Kuriyama et al., 1982; Somlyo, 1985; Som-
merville & Hartshorne, 1986, for review). However, unlike
skeletal muscle, changes in force in relation to changes in
[Ca%*], may vary depending on the types of stimulation in
vascular smooth muscle (Nishimura et al., 1989a for review).
Nitroglycerin (NG) consistently induces relaxation and also
inhibits the contraction evoked by various forms of stimu-
lation of vascular smooth muscle. It is generally accepted that
NG produces concentration- and time-dependent increases in
guanosine 3':5'-cyclic monophosphate (cyclic GMP) levels
which are associated temporally with relaxation (Ignarro &
Kadowitz, 1987). NG and/or cyclic GMP-mediated systems
stimulate sarcolemmal Ca?* ATPase resulting in pump acti-
vation and an enhanced Ca2* extrusion (Itoh et al., 1983;
1985; Suematsu et al., 1984; Popescu et al., 1985a,b; Fur-
ukawa & Nakamura, 1987; Vrolix et al., 1988), inhibit Ca?*
influx (Verhaeghe & Shepherd, 1976; Harder et al., 1979),
Ca?* release from stores and increase in Ca?* accumulation
into the store (Ito et al., 1980a,b; Imai & Kitazawa, 1981).

Although the above studies on Ca?*-fluxes between ana-
tomical compartments tends to support the notion that NG
may decrease [Ca2*]; in association with relaxation, definite
evidence to support this hypothesis has not been obtained,
mostly because of difficulties in measuring directly the levels
of [Ca?*]; during contraction and/or relaxation of vascular
smooth muscle. In the present study, we have used front-
surface fluorometry of the [Ca?*]; indicator dye, fura-2
(Grynkiewicz et al., 1985), to investigate the effects of NG on
[Ca2*],, developed tension and their relationships in coro-
nary arterial strips of the pig (Kodama et al., 1989; Hirano et
al., 1989).

! Author for correspondence.

Tissue preparation

Left circumflex coronary arteries were dissected from the
hearts of pigs at slaughter and segments 2-3cm from the
origin were excised and cut longitudinally. The endothelium
was removed by rubbing the inner surface with a cotton swab
and the adventitia were trimmed away, under a binocular
microscope. The medial preparations thus obtained were cut
into approximately 0.5 x 4 mm circular strips, 0.1 mm thick.

Vascular strips were loaded with fura-2, in the form of ace-
toxymethyl ester (fura-2/AM). The strips were incubated in
oxygenated (95% 0O,:5% CO,) Dulbecco-modified Eagle’s
medium containing 25um fura-2/AM dissolved in dimethyl
sulphoxide (final concentration: 5%) and 2.5% foetal bovine
serum for 3—4h at 37°C. After loading with fura-2, the strips
were rinsed with normal physiological salt solution (PSS) for
at least 60min at 37°C to remove the dye in the extracellular
space and to equilibrate the strips before starting the measure-
ments.

Maeasurement of tension development

The strips were mounted vertically in a quartz organ bath and
connected to a strain gauge (TB-612-T, Nihon Koden, Japan).
During a 60min fura-2 equilibration period, the strips were
stimulated with 118mM K™* every 15min and the resting
tension was increased stepwise. After equilibration, the resting
tension was adjusted to 250 mg. The responsiveness of each
strip to 118 mM K™* was recorded before starting the experi-
mental protocol. The developed tension was expressed as a
percentage, assuming the values in normal (5.9mM K*) and
118 mM K* PSS to be 0% and 100%, respectively.

Front-surface fluorometry
Changes in the fluorescence intensity of the fura-2-Ca?*

complex were monitored with a front-surface fluorometer spe-
cifically designed for fura-2 fluorometry (CAM-OF1), with the
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Figure 1 Block diagram of front-surface fluorometry and a represen-
tative recording. (a) Schematic block diagram of the front-surface fluo-
rometer. Dual wavelength excitation light (340nm, 380nm) was
obtained from a spectroscope (Grating) from a Xenon light source.
Using a chopper wheel (Chopper), excitation light was alternately
(400 Hz) guided through quartz optic fibres (QF) arranged in a con-
centric inner circle (diameter = 3mm), and directly illuminated vascu-
lar strips (S: 4mm x 0.5mm x 0.1 mm). Surface fluorescence of the

strips was collected by glass optic fibres (GF) arranged in an outer

circle (diameter = 7mm) and introduced through a 500nm + 10nm
band pass filter into a photomultiplier (PM) controlled by a control
circuit (CCT). A strain gauge (SG) was used to monitor the developed
tension. (b) Representative simultaneous recordings of fluorescence
and tension development induced by 118 mM K *-depolarization. The
first and the second traces from the top show changes in 500nm-
fluorescence intensities obtained at 340nm (F,,,) and 380 nm (F 34,)
excitations. The third trace shows changes in fluorescence ratio of
F340 to F3g0and the lowest trace shows tension development (T).

collaboration of Japan Spectroscopic Co., Tokyo, Japan. A
block diagram of the front-surface fluorometry is shown in
Figure 1a. Details concerning the fluorometry are given in the
legend to Figure 1. Special care was taken to keep the distance
between the strip and the end of the optic fibres constant and
as short as possible during the measurements.

As shown in Figure 1b, the ratio of the fluorescence inten-
sities (Ratio) at 340 nm-excitation (F;40) to that at 380nm-
excitation (F,g,) was monitored and expressed as a
percentage, assuming the values in normal PSS (5.9 mMm K*)

and 118mMm K* PSS to be 0% and 100%, respectively. The
absolute value of [Ca?*]; was determined by the equation of
Grynkiewicz et al. (1985).

To examine the effects of dye-loading on contractility of
coronary arterial strips of the pig, the responsiveness to
118 mM K+ of the same strip was determined before and after
loading with fura-2. Before loading with fura-2, 118 mm K*
caused a rapid increase in tension and a maximum steady
level was reached at 5min. After loading with fura-2, 118 mm
K* caused the same tension development with the same time
course as observed before loading (data not shown). Thus,
loading the strips with fura-2 produced no change in contrac-
tility of the vascular strips.

Solutions

The composition of normal PSS (mm) was: NaCl 123, KCl1 4.7,
CaCl, 1.25, MgCl, 1.2, KH,PO, 1.2, NaHCO; 15.5 and D-
glucose 11.5; this mixture was bubbled with 95% O,:5%
CO,, with a resulting pH of 7.4 at 37°C. High external K*
solution was prepared by replacing NaCl with KCl, isos-
motically. The composition of Ca*-free solution was the
same as in normal PSS, except that it contained 2mm EGTA
instead of 1.25mm CaCl, .

Chemicals

Fura-2 and fura-2/AM were purchased from Molecular
Probes (Eugene, OR., U.S.A)) ionomycin was from Calbio-
chem (Frankfurt, West Germany), histamine was from Wako
(Osaka, Japan), nitroglycerin (water soluble form) was
obtained from Nihon-Kayaku (Tokyo, Japan) and caffeine
and EGTA [ethylenglycol-bis-(f-aminoethyl ether)N,N,N’,N'-
tetraacetic acid] were from DOTITE (Kumamoto, Japan).

Data analysis

The measured values were expressed as mean + s.d.
(n = number of observations). Statistical assessment of the
data was made by analysis of variance, Cochran-Cox test, and
Student’s ¢ test. P values less than 0.05 were considered signifi-
cant.

To determine EC;,, (or IC;,) values (the concentration that
increased (or decreased) [Ca%*]; and tension to 50% of the
maximum response) were determined as follows: for cumula-
tive application of various concentrations of histamine or
external Ca?* during high K* depolarization, both in the pre-
sence and absence of NG (Figures 4b, 6b), EC,, values were
determined from the concentration-response curve fitted
according to a four-parameter logistic model (De Lean et al.,
1987). When measurements were performed in a non-
cumulative manner (Figures 2b, 3b, 5b), the EC,, and the
IC,, were read directly from the dose-response curve; in this
case, the values were approximations.

Results

Effect of nitroglycerin on[Ca**]; and tension
development induced by K * -depolarization

As shown in Figure 1b, when the vascular strip was exposed
to high external K* (118 mMm) solution containing 1.25mM
Ca?*, [Ca?*], increased rapidly to reach a plateau level
during the rising phase of tension development which was
maintained with the contraction. The extent of [Ca%*]; ele-
vation and developed tension induced by high external K*
(from 59mM to 118mM) were concentration-dependent
(Figure 2c). The levels of [Ca%*]; observed with under resting
conditions (5.9 mM K *) and during the depolarization (118 mm
K*) were 98 + 19nM and 691 + 95nM, (n = 6) respectively.
Figure 2a shows representative time courses of the effect of
10~ 5M NG on [Ca?*]; and tension in the presence of 40 mm
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Figure 2 Effect of nitroglycerin (NG) on the increase in [Ca2*]; and
tension development induced by K*-depolarization. (a) Representa-
tive time courses of the effect of 10 M NG on [Ca?*]; and tension
development during 40mM K *-depolarization. (b) Dose-dependent
effect of NG on the increases in [Ca?*]; (O) and tension development
(@) induced by 40 mM K *-depolarization. NG was applied Smin after
application of 40mM K*-depolarization. Measurements were per-
formed Smin after application of NG. Percentage of tension develop-
ment was obtained by taking values in normal PSS (5.9mm K*) and
high K* solution (118mM K*) to be 0% and 100%, respectively.
Plots are mean of 5 preparations with s.d. shown by vertical lines. (c)
[Ca%*],-tension relationship (QO) obtained from (b). Control
[Ca?*];-tension relationship (@) induced by K *-depolarization was
obtained at plateau levels induced by various concentrations of K*
59mMK*-118mM K ™).

K*. When the strip was exposed to 40mM external K* solu-
tion, plateau levels of [Ca2*], and tension were 83 + 3%
(499nM) and 75 + 3% (n =5) of the values observed with
118 mm KCl buffer, respectively. Application of 10~5mM NG,
5min after the initiation of depolarization (40 mm K *) caused
rapid and significant reductions in [Ca%*], and tension which
reached new steady levels within 1min ([Ca%*]; =59 + 1%
(309nM), P <001; tension 9+ 1%, P<001, n=5). As
shown in Figure 2b, within the range 107 % and 10~4M, NG
induced a concentration-dependent reduction of [Ca2*]; and
tension from the plateau levels evoked by 40mM K*.
Maximal reduction in [Ca%*]; and tension was observed with
10~*M NG. IC,, values (concentrations of NG which induced
50% of the changes obtained with 10~*M NG) for [Ca2*];
and tension, were approximately 1.4 x 10"®M and
5.1 x 107 7M, respectively. Figure 2c shows the relation
between [Ca2*]; and tension 5min following the application
of NG (steady levels) during 40mM K*-depolarization. At
each of the [Ca2*], concentrations, the levels of developed
tension induced by NG were much lower than those observed
in K *-depolarization without NG; thus, the [Ca2*], (abscissa
scale)-tension (ordinate scale) relationship curve shows a shift
to the right with NG.

Figure 3a shows representative time courses of the effect of
pretreatment with 10~ >M NG on the increase in [Ca?*], and
tension development induced by 118 mM K*. When 107 M
NG was applied at rest (5.9 mm K*) for 10min, [Ca?*]; grad-
ually decreased from the resting level of 98.2nM to a steady
level of 89.0 nM. Subsequent application of 118 mM K* led to
elevations of [Ca?*], (576 nM) and to contractions (54 + 9%),
which were significantly lower than those observed without
NG-treatment ([Ca2*]; = 691 + 95nM, 100%, P < 0.01). As
shown in Figure 3b, changes in [Ca%*], and contraction
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Figure 3 Effect of nitroglycerin (NG) on the increase in [Ca%*], and
tension development induced by K *-depolarization. (a) Representa-
tive time course of the effect of 10~ *M NG on the increase in [Ca?*],
and tension development induced by 118 mm K *. (b) Effect of 10~ M
NG on the increase in [Ca2*], (A) and tension development (A)
induced by depolarization with various concentrations of external
K*. NG was applied 10min before K *-depolarization. Controls: the
increase in [Ca%*]; (O) and tension development (@) induced
without NG-pretreatment. Plots are mean of 5 preparations with s.d.
shown by vertical lines. (c) [Ca2*];-tension relationship obtained from
(b); (A) with 10~ %M NG; (@) control (without NG).

induced by high external K* were concentration-dependent;
EC,, values for increasing [Ca2*]; and contractile response
were 25.5mM and 31.5 mM, respectively. NG (10~ M) inhibited
the subsequent increases in [Ca?*]; and tension induced by
depolarization with various concentrations of external K*
(P <0.01 for both, by two way analysis of variance). The
EC;, values for the changes in [Ca?*]; and contraction
induced by K*-depolarization with NG-pretreatment were
28mM and 56mM, respectively. Thus, pretreatment with
10~5M NG inhibited the contractile response more potently
and effectively than [Ca®*],, and shifted the [Ca?*];-tension
relationship curve to the right (Figure 3c).

Effects of nitroglycerin on [Ca**], and tension
development induced by changes in external Ca** during
high K * -depolarization

Figure 4a shows representative time courses of changes in
[Ca2*], and tension development induced by the cumulative
application of external Ca2* (0.0125-12.5 mm) during depolar-
ization with 118mM K™*. In response to the stepwise
increment of external Ca?* concentration, [Ca?*];, and
tension increased dose-dependently. When the external Ca2*
was 12.5mMm, [Ca?*], and contractions were 150 + 12%
(1743 nM) and 140 + 17%, respectively, of the values observed
at 1.25mm Ca2?* during depolarization with 118mm K*.
EC,, values for the elevation of [Ca?*], and tension were
0.39mmMm and 0.5mMm, respectively (Figure 4b). Pretreatment
with 1073M NG inhibited the increases in [Ca?*], and
tension development evoked by the cumulative application of
external Ca?* (P <001 for both, by two way analysis of
variance (Figure 4b). EC,, values (external Ca2*) for the
changes in [Ca2*]; and tension were 0.54mM and 3.1 mm,
respectively (Figure 4b). As shown in the figure, the inhibition
of contraction was greater than that of [Ca2*];, and as a
result, the curve relating [Ca?*]; and tension development
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Figure 4 Effect of 10~3M nitroglycerin (NG) on the increase in
[Ca?*]; and tension development induced by the cumulative applica-
tion of various concentrations (0.0125 mm—12.5 mm) of external Ca2*
during 118mM K* depolarization. (a) Representative time course of
change in [Ca2*], and tension development in the absence of NG. (b)
Effect of 10~ *M NG on the changes in [Ca2*], (A) and tension devel-
opment (A) induced by changes in external Ca?* during 118 mm K *-
depolarization. Controls: [Ca2*]; (O) and tension (@) in the absence
of NG-pretreatment. Plots are mean of 4 preparations with s.d. shown
by vertical lines. (c) [Ca%*],-tension relation obtained from (b); (A)
with 10~3M NG; (@) control (without NG).

was shifted to the right (Figure 4c). With regard to [Ca®*]; at
rest (70 + 3 nM), 50% of the maximum (497 + 55nm), and at
the maximum tension development (1743 + 398nM), the
[Ca?*],-tension curve obtained by the cumulative application
of external Ca2* up to 12.5mM during depolarization with
118 mM K* without NG (solid circles in Figure 4c) overlapped
with that noted in vascular strips skinned with saponin (Itoh
et al., 1982; Satoh et al., 1987). Whether with or without NG
pretreatment, the [Ca2*],-tension curves in Figure 3c fitted
those for the corresponding range of [Ca?*]; in Figure 4c.

Effect of nitroglycerin on [Ca>*]; and tension
development induced by histamine

Figure 5a shows representative time courses of the effect of
10~ %M NG on [Ca®*], and tension development in the pre-
sence of 3 x 10"°M histamine. We have reported. that the
density of histamine H,-receptors in the coronary artery of the
pig is higher than that of other species (Nishimura et al.,
1985). Histamine induced rapid rises in [Ca?*]; and tension;
within 3 min, [Ca2*]; reached peak levels and remained close
to these levels during the 20 min observation period. Devel-
oped tension also reached peak levels within 5min and
remained at these levels during the 30 min period of observa-
tion. Changes in [Ca2*]; and tension induced by histamine
were concentration-dependent and the [Ca®*];-tension
relationship was shifted to the left of that observed with K™*-
depolarization (compare Figures 3¢ and 5c). Thus, for any
given increase in [Ca%*];, histamine induced a greater tension
development than did K*-depolarization. NG markedly,
rapidly and concentration-dependently reduced the histamine-
induced increases in [Ca%*]; and tension (Figure 5b).
Maximal reduction in [Ca%*]; and tension were observed
with 10™*M NG. IC,, values (the concentration of NG which
induced 50% of the changes obtained with 10”*M NG) for
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Figure 5 Effect of nitroglycerin (NG) on the increase in [Ca2*], and
tension development induced by histamine (Hist). (a) Representative
time course of the effect of 10~ 5M NG on [Ca?*], and tension devel-
opment during 3 x 10~ %M histamine application. (b) Dose-dependent
effect of NG on the increase in [Ca®*]; (O) and tension development
(@) induced by 3 x 107M histamine. NG was applied 2min after
application of 3 x 10~M histamine. Measurements were performed
Smin after application of NG. Plots are mean of 5 preparations with
s.d. shown by vertical lines. (c) [Ca?*];-tension relationship obtained
from (b) (O). Control (@) [Ca2*];-tension relationship obtained by
the stepwise application of histamine (10~ 7 M~10~* M) without NG.

[Ca?*]; and tenmsion elevatinos were approximately
25x 1078 and 107®M, respectively. The [Ca®*]-tension
curve at Smin after NG application during histamine stimu-
lation showed a generally good fit with the one obtained
during histamine stimulation without NG (Figure 5c).

Figure 6a shows representative time courses of the effect of
10~5M NG on the increases in [Ca2*]; and tension develop-
ment induced by 10~ °M histamine. When 10~5M NG was
applied under basal conditions (5.9mM K?*), the level of
[Ca?*], was significantly decreased from 98nM to 85nMm
(P < 0.01: Student’s ¢ test). Subsequent application of hista-
mine induced elevations in [Ca2*]); and contraction; however,
the peak levels were significantly inhibited (P < 0.01 and
P < 0.01, respectively; Student’s ¢ test). Figure 6b shows the
effect of 10"°M NG on the subsequent increases in [Ca2*],
and on tension development induced by cumulative applica-
tion of various concentrations of histamine. EC;, values of
histamine for the changes in [Ca2*]; and contraction without
NG treatment were 1.2 x 107 %M and 2.3 x 107 %M, respec-
tively. EC,, values of histamine for the changes in [Ca%*],
and tension development with NG treatment were
29 x 107°M and 6.9 x 10~°M, respectively. As shown in
Figure 6¢c, the [Ca?*]; tension curve for histamine with NG
treatment was slightly shifted to the right, compared to that
without NG treatment.

Effect of nitroglycerin on [Ca®*]; and tension
development induced by caffeine or histamine in
Ca?* -free solution containing 2mmM EGT A

Figure 7a shows representative time courses of [Ca?*], and
tension development induced by repeated applications of
20mM caffeine in Ca2*-free solution containing 2mm EGTA.
When a strip was exposed to Ca?*-free solution, the level of
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Figure 6 Effect of nitroglycerin (NG) on the increase in [Ca%*]; and
tension development induced by histamine (Hist). (a) Representative
time course of the effect of 10~5M NG on the increases in [Ca2*];
and tension development induced by 10~ %M histamine. (b) Effect of
10~5M NG on the subsequent increase in [Ca?*], (A) and tension
development (A) induced by histamine. NG was administered 10 min
before the cumulative application of various concentrations (107 M-
1074M) of histamine. Controls: the increases in [Ca?*]; (O) and
tension development (@) induced by histamine without NG-
pretreatment. Plots are mean of 5 preparations with s.d. shown by
vertical lines. (c) [Ca2*],-tension relation obtained from (b); (A) with
10~% M NG; (@) control (without NG).

[Ca%*]; gradually decreased to reach a steady state within
10 min (from 98 nM to 75 nM) with no change in the tension. As
shown in Figure 7b, in the absence of extracellular Ca2*, the
first application of caffeine induced transient increases in
[Ca?*]; and tension. The peak levels of [Ca%*]; and tension
were 38 +4% (207nm) and 13 + 3%, (n =5) respectively.
With repeated exposure to 20mM caffeine for 1 min every
3 min, a series of transient increases in [Ca2*]; was observed,
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Figure 7 Effect of 10~3M nitroglycerin (NG) on the increase in
[Ca?*], and tension development induced by repeated applications of
20 mM caffeine in the absence of extracellular Ca2*. (a) Representative
time courses of the effect of repeated applications of 20 mM caffeine (at
each short bar) in Ca2*-free solution containing 2mM EGTA. NG
was not applied. (b) [Ca2*]; and tension development in response to
repeated applications of caffeine. The bottom and top of each column
indicate the [Ca2*]; and tension development just before and at the
peak levels obtained at the n-th (abscissa scale) application of caffeine,
respectively, in the absence (open columns) and presence of 10~ %M
NG (stippled columns). The vertical lines at the bottom and the top of
each column show s.d. (n = 4). NG was administered 10min before
the application of 20 mm caffeine. * P < 0.05

and the peak levels of [Ca?*]; were progressively reduced
with each application. The peak level of [Ca%*], induced by
the third application of caffeine was —4 + 8% (93 nm), that is
equal to or lower than the resting levels observed in the pre-
sence of extracellular 1.25mm Ca2*. The peak level of devel-

Figure 8 Effect of 10~M nitroglycerin (NG) on the increase in
[Ca?*], and tension development induced by 10~ %M histamine (Hist)
in Ca?*-free solution containing 2mM EGTA. (a) Representative time
course of 10~ M histamine-induced [Ca2*], and tension development
in Ca2*-free solution containing 2mm EGTA. (b) Representative time
course of the effect of 10~ 3M NG on [Ca2*], and tension develop-
ment induced by 10~ 3M histamine in Ca2*-free solution containing
2mM EGTA. NG was administered 10 min before application of hista-
mine. After the first application of histamine for Smin, NG was
washed out with Ca%*-free solution for 15min, followed by the
second application of histamine. (c) Effect of 10~5M on [Ca?*], and
tension development induced by 10~ %M histamine in Ca?*-free solu-
tion containing 2mM EGTA. Control: [Ca2*], and tension develop-
ment induced by 10 3M histamine in the absence of NG. NG:
[Ca?*]; and tension development induced by the first application of
103 M histamine in the presence of 10~°M NG. NG-W: [Ca?*], and
tension induced by the second application of 10~ *M histamine after
NG had been washed out. The bottom and the top of each column
indicate the [Ca?*], and tension just before and at the peak levels
obtained by the application of histamine, respectively. The vertical
bars at the bottom and the top of each column shows mean + s.d. of §
preparations. * P < 0.05, ** P < 0.01, *** P < 0.001.
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oped tension was also progressively reduced by each exposure
to caffeine and the third exposure produced little or no
response. Thus, it has to be noted that, although [Ca2*], sig-
nificantly and transiently increased at each exposure for up to
6 applications of caffeine, there was no tension development
at the third and the later applications when peak [Ca2*];
levels were below the resting level. NG (10~5M) did not
enhance the decrease in [Ca?*]; observed when vascular
strips were exposed to Ca®*-free solution containing 2mm
EGTA. NG (10~ %m) had no effect on the [Ca%*]; transient
induced by each application of caffeine, thereby indicating
that NG did not affect the Ca%*-release by caffeine nor did it
deplete CaZ* stored in the caffeine-sensitive store. However,
tension development induced by the first application of caf-
feine was significantly inhibited by NG (P < 0.05; Student’s ¢
test). Thus, NG inhibited the caffeine-induced contraction
without affecting Ca2* homeostasis.

Figure 8a shows representative time courses of [Ca2*]; and
tension development induced by 10~ °m histamine in Ca2*-
free solution containing 2mM EGTA. When the strip was
exposed to 10~ 5M histamine in the absence of extracellular
Ca?*, transient increases in [Ca%*]; and tension were seen.
Pretreatment with 10~3M NG in Ca2*-free solution strongly
inhibited the elevations of [Ca2*]; and contraction induced
by histamine (P < 0.001 and P < 0.001, respectively: Student’s
t test) (Figure 8b,c). However, as shown in Figure 8b,c, when
NG was washed out in Ca?*-free solution, the second, sub-
sequent application of 10~ 5 M histamine induced both [Ca2*];
elevation and contraction, the extent of these changes being
greater than those observed during the first application of his-
tamine with NG treatment. In addition, the second applica-
tion of histamine induced a marked contraction (30 + 8%)
despite the fact that the peak [CaZ*]; elevation (91 + 1nM)
was significantly lower than that of the resting level
(P < 0.001). The sum of the peak levels of [Ca?*]; induced by
the first and the second applications of histamine was 28 nM,
that is a value much smaller than the peak levels (96 nM) seen
with the first application of histamine without NG.

Discussion

Using a front-surface fluorometer and fura-2 (Hirano et al.,
1989), we have recorded Ca?* transients during the NG-
induced relaxation in isolated coronary arterial strips of the
pig. Histamine, a receptor stimulating compound, caused a
proportionally greater extent of tension development for a
given change in [Ca2*]; than did high K*-depolarization.
Using Staphylococcus aureus o-toxin to permeabilize the
vascular smooth muscle tissue to ions and small molecules,
and assuming that the receptor and signal transduction
systems were intact, Nishimura et al. (1988) and Kitazawa et
al. (1989) found that some agonists induced an enhanced
sensitivity of myofilaments to [Ca?*];, through a G-protein
mediated pathway other than inositol 1,4,5-trisphosphate-
induced [Ca?*], elevation. This mechanism may explain why
in the present study the histamine-induced contraction was
greater than that induced by K*-depolarization at any given
elevation of [Ca2*]; in intact coronary arterial strips of the
pig.

Recently, it has been reported that the [Ca?*];-tension rela-
tion may vary during contraction and that regulatory mecha-
nisms of tension maintenance differ from those related to
tension development (Rasmussen et al., 1987; Murphy, 1989).
Accordingly, in the present study, to examine the effect on
[Ca2*]; and tension, NG was administered during or prior to
the stimulation with K* depolarization or histamine. The
present study provides evidence that NG actively decreases
[Ca%*], and relaxes fura-2-loaded coronary arterial strips,
regardless of whether the strips are at rest or under conditions
where they are stimulated by K *-depolarization or histamine,
or whether NG was administered during or prior to these
stimulations. The [Ca?*];-tension relations obtained both by

addition of NG during K*-depolarization and by K™*-
depolarization following NG-pretreatment were shifted to the
right from those obtained by K *-depolarization without NG-
treatment. This means that the extent of reduction of devel-
oped tension induced by NG is much greater than that
expected from the reduction in [Ca2*];. Regardless of
whether NG was applied during or prior to the stimulation
with histamine, the [Ca?*];-tension relation induced by NG
fitted with, or was slightly shifted to the right from, the one
obtained by histamine stimulation without NG. Thus, also
with histamine, the extent of reduction of developed tension
induced by NG is much greater than that expected from the
reduction of [Ca?*]; based on the [CaZ*]);-tension relation-
ship obtained by the cumulative application of external Ca>*
from O to 12.5 mm during depolarization with 118 mm K *.

The present study showed that NG did not affect the Ca2*-
release nor did it increase or deplete the Ca2* present in the
caffeine-sensitive store during repeated exposure to caffeine.
NG probably has no effect on the uptake and release of Ca2*
from the caffeine-sensitive Ca2* store. The observed decrease
in caffeine-induced tension development by NG may be due to
a mechanism independent of the change in [Ca2*],. We have
reported (Kobayashi et al., 1985) that, in rat aortic vascular
smooth muscle cells in primary culture, the caffeine-sensitive
Ca2* store was little affected in Ca2*-free solution, and NG
did not alter the Ca2* transient induced by the first applica-
tion of caffeine. This also suggests that NG has no effect on
the caffeine-sensitive Ca2* store. However NG enhanced the
decrease in [Ca®*];, in Ca?*-free solution and markedly
reduced [Ca2*], elevations caused by the second and sub-
sequent applications of caffeine in cultured smooth muscle
cells, presumably because of active extrusion of Ca2* from the
cell as a result of NG treatment.

In contrast, NG appeared to deplete Ca2* from the
histamine-sensitive store and to inhibit the release of Ca2*
from this store in coronary arterial strips of the pig in Ca2*-
free solution. These findings are compatible with our previous
data that NG inhibits the noradrenaline-induced Ca2*-
transient in the absence of extracellular Ca?* in primary cul-
tured rat aortic vascular smooth muscle cells (Kai et al., 1990).
An active reduction in [Ca?*]; may result in depletion of
Ca?* from the histamine-sensitive store.

Thus, the present study indicates that with the exception of
caffeine-induced contraction in Ca?*-free solution, NG
actively reduces [Ca?*]; during the relaxation of the coronary
artery of the pig. As exposure of vascular strips to NG in
Ca?*-free solution did not enhance the subsequent [Ca2*];
transient induced by histamine, it seems unlikely that the
sequestration of Ca2* into the intracellular Ca%* store can be
involved in the mechanism of the [Ca?*], reduction induced
by NG.

NG increases intracellular cyclic GMP levels, cyclic GMP-
dependent protein kinase (G-kinase) activity and phos-
phorylation of some protein substrates for G-kinase (Ignarro
& Kadowitz, 1987). We have reported that 8-Br cyclic GMP,
a membrane permeable cyclic GMP analogue, and NG
actively decreased [Ca2*], irrespective of the level of [Ca%*];
in cultured vascular smooth muscle cells (Kai et al., 1987;
1990). It has been reported that sarcolemmal Ca?* extrusion
ATPase is activated by cyclic GMP or NG (Suematsu et al.,
1984; Popescu et al., 1985a,b; Furukawa & Nakamura, 1987;
Koh et al., 1987; Vrolix et al., 1988). In the present study, we
could not obtain conclusive evidence of this mechanism for
the reduction of [Ca2*], induced by NG in coronary arterial
strips. The present study shows that NG inhibited the release
of Ca?* from histamine-sensitive stores, but not from the
caffeine-sensitive store. On the other hand, Twort & van
Breemen (1988) reported that when skinned vascular smooth
muscle cells were fully loaded with Ca2*, cyclic GMP had no
effect on the release of Ca2* from the intracellular store, in
response to caffeine and inositol 14,5-trisphosphate (and
hence, histamine). Nishizuka (1983) found that in platelets,
cyclic GMP plays a role in negative feed-back control of the
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agonist-induced signal transduction by inhibiting the forma-
tion of inositol 14,5-trisphosphate. In vascular smooth
muscle, 8-Br cyclic GMP reduced the hydrolysis of phospha-
tidylinositol, and hence, decreased the formation of inositol
1,4,5-trisphosphate. However, there is controversy on this
point since Sumimoto et al. (1987) found that NG and 8-Br
cyclic GMP had no effect on the hydrolysis of phospha-
tidylinositol in arterial smooth muscle. Therefore, it remains
to be elucidated whether or not the NG-cyclic GMP-mediated
mechanism has any inhibitory effect on the formation of inosi-
tol 1,4,5-trisphosphate, which could reduce Ca?*-influx
through sarcolemmal Ca?* channels and/or Ca?*-release
from storage sites (Berridge & Irvine, 1984a,b).

In the present study, NG relaxed the porcine coronary
artery to a greater extent than that expected from the
reduction in [Ca?*];, regardless of whether vascular strips
were at rest, depolarized with K* or stimulated with hista-
mine. Nishimura & van Breemen (1989b) found that cyclic
GMP relaxed arterial smooth muscle with the [Ca2*]; held
constant, thereby suggesting that second messengers exert a
direct control on contractile elements. It was also reported
that cyclic GMP or G-kinase phosphorylated myosin light
chain kinase which resulted in dephosphorylation of the
myosin light chain and inhibition of contraction (Axelsson et
al., 1979; Kukovetz et al., 1979; Pfitzer et al., 1982; 1983;
1986; Rapoport et al., 1982; 1983). In addition sodium nitro-
prusside, another nitro-vasodilator, was found to be more
effective in relaxing vascular smooth muscle than decreasing
[Ca?*], (Morgan & Morgan, 1984; Karaki et al., 1988).
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An examination of the 5-HT; receptor mediating contraction
and evoked [*H]-acetylcholine release in the guinea-pig ileum

l
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1 The relative contributions of two classes of 5-hydroxytryptamine (5-HT) receptor (5-HT, and 5-HT,)
to the contractile action of 5-HT, 2-methyl-5-hydroxytryptamine (2-methyl-5-HT) and a-methyl-5-
hydroxytryptamine (x-methyl-5-HT) were studied in the guinea-pig ileum longitudinal muscle-myenteric
plexus strip (LMMP) preparation. Contractility studies were combined with an analysis of the effects of
the three agonists on [3H]-acetylcholine ([*H]-ACh) release from preparations preincubated with [*H]-
choline.

2 In contracting the LMMP, 5-HT was approximately one order of magnitude more active than 2-
methyl-5-HT and oa-methyl-5-HT, with relative activities for 5-HT: 2-methyl-5-HT: a-methyl-5-HT of
1.00: 0.13: 0.10.

3 Ketanserin (1 uM) was without effect on the concentration-response curves for contraction to 5-HT,
2-methyl-5-HT or a-methyl-5-HT, whilst ondansetron (GR38032F; 1 uM) produced a parallel rightward

displacement of the upper part of the concentration-response curves to 5-HT and a-methyl-5-HT and of
the entire curve to 2-methyl-5-HT.

4 In increasing the spontaneous release of [*’H]-ACh from the LMMP, 5-HT was again approximately
one order of magnitude more active than 2-methyl-5-HT and a-methyl-5S-HT with relative activities for
5-HT: 2-methyl-5-HT: a-methyl-5-HT of 1.00: 0.19: 0.11.

5 Ondansetron (1 uM) greatly attenuated the increase in spontaneous [2H]-ACh release evoked by all
three agonists. pKp estimates of 7.62 + 0.12 and 7.64 + 0.09 were obtained for ondansetron antagonism of
5-HT and 2-methyl-5-HT-evoked increases respectively.

6 These data suggest that the contractile action of 5-HT, 2-methyl-5-HT and a-methyl-5-HT in the
guinea-pig ileum can, under these conditions, be accounted for largely in terms of 5-HT, receptor activa-
tion. Estimates for pKy obtained with ondansetron are in accordance with those previously obtained from
contractility studies in this preparation and these findings are discussed in terms of the postulated exis-

tence of subtypes of 5-HT; receptors.

Introduction

Gaddum & Picarelli (1957) showed that 5-hydroxytryptamine
(5-HT) can contract the guinea-pig ileum via an interaction
with two different receptor types — the neuronal ‘M’ receptor
and the ‘D’ receptor located on the longitudinal smooth
muscle, subsequently referred to as 5-HT, and 5-HT, recep-
tors respectively (Bradley et al, 1986). However, literature
reports differ considerably with respect to the relative contri-
bution of these pre- and post-junctional receptors to the con-
tractile action of 5-HT in the guinea-pig ileum. For example,
whilst Chahl (1983) found that most of the contractile effect of
5-HT was mediated through D (5-HT,) receptors, others (e.g.
Brownlee & Johnson, 1963; Costa & Furness, 1979) con-
cluded that the major component was due to M (5-HT,)
receptor-mediated acetylcholine (ACh) release, although the
exact contribution may vary with the region used. This lack of
a significant D receptor involvement was also found by Buch-
heit et al. (1985).

However, these various conclusions were all drawn from
contractility studies, using 5-HT alone, in which any
neurotransmitter-mediated effects are inferred from postjunc-
tional responses of the smooth muscle which is itself influ-
enced by 5-HT. Also, it has been reported that the contractile
concentration-response curve to 5-HT in this preparation is
biphasic in form, and that substance P release mediates the
neuronal actions of 5-HT (Buchheit et al., 1985). Additional
actions of 5-HT in the guinea-pig ileum include
5-HT,-like-receptor-mediated relaxation (Fenuik et al., 1983),
a possible 5-HT; receptor-mediated inhibitory component

! Author for correspondence.

(Gunning & Humphrey, 1987), 5-HT,, receptor-mediated
inhibition of ACh release (Fozard & Kilbinger, 1985) and
non-5-HT; neuronal excitation (Sanger, 1987; Craig &
Clarke, 1990), which must necessarily complicate interpreta-
tion of results from any studies.

Therefore the rationale of the present experiments was to
obtain direct estimates of ACh release, in parallel with con-
tractile studies. We have re-examined the relative contribution
of 5-HT, and 5-HT, receptors to the contractile action of
5-HT in the longitudinal muscle-myenteric plexus preparation
using the 5-HT, receptor agonist 2-methyl-5-hydroxytrypta-
mine (2-methyl-5-HT) (Richardson et al., 1985; Bradley et al.,
1986), and a-methyl-5-hydroxytryptamine (x-methyl-5-HT)
claimed to be selective for 5-HT, receptors (Richardson et al.,
1985). Studies of the contractile effects of these three agonists
were combined with studies of their ability to increase the
release of [PH]-ACh (estimated as tritium overflow) from
preparations prelabelled with [*H]-choline, to eliminate as far
as possible other complicating actions of 5-HT mentioned
above. The involvement of 5-HT, receptors in this ACh
release was examined by the use of ondansetron (GR38032F)
which behaves as a competitive reversible antagonist towards
5-HT,-mediated contractions in the guinea-pig ileum (Butler
et al., 1988). Previous studies of 5-HT-evoked ACh release
(Kilbinger & Pfeuffer-Friederich, 1985) used MDL 72222
which has little activity at the 5-HT; receptor of this system
(Fozard, 1984).

The lower affinity of 5-HT; receptor antagonists such as
ICS 205-930 and MDL 72222 in the guinea-pig ileum as com-
pared to other preparations including the rabbit isolated heart
and the rat or rabbit vagus nerve (Donatsch et al., 1984,
Ireland & Tyers, 1987) led to the proposal of 5-HT, receptor
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heterogeneity (Fozard, 1984; Richardson & Engel, 1986).
More recent 5-HT, antagonists such as ondansetron and BRL
43694 (granisetron) also discriminate between the guinea-pig
ileum and other preparations (Butler et al., 1988; Sanger &
Nelson, 1989). Again, however, such results in the guinea-pig
ileum may be compromised by the indirect measurement of
5-HT, receptor activation and the complex actions of 5-HT.
Here we describe a more direct measure of the affinity of
ondansetron for the S-HT, receptor of the guinea-pig ileum
through pKjy estimates of its antagonism of 5-HT and 2-
methyl-5-HT evoked increases in [2H]-ACh release.

A preliminary account of this work has been communicated
to the British Pharmacological Society (Fox & Morton, 1989).

Methods

Male Dunkin-Hartley guinea-pigs (250-500g) were killed by
stunning and exsanguination. The ileum was excised approx-
imately 10cm from the ileo-caecal junction and strips of longi-
tudinal muscle with adherent myenteric plexus (LMMP) were
removed according to the method of Rang (1964) from distal
portions of ileum.

Contractility studies

LMMP strips were mounted in 1ml organ baths containing
Krebs solution aerated with 95% O,/5% CO, and maintained
at 37°C. Contractile responses were recorded isometrically
with Grass FT03B force-displacement transducers with a
resting tension of 0.5-1.0 g. In all experiments the bathing sol-
ution contained hexamethonium (10 uM), mepyramine (1 um),
guanethidine (1 uM) and ibuprofen (1 um).

For each experiment four tissues were obtained from each
of three different animals and used as twelve preparations
studied in parallel. In a balanced block design two of each set
of four tissues received either ondansetron (1 uM) or ketanserin
(1 uMm) throughout, with the remaining two acting as concur-
rent controls. Concentration-response curves for 5-HT (10 nM—
30 um), 2-methyl-5-HT (0.1 uM—300uM) and a-methyl-5-HT
(0.1 umM-300 um) were constructed, after at least 30 min equili-
bration with antagonist, using serial application with 30-45s
contact times and with a 15min dose-cycle to avoid desensi-
tization. Each preparation received 5-HT and either 2-methyl-
5-HT or a-methyl-5-HT to allow direct comparison with
5-HT itself, with concentrations applied in a fully randomized
order. Histamine (10 um) was applied between each 5-HT ana-
logue dose as an internal sensitivity control. All responses
were expressed as a percentage of the maximal response to
carbachol in individual preparations for the purpose of dis-
playing averaged concentration-response curves. Data from
each set of experiments using either ketanserin or ondansetron
were combined and expressed in terms of mean
response + s.e.mean for each concentration with agonist activ-
ities defined in terms of pD, (—log,, ECs, (M)) estimates
obtained from individual experiments.

3H-overflow studies as an index of acetylcholine release

Four LMMP strips were mounted in perfusion chambers on
hypodermic tubing holders (0.d. 0.9 mm) and superfused at a
rate of 1mlmin~! with Krebs solution aerated with 95%
0,/5% CO, and maintained at 37°C. The tissues were stimu-
lated electrically via a lower platinum electrode and an upper
electrode of 0.1 mm annealed stainless steel wire that also
served for attachment to the transducer with 1 ms square wave
pulses at 0.2 Hz and supramaximal voltage (50-70 V) delivered
from Grass S44 stimulators. LMMP preparations were then
incubated for 1h in Krebs solution containing [*H]-choline
0.2uM; 289GBgmol~') in 1ml vials inserted under each
preparation within the perfusion chamber and aerated via the

muscle holder tubing. During this period electrical stimulation
was maintained to enhance uptake of [3H]-choline, with con-
comitant contractions recorded isometrically with Grass
FTO3B force-displacement transducers. Superfusion was then
resumed in the absence of electrical stimulation with Krebs
solution containing hemicholinium-3 (10 M) and the 5-HT
uptake inhibitor citalopram (0.1uM) and the preparations
were washed for 80 min the superfusate being discarded. After
this time 3H-overflow had reached a steady level and the
superfusate was then collected every 1 min with 3 min agonist
application periods and a 15min dose cycle. Antagonists,
when used, were present in the superfusing medium from the
start of the post [°*H]-choline washout period.

In experiments designed to estimate relative activities of
5-HT, 2-methyl-5-HT and a-methyl-5-HT, each preparation
received one agonist at three different concentrations applied
as part of a Latin square balanced block design. At the end of
every experiment the selective NK; receptor agonist senktide,
which is known to release ACh from this preparation
(Wormser et al., 1986), was applied to each preparation as a
positive internal control. Experiments of a similar design were
performed with ondansetron (1 uM) present in the superfusing
medium of two preparations from the start of the post [*H]-
choline washout, with the remaining two acting as concurrent
controls.

To test for the possible involvement of other mechanisms or
mediators, the effects of hexamethonium (10 uM), mepyramine
(1 um), guanethedine (1 #M) and ibuprofen (1 um), (which were
present throughout the contractility experiments), were assess-
ed against responses to submaximal concentrations of 5-HT,
2-methyl-5-HT and a-methyl-5-HT. Additionally, ketanserin
(1 um) and spiperone (1 um) were used in these experiments to
test for 5-HT, and 5-HT,, receptor-mediated influences. The
possible involvement of non-5-HT; receptors which may
mediate contraction or enhance electrically-evoked contrac-
tions in this preparation was also examined (see Sanger, 1987;
Clarke et al., 1989). Responses to 5-methoxytryptamine (1 uM
and 10 um), BRL 24924 (0.1 um and 1uM) and a-methyl-5-HT
(3 um and 30 uM), which are agonists at these receptors (Craig
& Clarke, 1990; Eglen et al., 1990; Hill et al., 1990), were
tested in the presence of ondansetron (10 uM) to ensure com-
plete antagonism of 5-HT, receptors (see Hill et al., 1990).

In experiments to estimate the affinity of ondansetron for
the receptor mediating the responses to 5-HT and 2-methyl-5-
HT, one preparation acted as a control, whilst the remaining
three received ondansetron (0.1 uM, 1 uM or 10 um) throughout.
Each preparation then received three appropriately increased
concentrations of agonist applied in a Latin square design to
enable shifts in the agonist concentration-response line to be
measured.

At the end of each experiment tissues were solubilised in
NCS tissue solubiliser (Amersham); these and the superfusate
samples were then assayed for radioactivity by liquid scintil-
lation spectrometry. For each preparation the fractional
release of initial 3H content was calculated as rate coefficient
(min~?') for each collection period (for expression of ACh
release in terms of *H overflow see, Szerb, 1976; Wikberg,
1977; Kilbinger & Pfeuffer-Friederich, 1985). Drug effects
were expressed as a percentage increase in average rate coeffi-
cient during the 3 min drug treatment period over the average
for the preceding 3min control period. Results from each set
of experiments were combined and expressed as
mean + s.e.mean increase in rate of loss in order to display
averaged concentration-response curves. For each analogue
pD, estimates obtained from individual experiments were
combined and expressed as mean + s.e.mean which thus
reflects between-preparation variability. The equilibrium dis-
sociation constant estimates for ondansetron expressed as the
negative logarithm (pKg) and s.e.mean, were obtained from
individual dose-ratios (x) by direct calculation from the
Gaddum-Schild equation (pKg=pA,=1log,, (x—1)
— log,o[A]) for competition, confirmed by Schild analysis,
and assuming a Normal distribution of log (x — 1).
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Figure 1 Log concentration-response curves for the effects of 5-
hydroxytryptamine (5-HT) (@), 2-methyl-5-hydroxytryptamine (2-
methyl-5-HT) (A) and a-methyl-5-hydroxytryptamine (x-methyl-5-
HT) (W). (a) Contractile responses of longitudinal muscle myenteric
plexus (LMMP) strips. Results were obtained from preparations
which received 5-HT and either 2-methyl-5-HT or a-methyl-5-HT.
Each point represents the mean from 24 (5-HT) or 12 (2-methyl-5-HT
and a-methyl-5-HT) preparations; s.e.mean shown by vertical bars. (b)
Increase in spontaneous outflow of [*H]-acetylcholine from LMMP
strips preincubated with [3H]-choline. Results were obtained from
experiments in which each preparation received one agonist at three
different concentrations. Each point represents the mean from 8 prep-
arations; s.e.mean shown by vertical bars.

Drugs

The following drugs were used:- [methyl-3H] choline chloride
(Amersham International pic); hemicholinium-3, 5-hydroxy-
tryptamine creatinine sulphate, 5-methoxytryptamine hydro-
chloride, histamine diphosphate, mepyramine maleate,
hexamethonium bromide (all Sigma); guanethedine mono-
sulphate and ibuprofen (Ciba); citalopram (Lundbeck Ltd);
senktide (Suc-[Asp®,MePhe®]-substance P(6-11); gift, Dr B.N.
Williams, Merck, Sharpe and Dohme Laboratories); spi-
perone 2-methyl-5-HT, a-methyl-5-HT, ketanserin (all RBI);
BRL 24924 ([(+)-(endo)]-4-amino-5-chloro-2-methoxy-N-(1-
azabicyclo-[3.3.1]-non-4-yl)benzamide hyrochloride; gift, Dr
G.J. Sanger, Beecham Pharmaceuticals) and ondansetron

(GR38032F), (1,2,3,9-tetrahydro-3-[(methylimidazol-1-yl)
methyl]-9-methyl-4H-carbazol-4-one; gift,, Glaxo Group
Research Ltd.).
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Figure 2 Effects of ketanserin on contractile responses of LMMP
strips to (a) S-hydroxytryptamine (5-HT), (b) 2-methyl-5-hydroxy-
tryptamine (2-methyl-5-HT) and (c) a-methyl-hydroxytryptamine (a-
methyl-5-HT). Symbols indicate concurrent control responses (@) or
responses in the presence of ketanserin (1uM) (O). Results were
obtained from preparations which received 5-HT and either 2-methyl-
5-HT or a-methyl-5-HT. In (a—) each point represents the mean from
12 (5-HT) or 6 (2-methyl-5-HT and a-methyl-5-HT) preparations;
s.e.mean shown by vertical bars.

All stock solutions of drugs were prepared in distilled water
except for ibuprofen (0.01 M sodium bicarbonate) and senktide
(0.01 M acetic acid).

Results
Contractility studies

5-HT, 2-methyl-5-HT and oa-methyl-5-HT produced
concentration-response curves of similar shape and maxima

Table 1 Comparison of agonist activities for contraction and [*H]-acetylcholine ([*H])-ACh release in the guinea-pig ileum

pD, Relative activities
Measure 5-HT 2-Me-5-HT a-Me-5-HT 5-HT 2-Me-5-HT a-Me-5-HT
Contraction 5.70 4.80 4.70 1.00 0.13 0.10
(s.e.mean) (0.05) (0.05) (0.08)
[*H]-ACh release 5.73 5.00 4.76 1.00 0.19 0.11
(s.e.mean) (0.16) (0.14) (0.10)

Activities of 5-hydroxytryptamine (5-HT), 2-methyl-5-hydroxytryptamine (2-Me-5-HT) and a-methyl-5-hydroxytryptamine («-Me-5-HT)
are shown both in terms of pD, (—log,, ECj,) estimates and relative activities calculated from these values. Each pD, estimate for
contraction represents the mean + s.e.mean as shown from 24 (5-HT) or 12 (2-methyl-5-HT and a-methyl-5-HT) determinations; pD,
estimates for [°’H]-ACh release are from 8 determinations for each analogue.
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which allowed activity comparisons to be made in terms of
the location parameter. 5-HT was approximately one order of
magnitude more active than 2-methyl-5-HT and a-methyl-5-
HT (Figure 1a) and relative activities of the three analogues
calculated from averaged pD, estimates are shown in Table 1.

Responses to 5-HT, 2-methyl-5-HT and a-methyl-5-HT
were unaffected by ketanserin (1 um) (Figure 2) whilst ondan-
setron (1 uM) antagonized contractions to all three agonists.
This concentration of ondansetron caused a parallel rightward
shift of the upper part only of the concentration-response
curves to 5-HT and a-methyl-5-HT but of the entire curve to
2-methyl-5-HT (Figure 3).

3H-overflow studies

5-HT (0.1 um—10um), 2-methyl-5-HT (1 um-100uM) and a-
methyl-5-HT (1 um-100um) all produced concentration-
dependent increases in *H-overflow, used as an index of [*H}-
ACh release, which matched in time-course the concurrentiy
recorded contractions of the tissue. Figure 4 shows a typical
example of the experiments carried out in this study, including
responses to the NK,; receptor agonist senktide.
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Figure 3 Effects of ondansetron on contractile responses of LMMP
strips of guinea-pig ileum (a) S5-hydroxytryptamine (5-HT), (b) 2-
methyl-5-hydroxytryptamine (2-methyl-5-HT) and (c) a-methyl-5-
hydroxytryptamine (a-methyl-5-HT). Symbols indicate concurrent
control responses (@) or responses in the presence of ondansetron
(1 uM) (O). Results were obtained from preparations which received
5-HT and either 2-methyl-5-HT or a-methyl-5-HT. In (a—) each point
represents the mean from 12 (5-HT) or 6 (2-methyl-5-HT and a-
methyl-5-HT) preparations; s.e.mean shown by vertical bars.
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Figure 4 Effects of agonists on outflow of [*H]-acetylcholine ([*H]-
ACh). LMMP strips of guinea-pig ileum were preincubated with
[*H]-choline and subsequently superfused with Krebs solution con-
taining hemicholinium-3. Perfusate samples were collected every 1 min
with 3min agonist application periods shown by horizontal bars.
Individual preparations shown received (a) S-hydroxytryptamine (5-
HT), (b) 2-methyl-5-hydroxytryptamine (2-methyl-5-HT) or (c) a-
methyl-5-hydroxytryptamine (x-methyl-5-HT) at the concentrations
shown with senktide (10 nM) applied lastly to all preparations. Con-
currently recorded contractions are shown for 5-HT (10 4M) and senk-
tide (10nm) (a), 2-methyl-5-HT (100uM) (b), and a-methyl-5-HT
(100 uM) (c).

Concentration-response lines for the three agonists are essen-
tially parallel (Figure 1b) and relative activity estimates are
very similar to those obtained from the contractility studies
(Table 1).

Ondansetron (1 uM) greatly attenuated the increases in 3H-
overflow evoked by the three agonists, producing a decrease
in response to the highest concentrations used of 5-HT
(10 uM), 2-methyl-5-HT (100 uM) and a-methyl-5-HT (100 um)
of 79.5 + 6.9%, 70.1 + 2.5% and 87.1 + 12.9% respectively.
Hexamethonium (10uM), mepyramine (1um), guanethidine
(1 um), ibuprofen (1 um), ketanserin (1 uM) and spiperone (1 um)
were all without effect on responses to each of the three agon-
ists (data not shown). Additionally, no increase in 3H-overflow
was detected with either 5-methoxytryptamine, BRL 24924 or
a-methyl-5-HT in the presence of ondansetron (10 uM) (data
not shown).

Increasing concentrations of ondansetron gave parallel
rightward shifts in the concentration-response lines for 5S-HT
and 2-methyl-5-HT (Figure 5a) and pKy estimates obtained
from individual dose-ratios were 7.62 + 0.12 against 5-HT
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Figure 5 Ondansetron  antagonism of  2-methyl-5-hydroxy-
tryptamine-(2-methyl-5-HT) and 5-hydroxytryptamine~(5-HT) evoked
increases in outflow of [*H]-acetylcholine. (a) Parallel displacement of
averaged concentration-response curves to 2-methyl-5-HT by ondan-
setron at three concentrations. Results were obtained from prep-
arations receiving 2-methyl-5-HT alone (@) or in the presence of
ondansetron at 0.1uM (A), 1uM (W) or 10uM (@). Each point rep-
resents the mean from 5 preparations; s.e.mean shown by vertical
bars. (b) Schild plot analysis of individual competition experiments of
ondansetron against 5-HT (Q) or 2-methyl-5-HT (A). The coefficient
of linear regression did not differ significantly from 1.0 (P > 0.05) and
so unity slope was imposed. The intercepts correspond to pA,
(= pKp) values of 7.62 and 7.64 respectively. Each point represents
the mean from 4 (5-HT) or 5 (2-methyl-5-HT) determinations;
s.e.mean shown by vertical bars.

(n=12) and 7.64 + 0.09 against 2-methyl-5-HT (n = 15).
Figure 5b shows the antagonist activity of ondansetron dis-
played in the conventional manner as Schild plots. Since there
was no significant departure from unity slope, and the agonist
and antagonist were presumed to be in an equilibrium state,
the pA, intercept is taken to reflect the equilibrium disso-
ciation constant K, expressed as a pKjy value.

Discussion

The results presented here show that in the guinea-pig ileum,
under the conditions of this study, the contractile action of
5-HT, and in addition that of 2-methyl-5-HT and a-methyl-5-
HT, are mediated predominantly through the activation of
5-HT; receptors. Thus, contractile responses to all three agon-
ists were readily blocked by the selective S-HT, receptor
antagonist, ondansetron. In contrast, the selective 5-HT,
receptor antagonist, ketanserin, was ineffective indicating that
5-HT, receptors have no significant involvement in responses
to 5-HT and the two analogues. This conclusion is substan-
tiated by the results from the 3H-overflow studies, used as an
estimation of ACh release, which show that the three agonists
cause increases in spontaneous release in the same
concentration-range as their contractile effects. Furthermore,
the relative activities for 5-HT, 2-methyl-5-HT and a-methyl-
5-HT in increasing >*H-overflow are very similar to those for
contraction, and this increase in release is sensitive to antago-
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nism by ondansetron to a comparable extent for all three
agonists. Taken together, three results are consistent with the
notion that the contractile action of the three agonists can be
accounted for largely in terms of 5-HT, receptor-mediated
ACh release. In addition, they support the assumptions
involved in estimating evoked ACh release in terms of
increased 3H-overflow.

These results also bear upon the suggested involvement of
substance P (SP) in the contractile action of 5-HT in the
guinea-pig ileum (Buchheit et al., 1985). These authors pro-
posed that S-HT causes contraction through two different
mechanisms. At low concentrations of 5-HT (<0.3 um) it was
proposed that activation of a high affinity, non-5-HT, recep-
tor releases SP which in turn liberates ACh to cause contrac-
tion; at higher concentrations (>0.3uM) 5-HT; receptor
activation liberates SP which then causes direct contraction of
the smooth muscle. It should be noted, however, that this
work could not be repeated by other workers (Sanger &
Nelson, 1989). Since we show that the action of 5-HT is medi-
ated predominantly through ACh release this would seem to
preclude a major direct action of SP. Furthermore, whilst
from the results presented here we cannot rule out the propo-
sal that SP, or some other neurokinin, mediates the ACh
release measured following 5-HT application, our data do
suggest that this is not likely under the conditions of our
experiments.

In this regard, examination of the effects of ondansetron
against the contractile activity of 5S-HT, 2-methyl-5-HT and
a-methyl-5-HT does indeed suggest the involvement of
another, non-5-HT; receptor, component in the response to
5-HT. Thus, in the presence of ondansetron only the upper
portions of the concentration-response curves to 5-HT and a-
methyl-5-HT are shifted to the right, whereas the entire curve
to 2-methyl-5-HT is shifted (see Figure 3). This effect of
ondansetron on the 5-HT and 2-methyl-5-HT concentration-
response curves confirms that reported by Butler et al. (1988),
and the selective shift in the upper portion of the curve to
5-HT is seen also with other 5-HT, receptor antagonists such
as BRL 43694 (Sanger & Nelson, 1989) and ICS 205-930
(Buchheit et al., 1985). These results suggest that 2-methyl-5-
HT contracts the ileum solely through 5-HT,; receptor-
mediated ACh release. It appears though, that some other
receptor is involved in the response to 5-HT and also to a-
methyl-5-HT, which produces the lower, ondansetron-
insensitive, phase of their concentration-response curves. This
receptor is likely to be the recently described excitatory neuro-
nal non-5-HT; receptor (Clarke et al., 1989; Hill et al., 1990;
Eglen et al., 1990) which mediates ACh release and which cor-
responds to the high affinity receptor proposed by Buchheit et
al. (1985; see above). However, we could not detect any
increases in 3H-overflow in response to 5-methyoxytryp-
tamine, BRL 24924 or a-methyl-5-HT (each in the presence of
ondansetron), all of which are reported to be agonists at this
receptor (Eglen et al., 1990; Hill et al, 1990). This suggests
that, under the conditions of our experiments, this non-5-HT,
receptor plays at the most a minor role in the contractile
action of 5-HT, and it is therefore unlikely that SP mediates
the ACh release measured in this study in response to 5-HT.

As mentioned in the introduction, it has been suggested that
the 5-HT, receptor of the ileum differs from those found in
some other preparations. However, the use of contractility
studies with the guinea-pig ileum for the study of 5-HT,
receptors has been questioned since their activation is mea-
sured indirectly. For this reason 5-HT, receptors have recent-
ly been studied in the guinea-pig isolated vagus nerve, a new
model for 5-HT, receptors in which their activation by 5-HT
is measured directly. Here too, 5-HT, receptor antagonists
produce lower pA, estimates than, for instance, in the rat
vagus nerve (Burridge et al., 1989; Lattimer et al., 1989).

With this in mind we carried out experiments to obtain pA,
estimates for ondansetron against S-HT and 2-methyl-5-HT
using direct estimates of ACh release through measurements
of 3H-overflow. The increases in release evoked by 5-HT and
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2-methyl-5-HT were unaffected by any other of the antago-
nists tested (see Results) but were markedly inhibited by
ondansetron. Figure 5 shows that pA, estimates can be taken
to reflect true pKy values and are indistinguishable when
obtained for ondansetron against 5-HT or 2-methyl-5-HT,
thereby indicating that both agonists are acting on the same
receptor. This similarity in pKy values also suggests that there
is no significant activation of the excitatory neuronal non-5-
HT, receptor by 5-HT since 2-methyl-5-HT is not an agonist
at this site (Eglen et al., 1990; Hill et al., 1990). These pKy
values, both of 7.6, are slightly higher than previously report-
ed pKy (7.33; Butler et al., 1988) or pA, (7.1; Lattimer et al.,
1989) values for ondansetron against S-HT in the guinea-pig
ileum which may reflect the complications seen with measure-
ments made from contractility studies. The results presented
here provide the first pKy estimate for a 5-HT, receptor
antagonist in the guinea-pig ileum obtained through direct
estimates of neurotransmitter release. These estimates support
the recent suggestion that 5-HT, receptors show considerable
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Effect of intracerebroventricular administration of the
GABAG;-receptor agonist baclofen on operant feeding in

satiated pigs

11.S. Ebenezer & 2B.A. Baldwin

AFRC Institute of Animal Physiology and Genetics Research, Cambridge Research Station, Babraham, Cambridge CB2 4AT

1 The present study investigated the effects of intracerebroventricular (i.c.v.) administration of the
GABA-receptor agonist baclofen on food and water intake in satiated pigs previously trained to make
operant responses for food and water, which were available ad libitum.

2 Baclofen (25-100nmol) i.c.v. produced a dose-related increase in food intake. Baclofen (50 nmol)
increased feeding during the first 15 min after administration (P < 0.01), while the 100 nmol dose increased
feeding during the first 30 min (P < 0.01). None of these doses of baclofen had any affect on the daily (24 h)

food intake.

3 The effect of baclofen (50 nmol) on feeding was prevented by pretreating the animals with the GABA,

antagonist phaclofen (500 nmol, i.c.v.).

4 Baclofen (25-100 nmol) i.c.v. had no significant effects on water intake.

5 Intravenous administration of baclofen (100 nmol) had no effect on food intake, thus eliminating the
possibility that i.c.v. baclofen might have stimulated feeding by a peripheral mode of action.

6 These results show that baclofen increases food intake in satiated pigs, and that this effect is mediated

by the drug acting at central GABAg-receptors.

Introduction

It is now widely accepted that y-aminobutyric acid (GABA) is
the major inhibitory neurotransmitter in mammalian brain
(Cooper et al., 1986), and in recent years considerable evidence
has accumulated to support the view that a central GABAer-
gic mechanism is involved in the control of food intake (Kelly
et al.,, 1979; Kelly & Grossman, 1980; Panksepp & Meeker,
1980). GABA exerts its effects by acting at two pharmacol-
ogically distinct receptor subtypes, namely GABA,- and
GABAg-receptors (Bowery, 1989). Much of the work on food
intake has focused on the GABA ,-receptor subtype, and it has
been shown that intracerebroventricular (i.c.v.) injections of
GABA, -agonists, such as muscimol, increase meal size in a
number of animal species, including the rat (Kelly et al., 1979),
the sheep (Seoane et al., 1984), and the pig (Ebenezer &
Baldwin, 1990). Moreover, microinjections of GABA and
muscimol into the ventromedial nucleus or paraventricular
nucleus of the hypothalamus also increase feeding (Kelly et al.,
1977; 1979; Grandison & Guiditti, 1977; Girard et al., 1985),
and these effects can be completely antagonized by
GABA ,-receptor antagonists. The results of such studies thus
indicate that a central GABA ,-receptor mechanism may be
involved in the control of food intake. Further evidence to
support this view comes from studies which show that drugs,
such as the barbiturates and the benzodiazepines, which are
believed to exert some of their pharmacological actions by
acting on regulatory sites on the GABA ,-receptor to enhance
the effects of endogenous GABA (Olsen, 1982; Turner &
Whittle, 1983), also increase food intake.

Very little is known about the pharmacological and physio-
logical actions of GABA that are mediated via
GABA-receptors. We were therefore interested in finding out
if pharmacological stimulation of central GABAg-receptors
would produce increased consumption of food and water.
Thus, in the present study we investigated the effects of intra-
cerebroventricular (i.c.v) administration of the
GABA-receptor agonist baclofen on food and water intake in

! Present address: School of Pharmacy and Biomedical Science,
Portsmouth Polytechnic, Portsmouth, Hampshire PO1 2ED.
2 Author for correspondence.

pigs. The results show that baclofen causes a short-lasting
dose-related increase in operant food intake, and that this
effect can be antagonized by the competitive GABA,-receptor
antagonist phaclofen. Baclofen had no effect on fluid intake. A
preliminary account of these results has been published in
abstract form (Ebenezer & Baldwin, 1989).

Methods

Animals

Prepubertal large white pigs (n = 18; 10 male, 8 female)
weighing between 30-60kg, were used in these experiments.
The pigs were housed individually in metabolism cages for the
duration of the experiment. Each cage was equipped with two
operant switch panels at the front end, which, when activated,
delivered food (Right Panel) or water (Left Panel) into two
bowls within the cage. The pigs were trained to press each
panel with their snouts on a fixed ratio of 5 to obtain a single
food reinforcement (10 g of pelleted pig food) or a single water
reinforcement (10 ml of water).

Surgery

Each pig was implanted under halothane anaesthesia with an
18 gauge stainless steel guide tube aimed at the lateral
cerebroventricle for subsequent ic.v. injection of drugs.
Details of the surgical procedures and the methods used for
i.c.v. injections in the pig have been published previously
(Baldwin & Thornton, 1986). In addition, two pigs were
implanted under halothane anaesthesia with a catheter in the
right external jugular vein for the intravenous (i.v.) adminis-
tration of drugs. The catheter was exteriorized to the dorsal
surface of the animal’s neck.

Experimental procedure

Food and water were available ad libitum. Feeding and drink-
ing were continously monitored for the duration of the experi-
ment by means of a computer-based data logging system. In
the first experiment we investigated the effects of baclofen on
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food and water intake. Injections of baclofen (25, 50 and
100nmol) or vehicle (physiological saline solution) were
administered i.c.v. between 10h 00min-11h 00min. The cri-
terion for drug or saline administration was that pigs had not
eaten for at least 30 min before injection. Drug sessions were
usually conducted twice a week, and saline control sessions
bracketed each drug session. The doses of baclofen were
administered in random fashion. The logger recorded the
amount of food (g) or water (ml) consumed by the pigs 0-
15min, 15-30 min, 30-60min and 60-120 min after saline or
baclofen. The total daily food and water intake was also
recorded.

In the second experiment, we examined the effects of the
GABAGg-antagonist phaclofen (50, 100 and 500 nmol i.c.v.) on
food and water intake in the pigs. A similar protocol to that
described for experiment 1 was used.

In the third experiment, the effects of pretreating the
animals with phaclofen before the administration of baclofen
were investigated. The pigs were injected with phaclofen (50,
100 or 500 nmol) or saline (control) i.c.v. 5 min before receiving
a second i.c.v. injection of baclofen (50 nmol).

Statistical analysis

The effects of drug treatment on food and water intake for
each pig was compared with the saline control values record-
ed on the day preceding the drug session by use of the two-
‘tailed paired t-test. P values less than 0.05 were considered
significant.

Drugs

The drugs used were (—)-baclofen (CIBA) and phaclofen
(Cambridge Research Biochemicals). The drugs were dissolved
in physiological saline solution (0.09% w/v). Physiological
saline solution was used in control experiments.

Results

The pigs ate and drank ad libitum. They usually had a meal
every 2-3 h, although considerable individual differences were
noted among the animals as to the frequency and duration of
their meals. The pigs normally drank water before they com-
menced eating, but also drank during and after the meal, and
at various times in between bouts of eating. The metabolism
cages were cleaned each morning between 9h 00min-9h
30min, and the pigs had a meal shortly thereafter. They were
injected with saline or drug solutions about 30 min after their
last meal, and were consequently not hungry at the time of
injection. The animals were usually lying down in their cages
before injection. Occasionally after i.c.v. administration of
saline, the animals would get up and press the operant panels
a few times for food and water, and this was thought to be
due to the arousing effects of the injection procedure. Usually
the pigs would continue to lie down in their metabolism cages
after i.c.v. saline and not get up to eat or drink.

Effects of baclofen

Baclofen (25-100nmol i.c.v.) caused a short-lasting dose-
related increase in food intake (Figure 1). Baclofen (25 nmol)
had no significant effect on feeding compared with control
data. In contrast, baclofen (50nmol) increased feeding
(P < 0.01) during the first 15min after injection, while the
100nmol dose increased feeding (P < 0.01) during both the
first and second 15min periods after injection. The onset of
eating usually began 2-5min after administration. Adminis-
tration of baclofen i.c.v. did not signficantly alter the total
daily food intake of the animals, thus indicating that there was
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Figure 1 The dose-related effects of baclofen (25-100nmol) on food
intake (g) in pigs recorded in the first 15 min after i.c.v. administration.
S =saline; B =baclofen. Vertical lines represent s.e.mean.
**P <001 (n=9 for 25 and 50nmol doses; n = 10 for 100 nmol
dose). Refer to text for further details.

no long-term effect of the drug on feeding (e.g. 2591 + 322¢
with saline controls and 2265 + 340 g with 100 nmol baclofen
treatment, n = 10). Baclofen had no significant effect on water
intake compared with control data.

The 50 and 100 nmol doses of baclofen often caused the pigs
to display signs of ataxia about 10-20min after injection. The
ataxia sometimes prevented the pigs pressing the food panel in
a standing position, especially at the 100 nmol dose. However,
they continued to eat and press the lever, sometimes from a
semi-reclining position, for as long as they could. Eventually,
the pigs succumbed to a state resembling deep sleep. They lay
on their sides in the cages with their eyelids closed and were
unresponsive to prodding in the ribs or to gentle shaking.
These symptoms persisted in the majority of the pigs for
between 2 and 3 h. After this time, the pigs displayed no signs
of illness and began eating and drinking normally again.

Effects of phaclofen

The GABAg-receptor antagonist phaclofen (50, 100 and
500 nmol i.c.v.) did not produce any significant short- or long-
term effects on eating and drinking. Moreover, we did not
observe any untoward behavioural side-effects with any of the
doses of the drug.

Figure 2 shows the effects on food intake of pretreating pigs
with phaclofen (50, 100 and 500 nmol i.c.v.) prior to adminis-
tration of baclofen (50nmol i.c.v.). Baclofen (50 nmol i.c.v.)
given after saline caused a significant (P < 0.05) increase in
food intake during the first 15min after administration
(Figure 2). Pretreatment with phaclofen (50 and 100 nmol)
failed to reverse the effect of baclofen on feeding. In contrast,
pretreating the animals with phaclofen (500 nmol i.c.v.) com-
pletely prevented the effects of baclofen (50nmol) on food
intake (Figure 2) and also abolished the motor and behav-
ioural effects associated with i.c.v. administration of baclofen
(50 nmol) (see above). The lower doses of phaclofen did not
prevent or reduce the behavioural side-effects of bactofen. We
observed no effects of phaclofen pretreatment on water intake.

Effects of intravenous administration of baclofen

In order to eliminate the possibility that i.c.v. baclofen pro-
duced its effects on food intake by a peripheral mode of
action, the highest i.c.v. dose of the drug used in this study
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Figure 2 The effects of pretreating pigs with phaclofen (50, 100 and
500nmol i.c.v.) on the feeding response elicited by baclofen (50 nmol,
icv). S =saline; B = baclofen; P = phaclofen. Vertical lines rep-
resent s.e.mean. * P < 0.05, n = 4. Refer to text for further details.

was administered iv. to 2 pigs. Systemic administration of
baclofen (100nmol) produced no increases in food or water
intake, or any of the motor and behavioural side-effects
associated with i.c.v. administration of this dose of the drug.

Discussion

The results of this study show that baclofen (25-100nmol)
i.c.v. causes a shdrt-lasting dose-related increase in food intake
in satiated pigs. Moreover, the observation that the highest
dose of baclofen (i.e. 100nmol) failed to elicit a feeding
response when administered intravenously, suggests that this
effect is centrally mediated. Operant methods were used in
these experiments to eliminate the possibility that the
increases in food intake were due to some non-specific effect,
such as drug-induced chewing.

The mechanism(s) by which baclofen increases food intake
is not known. However, it has been established that baclofen
acts centrally on GABAg-receptors to exert its pharmaco-
logical actions (Hill & Bowery, 1981; Bowery et al., 1983).
Thus, it is likely that baclofen enhances feeding by an action
at the GABAg-receptor subtype. This view is strengthened by
the demonstration that the effect of baclofen on food intake is
prevented by pretreating the pigs with the novel
GABA-antagonist phaclofen (Kerr et al., 1987). In this study
a relatively high dose of phaclofen (i.e. 500nmol, i.c.v.) was
required to antagonize significantly the effects of baclofen
(50nmol) on feeding. However, these results are consistent
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with the observations of Kerr et al. (1987) who have demon-
strated that phaclofen is a relatively weak antagonist at the
GABAg-receptor. In their experiments they found that the
depression of guinea-pig ileal twitch responses produced by
8 x 10~ °M baclofen was only blocked by 2 x 10~*M phaclo-
fen.

Although the GABA,-receptor is the most ubiquitious
subtype in the CNS, GABAj-receptors have been found
throughout the CNS, in areas such as the cortex, hippo-
campus, cerebellum, hypothalamus, thalamus, striatum and
spinal cord (Palacios et al., 1981; Newberry & Nicoll, 1984;
Bowery et al., 1984; Gehlert et al., 1985; Conzelmann et al.,
1986; Bonnano et al., 1988). As there is strong evidence to
support the view that the hypothalamus is involved in the
control of food intake it is probable that i.c.v. baclofen acts in
periventricular regions of this structure to stimulate feeding,
although other brain areas may also be involved.

Recent experiments with GABA analogues and the
GABAg-antagonist phaclofen have suggested that
GABA-receptors are not a homogeneous population (Scherer
et al., 1988), but there is more than one subset of GABAg
receptors. The subtype of GABAg-receptor on which baclofen
acts to stimulate feeding in pigs has been termed ‘phaclofen
sensitive’ (Kerr et al., 1987). These ‘phaclofen sensitive’ recep-
tors have been found at both pre- and post-synaptic sites
(Pittaluga et al., 1987; Dutar & Nicoll, 1988), and it is not
possible at present to state whether baclofen is acting at a
prejunctional, and/or postjunctional level to decrease eating.

Baclofen i.c.v. has no effect on water intake although nor-
mally, increases in food consumption in pigs are associated
with increases in fluid intake (Bigelow & Houpt, 1988). The
observation that there was no effect on the overall daily intake
of food and water after baclofen (25-100 nmol) indicates that
the animals accurately regulate their daily food and water
consumption despite the acute actions of the drug.

Intracerebroventricular injections of the higher doses of
baclofen (i.e. 50 and 100 nmol) caused the pigs to display signs
of ataxia about 15-20min after administration. However,
despite the motor side-effects, the pigs continued to make
operant responses for food, indicating a powerful drug-
induced motivation to eat. A possible explanation of these
motor disturbances is that they were due to the putative
anaesthetic properties of baclofen. It has been demonstrated
that both i.c.v. and systemic administration of baclofen can
induce anaesthesia in rats and mice (Smith & Vestergaard,
1979; Sawynok & La Bella, 1981). Thus, it is possible that the
ic.v. doses of baclofen necessary to produce increases in
feeding, eventually induce a state of anaesthesia. However, it is
likely that the motor deficits and subsequent loss of con-
sciousness are mediated by specific GABAg-receptors as they
were also abolished by phaclofen.

In conclusion, the results of this study indicate that stimu-
lation of central GABAg-receptors by baclofen will elicit
feeding in satiated pigs. Further work is necessary to localize
the site(s) of action of baclofen, and to establish whether a
GABA-receptor-mediated mechanism plays a physiological
role in the regulation of food intake.
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Spinal effects of four injectable anaesthetics on nociceptive
reflexes in rats: a comparison of electrophysiological and

behavioural measurements
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1 To assess the direct spinal contributions to the depression of reflexes caused by general anaesthetics,
the intravenous potency of four injectable anaesthetics has been compared in two preparations: in decere-
brate, spinalised rats, using a novel preparation requiring little surgical intervention, and in intact rats
with chronically implanted i.v. cannulae.

2 Methohexitone (1-8 mgkg ™! i.v.), alphaxalone/alphadolone (0.5-8 mgkg ™! i.v.), alpha-chloralose (20~
80mgkg~! i.v.) and ketamine (0.5-16 mgkg™! i.v.) all produced a dose-dependent depression of single
motor unit activity evoked by controlled noxious mechanical stimuli in decerebrate, spinalised animals.

3 The sedative and motor effects brought about by equivalent doses to those used in the electrophysi-
ological experiments were assessed in intact rats. Methohexitone, alphaxalone/alphadolone and alpha-
chloralose all caused similar levels of behavioural sedation at the doses that caused depression of spinal
reflexes. Ketamine required relatively much higher doses to cause sedation.

4 To determine whether background anaesthesia modulated the potency with which these compounds
affected spinal reflex activity, depressant effects in decerebrate, unanaesthetized rats were compared with
those in animals maintained under anaesthesia with either alpha-chloralose or the steroid mixture of
alphaxalone/alphadolone. The presence of either of these two agents as maintenance anaesthetics did not
influence the effectiveness with which other compounds depressed nociceptive responses. However, addi-
tional doses of the maintenance anaesthetics were less effective than the same doses tested in decerebrate
animals.

5 All the anaesthetics tested produced a significant depression of spinal reflex responses to noxious

stimuli at doses well below those required for anaesthesia. Whilst the presence of maintenance anaes-
thetics appears not to distort pharmacological tests of other agents, there may nonetheless be a biasing of

the samples of cells recorded.

Introduction

The group of compounds collectively known as general anaes-
thetics act to produce a widespread depression of the central
nervous system involving hypnosis, analgesia, reflex suppress-
ion and relaxation of voluntary muscle. For each agent, the
relative magnitudes of these effects are unique and vary with
the level of anaesthesia.

It has been shown that anaesthetics exert direct influences
on the spinal cord, on both dorsal and ventral horn neurones,
so as to modulate spinal function in response to sensory
stimuli (for reviews see Heavner, 1975; Davidoff & Hackman,
1983; see also Lodge & Anis, 1984). Although some simi-
larities in modulation of transmitter action may be observed
between compounds (e.g. alphaxalone/alphadolone, chloralose
and barbiturates have all been shown to modulate the actions
of y-aminobutyric acid (Davidoff & Hackman, 1983; Lambert
et al., 1987)), clinical and behavioural observations of anaes-
thesia indicate that there are marked differences even within
such groupings.

Despite the potential influences these compounds have on
the central nervous system, the majority of electrophysiologi-
cal studies concerned with spinal processing of sensory stimuli
in vivo have been undertaken in the presence of one or several
of a wide variety of gaseous and injectable anaesthetics. In
view of this, it was the intention in this study to generate
information relevant to three questions. Firstly, what are the
relative potencies of various injectable anaesthetics within the
spinal cord in depressing spinal nociceptive reflexes? Sec-

! Author for correspondence.

ondly, what is the relationship between behavioural sedation
induced by injectable anaesthetics of various classes and
spinal depression of nociceptive reflexes? Thirdly, to what
extent are different maintenance anaesthetic regimes likely to
affect the results obtained in unitary pharmacological tests of
spinal function when performed in vivo?

A model was developed which requires little surgical inter-
vention compared with more standard electrophysiological
measurements of spinal function and which allowed contin-
uous, stable recording of the reflex activity of single moto-
neurones to controlled noxious stimuli. This preparation
reduces the influence that surgery has on the potencies with
which anaesthetics depress spinal reflexes (Hartell et al., 1990)
and enabled comparisons to be made between different com-
pounds in the same animal under the same conditions. Such
results were compared with the behavioural effects produced
by equivalent doses administered to conscious animals
chronically prepared with intravenous cannulae.

Methods

Preparation of animals for electrophysiological recording

Surgery was performed, under halothane anaesthesia, on 62
male Wistar rats weighing between 250 and 400 g; respiration
was spontaneous throughout and inspired air was supple-
mented with oxygen. Cannulae were inserted into the trachea,
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carotid artery and jugular vein. A small incision was made in
the low thoracic region and the musculature covering the
dorsal surface of the spinal cord between the thoracic 9-11
vertebrae retracted. One or two laminae were removed and
the spinal cord transected at the level of thoracic 9-10 verte-
brae. All wound surfaces were covered throughout with ligno-
caine (1%) plus adrenaline (1:200,000) and the skin incisions
repaired with sutures.

Rectal temperature was monitored continuously and main-
tained at 37°C with the aid of a feedback controlled blanket
and a dorsally positioned lamp. Blood pressure was also mon-
itored and used as an indication of technical acceptability.
Experiments were terminated if the systolic pressure fell below
100 mmHg for any sustained period.

Animals were then prepared according to one of three
experimental protocols. One group was decerebrated under
halothane anaesthesia by aspiration of all cranial contents
rostral to a mid collicular level, and anaesthesia discontinued.
A second group was given a 50mgkg~! i.v. dose of alpha
chloralose (dissolved in either a borax buffered solution or in
isotonic saline) and the halothane discontinued. Supplemen-
tary doses of 20mgkg ™! i.v. were given at intervals of approx-
imately one hour. Rats in the third group were anaesthetized
with a continuous infusion of alphaxalone/alphadolone (6—
12mgkg™! iv.) and the halothane discontinued. The right
hind limb was immobilised in a plaster of Paris cast and a
period of at least one hour allowed before recording, so as to
allow recovery from the effects of halothane and to permit
recovery from the spinalisation. Fluid, either isotonic saline or
Haemaccel (Hoechst), was given over the course of the experi-
ment at a rate of approximately 80mlkg~! 24h~!. In some
cases, particularly with decerebrate animals, 1-2ml of whole
blood was given postoperatively.

Electrical activity was recorded from hind limb flexor
muscles by tungsten microwires embedded in a needle. The
wires were 50 um in diameter with a Teflon coating making
the total diameter 75 um. Electrodes were inserted through a
small skin incision into either biceps femoris or, more usually,
into flexor digitorum longus or flexor hallucis longus. Single
motor unit responses were evoked by application of noxious
pinch stimuli to the receptive field on the ipsilateral hind limb.
Receptive fields were similar between animals and invariably
encompassed the first and second most lateral toes and
extended towards the hock. Stimuli were delivered by means
of a pair of electronically controlled pneumatically driven
Allis tissue forceps (Brown et al., 1984) and were applied for a
period of fifteen seconds at intervals of three minutes.
Although the force of the stimulus applied to the limb was not
measured directly, it was applied at similar pneumatic pres-
sures between animals. Units were selected which responded
with minimal adaptation both over the course of each stimu-
lus and between successive stimuli.

Single motor units were discriminated according to spike
height; each spike was delayed and displayed on an oscillo-
scope so that spike configuration could be monitored, thereby
ensuring single unit recording over the entire experiment.
Chart records were made of the number of spikes per second
and of counts of the number of spikes during various parts of
the stimuli. Spike counts over a period of ‘early pinch’, the
first five seconds, were separated from those over the sub-
sequent ten seconds (‘late pinch’). It is presumed that the early
phase of the pinch contains a considerably greater rapidly
adapting, low threshold component. Most cells showed adap-
tation over this period and drugs affected this to a lesser
extent. Therefore, quantitative analysis was restricted to the
period of late pinch. A microcomputer was used for the online
calculations of drug effects (Headley et al., 1985); these were
expressed as percentages of the mean of three stable control
responses before drug administration. Results were only con-
sidered to be technically acceptable if the recovery from the
maximum drug effect exceeded at least 50% of the reduction
and the time course of recovery matched that expected for the
known kinetics of the compound under study. The only excep-

tion to this was for alpha-chloralose which has too long-
lasting an action for this criterion to be feasible.

Behavioural methods

Indwelling intravenous cannulae were implanted in sixteen
male rats under halothane anaesthesia. Polythene tubing (i.d.
0.58, o.d. 0.96 mm), prefilled with sterile isotonic saline, was
inserted aseptically through a small ventral incision, into the
right jugular vein via a small side branch. The free end was
passed under the skin and out through a dorsal incision at the
back of the neck. Animals were allowed to recover from the
surgery for at least 96h before experimentation. They were
housed individually and were given food and water ad libitum.
To reduce the number of animals required, several drugs were
tested on each animal. To minimize possible interactions
between compounds tested, different drugs were tested on dif-
ferent days and the order of testing was rotated. All experi-
ments were carried out in a quiet room free from interruption.

Following intravenous administration of the various com-
pounds, several simple behavioural activities were assessed.
These included the presence or absence of a righting reflex,
and arbitrary scales of the degree of ataxia produced. From
these observations, several estimations of drug-induced motor
impairment were made. These were firstly, the dose required
to produce a minimal ataxia in at least 75% of the animals
(defined as the inability of the animal to walk on the rim of its
cage), secondly the dose required to produce maximal ataxia
(seen as an inability to walk on a flat surface), thirdly, the dose
required to eliminate the righting reflex in at least 75% of the
animals and, finally, the loss of spontaneous movements such
as blinking and whisker twitch. Complete recovery of motor
coordination was monitored.

Drugs and administration protocol

In order to allow comparisons between electrophysiological
and behavioural experiments, the same drugs and adminis-
tration procedures were used. The following compounds were
selected for study: methohexitone (Eli Lilly), a short acting
barbiturate; ketamine hydrochloride (Parke-Davis), a disso-
ciative anaesthetic; the steroid mixture of alphaxalone/
alphadolone (Saffan; Pitman-Moore) and alpha-chloralose
(Sigma). All doses were administered in logarithmic (base 2)
increments starting with doses found to be near threshold for
effects on most cells in the electrophysiological tests. Those
compounds with a short time course (methohexitone and
alphaxalone/alphadolone) were administered as discrete doses
at intervals appropriate for complete recovery judged accord-
ing to both observation and their reported elimination
kinetics. Ketamine and alpha-chloralose produce longer-
lasting effects and so were given in a cumulative regime at
intervals of 6 and 15min, respectively (chloralose has been
shown to have delayed onset: Collins et al., 1983); this regime
was halted once the evoked responses had been reduced to
about 25% of control or less. The effects of alpha-chloralose
last for hours, so in the acute experiments cumulative doses
were given only as the last drug to be tested, and recovery was
not followed. This regime of drug administration was neces-
sary in the electrophysiological experiments to allow several
drugs to be tested on each animal, thereby allowing both
direct comparisons to be made between compounds and
enabling numbers of experiments to be kept to a minimum.
Since complete dose-response regimes were not performed on
all units tested, the traditional mean dose-response analysis
was not possible. As higher doses of drug were only tested on
those units which were more resistant, the apparent dose-
response curves for the collected data are more shallow than
expected (see Parsons & Headley, 1989).

As it was the aim of the behavioural experiments to study
the effects of doses which caused known degrees of depression
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of spinal reflexes in the electrophysiological experiments, the
same doses were used. As can be seen in the results section,
this led to rather large steps in behavioural effects; in some
cases a single dose increment caused effects that spanned 2-3
of the behaviourally defined states.

Results

Comparison of the depression of spinal reflexes caused by
anaesthetics under decerebrate and different baseline
anaesthetic protocols

The potencies of the compounds used in this investigation in
suppressing spinal reflexes were compared in three groups of
animals, namely those anaesthetized with either alphaxalone/
alphadolone (23 rats) or with alpha-chloralose (21 rats), and a
group of unanaesthetized decerebrate rats (n = 18). Dose-
response relationships were obtained for alpha-chloralose
(20-80mgkg~! iv.), methohexitone (1-8mgkg~! iv.),
alphaxalone/alphadolone (0.5-8 mgkg™' i.v.)) and ketamine
(0.5-16 mgkg ! i.v.) in each of the experimental groups.

Figure 1 provides examples of the effects of two different
anaesthetics on single motor unit responses to noxious pinch
stimuli, recorded from two decerebrate, unanaesthetized
animals. The top trace reveals that methohexitone depressed
this ‘naturally’-evoked response in a dose-dependent and
rapidly reversible manner; the recovery seen between doses
corresponds to that expected for this rapidly metabolised
barbiturate. Alpha-chloralose also produced a dose-dependent
depression of spinal reflex activity, but recovery was not fol-
lowed because of the long acting nature of the drug.

In order to allow quantification of data and subsequent
comparative analysis, the effects of each dose of drug were
measured and the data subsequently pooled for the units in
each of the three experimental groups: the calculation of
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reductions was the percentage of the control number of spikes
evoked during late pinch. Wherever practicable, increasing
doses of the drugs were administered until a dose was reached
at which evoked activity was reduced to below 25% of
control. However, as is often the case with this kind of in vivo
pharmacological study, there was much variation in drug .
potency even between animals prepared in the same way. In
order to illustrate the collected data between the three groups,
the results are displayed in bar chart form. Figure 2 is an
example showing the relative effectiveness of methohexitone
and ketamine. Neither of these compounds displayed any
preferential potency between the three experimental groups;
this was confirmed statistically by use of both non-parametric
(Mann-Whitney U-test) and parametric (Student’s t) tests).

Such equipotency of drug action between decerebrate and
anaesthetized animals was characteristic, except for those
instances in which the drug under test was also being used as
the maintenance anaesthetic. Figure 3 is a firing rate record of a
single motor unit responding to pinch stimuli which were
uniform throughout, and shows the depression of reflex activ-
ity caused by alphaxalone/alphadolone under two different
baseline anaesthetic conditions. The same dose of
alphaxalone/alphadolone had less effect on the reflex whilst
the animal was maintained on alphaxalone/alphadolone than
when the background anaesthetic was subsequently switched
to alpha-chloralose. Note that the firing rates evoked during
the stimuli before testing were similar in the two cases.

This phenomenon was also seen when the pooled data
between the groups were compared. Figure 4 shows bar charts
of the dose-dependent effects of alphaxalone/alphadolone and
alpha-chloralose. Figure 4a shows that the same doses of
alphaxalone/alphadolone (0.5-8 mgkg™! iv.) were signifi-
cantly less effective when given to animals already anaes-
thetized with  alphaxalone/alphadolone  than  when
administered to chloralose anaesthetized or decerebrate
animals. This suggests that the presence of chloralose as a
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Figure 1 Chart records displaying the effects of two anaesthetics on stimulus-evoked firing of single motor units recorded from the
flexor digitorum longus muscle in decerebrate, spinalised rats. Fifteen second pinch stimuli were appled to a single toe of the
ipsilateral hind paw of the rats and were repeated at three minute intervals. The chart was halted between pinch stimuli. Methohexi-
tone (top trace) caused a dose-dependent and rapidly reversible reflex depression over the range of 2-8 mg kg~! i.v. In view of the
short acting nature of this barbiturate, additional doses were given only following recovery from the previous dose to control levels.
The lower trace displays the effect of alpha-chloralose (20-80mgkg ™! i.v.) administered in a cumulative dose regime. The depressant
effect of alpha-chloralose on these spinal reflexes is maintained for several hours, as is expected for this long lasting anaesthetic, and
so recovery was not followed. The peak effect of alpha-chloralose did not occur, in some cases, for up to 15min after administration.
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Figure 2 Dose-dependent effects of methohexitone (a) and ketamine
(b) on noxious pinch evoked single motor unit activity. Responses,
expressed as a percentage of the mean pre-test control values are com-
pared at each dose between animals anaesthetized with alphaxalone/
alphadolone (E3), those anaesthetized with alpha-chloralose (N) and
decerebrated, unanaesthetized rats (E2). Analysis was restricted here to
counts of the spikes evoked during the late part of the pinch stimulus.
Bars show s.e. and numbers within columns are the numbers of units
recorded.

maintenance anaesthetic does not affect the potency with
which alphaxalone/alphadolone depresses single motor unit
response. The results shown in Figure 4b indicate that chloral-
ose behaved in an equivalent manner.

It is possible that a significant difference in neuronal
responsiveness, evident as disparate levels of evoked activity,
might account for the difference between anaesthetic states.
Although we were unable to measure directly the force with
which the stimuli were applied, the same pinching device,
operated at consistent pneumatic pressures, and always
applied to one toe, was used in all animals. We were therefore
able to estimate relative excitability by comparing the mean
firing rates evoked by each stimulus during control periods
(prior to drug administration) between the decerebrate and
anaesthetized groups of animals. The following results were
obtained and are expressed as mean firing rate during late
pinch + s.e.mean for n cells tested: decerebrate rats, 30.4 + 1.8
spikes per second (n = 9); chloralose anaesthetized, 21.3 + 3.1
(n = 11); alphaxalone/alphadolone anaesthetized 24.2 + 1.8
(n=12). The mean firing rates obtained in decerebrate
animals were significantly higher (P <0.02; unpaired
Student’s ¢ test) than in chloralose or alphaxalone/
alphadolone anaesthetized animals, but there was no signifi-
cant difference between the two groups of anaesthetized
animals.

Comparison of the depression of reflex activity caused by
behaviourally similar doses of four anaesthetics

Sixteen conscious intact rats, previously implanted with intra-
venous cannulae, were used for the behavioural studies. Each
anaesthetic was examined at the same doses as those tested in
the electrophysiological experiments, and the behavioural
effects (see Methods for criteria) and the time courses of
recovery, noted. The time courses of recovery from doses of
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Figure 3 Chart record of single motor unit firing rate recorded from
flexor digitorum longus, illustrating the different effects of a single
dose of alphaxalone/alphadolone (8 mgkg™! iv.) when given under
different maintenance anaesthetic protocols. The pinch stimuli were
delivered at the same site (toe 5) with the same force for 15s, repeated
once every 3min throughout the experiment. (a) Recorded whilst the
animal was anaesthetized with alphaxalone/alphadolone infused at a
rate of 12mgkg~'h~'. Over a subsequent two hour period, the main-
tenance anaesthetic was changed to alpha-chloralose (60mgkg™"! i.v.
initially with 20mgkg™' iv. supplementary) and the effects of the
steroid infusion allowed to wear off. The same drug test was then
repeated (b). The effects were completely reversible.
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Figure 4 Dose-dependent effects of alphaxalone/alphadolone (a) and
alpha-chloralose (b); presented in the same format as Figure 2, but
with the addition of statistical data. Where indicated, significance
was reached (Mann-Whitney U-test, *P <005, **P <0025,
***+p <001 and ****P <0.001, 1 tailed) Data were compared
between those obtained from animals anaesthetized with alphaxalone/
alphadolone (a) and alpha-chloralose (b). For key to shading of
columns see Figure 2 legend.
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methohexitone and alphaxalone/alphadolone were similar to
those observed in the electrophysiological experiments, having
approximate half recovery times of 3—4 and 6 min respectively.
The effects of ketamine and alpha-chloralose were more long
lasting and these compounds were found to have full recovery
times of about 2.5-3.5h (from a total dose of ketamine of
128 mgkg™! iv.) and 5-6.5h (from a total dose of alpha-
chloralose of 80mgkg™! i.v.). Table 1 shows the behavioural
effects produced by the four anaesthetics. Alongside these data
are shown the effects on nociceptive spinal reflexes measured
in spinalised, decerebrated animals.

By comparing our electrophysiological data with the behav-
ioural observations, it is apparent that spinal reflex activity in
decerebrate spinalised animals was significantly depressed by
the doses of these compounds which produced ataxia in intact
animals. However, if one compares different compounds, the
ataxic effects occurred at very different proportions of the
doses needed to cause immobility (ie. the doses which
approach those needed for adequate experimental
anaesthesia). For example, while alphaxalone/alphadolone
produced depression of reflexes and ataxic effects only at
doses approaching those causing loss of consciousness, keta-
mine depressed motor coordination and spinal reflexes at a
dose much smaller than that required to produce some degree
of dissociative anaesthesia. These differences are highlighted
by the ratio of the dose producing loss of spontaneous motor
activity to that producing maximal ataxic effects. Within the
limits of the dose regime utilised the following ratios were
found, ketamine = 16; alphaxalone/alphadolone = 1;
methohexitone = 1; chloralose = 2.

Discussion

The first question posed in this study, the relative potency
within the spinal cord of these anaesthetics in depressing noci-
ceptive reflex responses of spinal flexor motoneurones, is
answered by the experiments on decerebrate spinalised rats,
and is summarized in Figures 2 and 4.

In order to assess the relevance of these spinal actions of
anaesthetics to those experiments in which anaesthetics need
to be used, it is necessary to relate the doses causing depres-
sion of spinal reflexes to those causing the various stages of
anaesthesia. For this reason the same intravenous doses as
those examined in our current electrophysiological experi-
ments were tested in chronically prepared conscious animals
of the same strain.

One major problem of such comparisons is that because
these compounds act in such different ways, it is difficult to
select the criteria for determining equivalent levels of anaes-
thesia. We have approached the problem by observing arbi-
trarily defined dose-related degrees of behavioural sedation
and by comparing these with the reflex depression caused by
equivalent doses in spinalised decerebrate animals. Whilst
the behavioural states we recorded do not necessarily equate
to anaesthesia per se, they are, according to text book defini-

tions, phases through which animals pass during induction
and may be used to help define various planes of anaesthesia.

The spinal flexion reflex was depressed in decerebrate,
spinalised rats at doses of each drug that produced a minimal
ataxia in intact rats. The relative depression of the reflex from
control levels was, however, different between drugs, metho-
hexitone having the greatest effect (Table 1). Those doses that
prevented the animals from walking (‘maximal ataxia’) in all
cases had a greater direct effect on the spinal cord, causing a
significantly greater depression of nociceptive reflexes. These
data therefore indicate that anaesthetics have considerable
depressant actions on the spinal cord at sub-anaesthetic doses.
For alphaxalone/alphadolone and methohexitone, the dose-
response relationship was sufficiently steep for maximal ataxia
and loss of spontaneous activity to be encompassed by one
dose step within our logarithmic administration protocol. The
depression of reflexes caused by equivalent doses was signifi-
cant.

Alpha-chloralose is often considered to protect reflex
responses (Shimamura et al., 1968) and alphaxalone/
alphadolone has been shown to preserve spinal reflexes at
doses which cause hypnosis (Lovick, 1986). In contrast, barbi-
turates are often considered to depress spinal activity rela-
tively more. The present data, however, suggest little difference
in the direct depressant effect of these three anaesthetics on
spinal reflexes at the lowest dose required to cause loss of
spontaneous activity.

The third aim of this set of experiments was to determine
whether anaesthetics, when used to maintain animals in an
anaesthetized condition suitable for experimental recording,
are likely to affect the potency with which other drugs depress
nociceptive spinal reflex transmission. Over the dose ranges
indicated, neither ketamine nor methohexitone displayed any
differential potency between tests performed in spinalised
animals that were either unanaesthetized and decerebrate, or
anaesthetized with either alpha-chloralose or alphaxalone/
alphadolone. This suggests not only that there is no differen-
tial effect between these two maintenance anaesthetics, but
also that the presence of either of these two anaesthetics does
not interfere with the spinal reflex depressant actions of keta-
mine or methohexitone.

Work already carried out in this laboratory (Parsons &
Headley, 1989) has shown that if two intensities of pinch are
given so that the same motoneurone responds alternately to
strong and weak pinch stimuli with high and low firing rates
respectively, then the weaker of the responses is invariably
reduced to a greater degree by the same dose of drug, whether
opiate or anaesthetic. This highlights the importance of
matching stimulus intensity if one is to compare the potencies
of compounds. Although we have made a direct comparison
between the three experimental groups, the question still arises
as to whether the noxious stimuli administered in the present
study may have been different between groups. Whilst we
cannot state that the intensity of stimuli given to each of the
groups was identical, we did use constant pneumatic pressures
to drive the stimulator as well as similar placements of the
pincher device on the toes, so that it is unlikely that there

Table 1 Comparison of the behavioural and the reflex depressant effects of four injectable anaesthetics

Lowest dose Effect on reflex Lowest dose Effect on reflex Lowest dose Lowest dose
causing responses at causing responses at causing loss causing loss of
minimal ataxia same dose maximal ataxia same dose of righting reflex  spontaneous activity
Anaesthetic (mgkg~!iv) (% control) (mgkg™!iv) (% control) (mgkg™!iv.) (mgkg~!iv)
Ketamine 1n=7 84 +31(n=238) 8(n="7) 50+ 123(n=17) 64(n=17) 1286(n=17)
Alphaxalone/alphadolone 05(mn="7) 68+66(n=7) 4(n=238) 24 + 104 (n=15) 4(n=28) 4(n=28)
Methohexitone 4(n=28) 524 75(n=9) 8(n=238) 33+114(n=7) 8(n=238) 8(n=238)
Alpha-chloralose 20 (n = 16) 72+98 (n=28) 40 (n = 16) 61+59(n="17 80 (n = 16) 80 (n = 16)

See Methods for the interpretation of the behavioural terms used. The doses causing each level of behavioural depression were those
having effects in >75% of the rats tested. For ‘minimal ataxia’ and ‘maximal ataxia’ the effect of this dose on the electrophysiologically

recorded reflexes is also shown: values are % of pre-drug controls.
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were consistent differences in stimulus intensity between the
groups. Our examination of the firing rates of motor units
prior to drug administration indicates that in the decerebrate
preparations, the pinch stimuli elicited a slightly but signifi-
cantly greater firing rate. This was not, however, associated
with any corresponding decrease in the potency of methohexi-
tone or ketamine, as might have been predicted from the pre-
vious study (Parsons & Headley, 1989).

Equipotency of drug action between the three experimental
groups only occurred when the test compound differed from
the maintenance anaesthetic. For example, alpha-chloralose
displayed similar effects when administered to alphaxalone/
alphadolone anaesthetized or decerebrate animals, but was
significantly less potent when given as additional doses to
chloralose maintained animals. Similar effects were seen for
alphaxalone/alphadolone which was selectively less potent on
animals already anaesthetized with this steroid anaesthetic.
There are two possible explanations for these findings. If we
consider a hypothetical dose-response curve for alpha-
chloralose, for example, then an animal maintained on this
compound would be expected to have a modified reflex
response compared to a decerebrate, unanaesthetized animal.
This is suggested by the data since the firing rates during pre-
drug control responses were lower in anaesthetized than in
decerebrate preparations. One might expect, therefore, that in
anaesthetized animals, we are looking at drug effects over the
upper part of the dose response curve and that, accordingly,
the effects of subsequent additional doses are less than when
administered to decerebrate animals. Scrutiny of the data sug-
gests an alternative explanation, namely that there are differ-
ent populations of units, some more resistant to particular
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Evidence for the existence of ‘atypical’ f-adrenoceptors
(B:-adrenoceptors) mediating relaxation in the rat

distal colon in vitro

Daniel P. McLaughlin & 'Allan MacDonald

Department of Biological Sciences, Glasgow College, Cowcaddens Road, Glasgow G4 0BA

1 Experiments were carried out to characterize the adrenoceptors mediating relaxant responses in the
rat distal colon. Three agonists were used: noradrenaline, isoprenaline and the §,-adrenoceptor agonist
BRL 37344. Phentolamine, propranolol and (+)-cyanopindolol were tested as antagonists. Tone in the rat
distal colon was induced with KCI (3040 mm) as a spasmogen, and relaxations of this KCl-induced tone
produced by the agonists were measured. '

2 Relaxant responses to noradrenaline that were obtained in the presence of propranolol (1 uM) were not
antagonized by phentolamine (0.01 to 1 um). Relaxant responses to isoprenaline that were obtained in the
presence of phentolamine (1 #uM) were antagonized in a concentration-dependent manner by propranolol
(0.01 to 3 um), although this antagonism was weak and non-competitive. Relaxant responses to BRL
37344 that were obtained in the presence of phentolamine (1 uM) were only weakly antagonized by high
(1 um) concentrations of propranolol.

3 Tachyphylaxis to BRL 37344 was observed, a second concentration-response curve being shifted to the
right by 15 fold. Exposure of the tissues to BRL 37344 (1 uM) between concentration-response curves also
caused rightward shifts in the responses to noradrenaline (18 fold) and isoprenaline (19 fold) but not to
papaverine.

4 In the presence of phentolamine (1 uM) and propranolol (1 uM), the rank order of potency of the agon-
ists was: (—)-isoprenaline (1.0) > BRL 37344 (0.93) > (—)-noradrenaline (0.3). )

5 Responses to BRL 37344 in the presence of phentolamine (1 uM) and propranolol (1 um) were antago-
nized by (+)-cyanopindolol (1 uM), with an apparent pA, value of 6.67. Responses to isoprenaline, under
the same conditions, were antagonized in a competitive manner by (+)-cyanopindolol (0.1 to 10 um), with
the slope of the Schild plot close to unity and a pA, value of 7.12.

6 The resistance of the relaxant responses to antagonism by phentolamine and propranolol, along with
the relatively high potency of the f,-adrenoceptor agonist BRL 37344 and the antagonism of ‘resistant’
responses by (+)-cyanopindolol would suggest that ‘atypical’ p-adrenoceptors, similar to the

Bs-adrenoceptors of rat adipocytes and other tissues, exist in the rat distal colon.

Introduction

Responses to noradrenaline and isoprenaline which are resist-
ant to blockade of classical a- and f-adrenoceptors have been
reported in a number of animal isolated tissues, such as
guinea-pig ileum (Wikberg, 1977; Bond et al., 1986; Bond &
Clarke, 1987); rabbit stomach (Bristow et al., 1970); rabbit
colon (Gillespie & Khoyi, 1977); dog colon (Grivegnee et al.,
1984); rat gastric fundus (Dettmar et al., 1986b; Kelly & Mac-
Donald, 1990) and guinea-pig gastric fundus (Coleman et al.,
1987). So-called ‘atypical’ f-adrenoceptors mediating lipolysis
in rat adipocytes are also resistant to blockade by classical
B-adrenoceptor antagonists (Stanton, 1972; Harms et al,
1977) and in addition are characterized by the high selectivity
and potency of a novel group of agonists (Arch et al., 1984;
Wilson et al., 1984). It has been proposed that adipocyte -
adrenoceptors should be termed ‘f,-adrenoceptors’ (Tan &
Curtis-Prior, 1983; Arch, 1989). The finding that selective
B3-adrenoceptor agonists also have high potency at ‘atypical’
adrenoceptors in the guinea-pig ileum (Bond & Clarke, 1988)
and the guinea-pig gastric fundus (Coleman et al., 1987) sug-
gests that f-adrenoceptors similar to those present in rat adi-
pocytes may exist in gastrointestinal tissues.

The present study investigated responses to the catechol-
amines, noradrenaline and -isoprenaline and the selective
Bs-adrenoceptor agonist, BRL 37344 (Arch et al., 1984) in the
rat distal colon. A preliminary account of these findings has

! Author for correspondence.

been presented to the British Pharmacological Society
(McLaughlin & MacDonald, 1989).

Methods

Tissue preparation

Male Wistar rats (200-300g), fed ad libitum, were killed by a
blow to the head and cervical dislocation. The distal 6cm of
the colon was removed and cleared of any faecal material by
gentle squeezing of the colon with the fingers. Portions of
colon were then immediately placed in cool Krebs physiologi-
cal saline solution (PSS). Segments (3 cm) of colon were sus-
pended in organ baths containing 30ml Krebs solution, at
37°C, bubbled continuously with 95% O, and 5% CO,,
under an initial tension of 1g. The composition of the Krebs
solution was as follows (mm): NaCl 118, CaCl, 2.5, KCl 4.7,
NaHCO, 25, KH,PO, 1.2, MgSO, 1.2 and glucose 11.1. The
Krebs solution contained cocaine (3 uM) to block neuronal
uptake of the catecholamines and ascorbic acid (30 uM) and
EDTA (30 uM) to prevent oxidation of the catecholamines. In
some experiments, hydrocortisone (30 um) was also included in
the Krebs solution, to block extra-neuronal uptake of iso-
prenaline. Tissues were allowed to equilibrate for at least
30 min before experimental procedures were begun.
Concentration-response curves to noradrenaline were con-
structed in the presence of propranolol (1 uM) to allow investi-
gation of the contribution of a-adrenoceptors to responses.
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Concentration-response curves to isoprenaline were carried
out in the presence of phentolamine (1 uM) to remove any pos-
sible contribution from a-adrenoceptors.

Concentration-response curves (CRCs)

The relaxant action of agonists was determined by measuring
relaxations of KCl-induced tone evoked by addition of the
agonists. Initially a CRC to KCl was constructed for each
tissue, to determine a concentration of KCl which gave
approximately 75% of maximal tone. Concentrations of 30—
40mm were added hypertonically to the organ baths by
adding 0.3-0.5 ml of a 2m KCl stock solution.

CRC:s to adrenoceptor agonists were constructed by cumu-
lative addition (0.5 log unit increments) to KCl-contracted
strips at 1-2min intervals until a stable response was
observed. CRCs were constructed at 1h intervals, allowing
45 min equilibration time for antagonists, which were added at
the end of each CRC.

In experiments testing the effect of antagonists on the relax-
ations evoked by BRL 37344, only one CRC to BRL 37344
was constructed in any one tissue. In these cases paired
experiments were carried out. If CRCs to isoprenaline were
not significantly different in the paired tissues then one tissue
was subsequently exposed to BRL 37344 in the presence of
antagonist and a paired tissue exposed to BRL 37344 in the
absence of antagonist. The antagonist was present for 45min
before construction of CRCs to BRL 37344.

Schild plots

Agonist concentration-ratios (CRs) were determined from the
IC;, point on the CRC, with or without antagonist. The plot
of log (agonist concentration ratio— 1.0) versus log
[antagonist] (Arunlakshana & Schild, 1959) was analysed by
linear regression. Antagonism was considered to be competi-
tive if the slope of the regression line was not significantly
different from unity. In these cases a mean pA, value was
obtained from individual estimates using the equation

pA, = log(agonist concentration ratio — 1) — log[antagonist]

after first verifying that there was no significant regression of
pA, on antagonist concentration (MacKay, 1978).

In cases where the slope of the Schild plot was significantly
different from unity, or in cases where only one concentration
of antagonist was tested, ‘apparent’ pA, values were estimated
from a single antagonist concentration and the above equa-
tion.

Drugs used

The following were dissolved in distilled water, with the excep-
tion of hydrocortisone and (+)-cyanopindolol which were dis-
solved in absolute ethanol and 0.1M tartaric acid, respectively:
BRL 37344 (sodium-4[2[2-hydroxy-2(3-chlorophenyl)ethyl-
amino]propyl]phenoxyacetate) (Beecham Research Labor-
atories, Great Burgh, Epsom); cirazoline hydrochloride
(Synthelabo); cocaine hydrochloride (Thornton and Ross
Ltd.); (+)-cyanopindolol (Sandoz); hydrocortisone-21-acetate
(Sigma); (—)-isoprenaline (+)-bitartrate (Sigma); (—)-nor-
adrenaline (+)-bitartrate (arterenol) (Sigma); papaverine
hydrochloride (Sigma); phentolamine mesylate (Ciba-Geigy);
(+)-propranolol hydrochloride (Sigma); UK 14,304 (5-bromo-
6[2-imazolin-2-yl-amino]quinoxaline) bitartrate (Pfizer).

Statistical analysis

Results are expressed as mean + s.e.mean with the number of
determinations, n, given in parentheses with the exception of
regression line slopes which are expressed as slope + 95%
confidence limits. Statistical significance between two data sets
was tested by either Student’s ¢ test or a paired ¢ test. A prob-
ability level of P < 0.05 was considered statistically significant.

Results

Responses to noradrenaline

In the presence of propranolol (1 #M), noradrenaline relaxed
KCl-induced tone in the rat distal colon, with a plC,, of
6.3 + 0.18 (n = 4). These relaxant responses to noradrenaline
were highly reproducible, CRCs being unchanged when con-
structed at hourly intervals over a period of 3 h (Table 1).

The CRCs to noradrenaline were unaffected by phentola-
mine (0.01 to 1um, Table 1). Also, in three experiments in
the presence of 1um propranolol, neither cirazoline nor
UK 14,304 relaxed KCl-induced tone in the rat distal colon
(in concentrations up to 10 um).

Responses to isoprenaline

In the presence of phentolamine (1 uM), isoprenaline relaxed
KCl-induced tone in the rat distal colon, with a pICs, of
7.66 +£ 0.06 (n = 6). The relaxant responses to isoprenaline
were highly reproducible, CRCs being unchanged when con-
structed at hourly intervals over a period of 3h (Figure 1a).
The responses to isoprenaline were weakly antagonized in a
concentration-dependent manner by propranolol (0.01 to
3 um, Figure 1b). A Schild plot (Figure 1c) revealed that this
antagonism was non-competitive in nature, as demonstrated
by the slope of the plot, which was significantly less than unity
(0.44 + 0.18, 95% CL, n = 36). An apparent ‘pA,’ value for
propranolol, calculated on the basis of the shift produced by
1 um propranolol, gave a value of 6.57 + 0.18 (n = 6).

Hydrocortisone (30 um) had no effect on the potency of iso-
prenaline (pIC;, of 7.65 + 0.1, n = 8) or on the antagonism by
propranolol (apparent pA, of 6.48 + 0.09, n = 8).

Responses to BRL 37344

In the presence of phentolamine (1 uM) the f;-adrenoceptor
agonist BRL 37344 relaxed KCl-induced tone in the rat distal
colon, with a pIC,, of 7.33 £+ 0.12 (n = 4). Tachyphylaxis to
BRL 37344 was observed, a second CRC being shifted to the
right by 15 fold, when compared to the control CRC (Figure
2a). The responses to BRL 37344 were not antagonized by low
concentrations of propranolol (0.01 to 0.1uM), but were
antagonized to some extent by 1uM propanolol (mean 8 fold
shift of IC;, values, P < 0.05, Figure 2b). An apparent pA,
value for propranolol, calculated on the basis of the shift pro-
duced by 1 uM propranolol, gave a value of 6.39.

In the presence of phentolamine (1 uM) and propranolol
(1 um), exposure of the tissues to BRL 37344 (1 um) for 3 min
approximately mid-way between CRCs to noradrenaline and
isoprenaline produced significant (paired ¢ test, P < 0.01)
mean rightward 18 and 19 fold shifts of the CRCs to nor-
adrenaline and isoprenaline, respectively (Figures 3a and 3b).

Table 1 Effect of phentolamine on noradrenaline-induced
relaxations in rat distal colon in the presence of propranolol
(1 um)

Phentolamine pICsq of
(um) noradrenaline
time time
CRC No. controls treated controls treated
1 0 0 6.55 + 0.02 6.30 + 0.18
2 0 0.01 6.43 + 0.08 6.35 + 0.19
3 0 0.1 6.51 + 0.10 6.37 £ 0.15
4 0 1.0 6.50 + 0.03 6.33 + 0.08

Four concentration-response curves (CRCs) to noradrenaline
were constructed at hourly intervals, allowing 45 min equili-
bration with each of the concentrations of phentolamine in
the treated tissues. Values shown are means + s.e.mean for 6
tissues in each case.



‘ATYPICAL’ B-ADRENOCEPTORS IN RAT DISTAL COLON 5N

% relaxation, KCl-tone
3
AL

c L] L) L) L}
-0 -9 -8 -7 -6 -5 -4

log [Isop] (M)

120 1
100 4

80+

% relaxation, KCl-tone
(2]
o
1

0 T
-8

T L)
-10 -9 -7 -6 -5 -4

log [Isop] (M)

log (CR-1)

_1 L] T T L] L) T
-85 -75 -65 -55 -45 -35 -25

log [Prop] (M)

Figure 1 (a) Time control concentration-response curves to iso-
prenaline (Isop) in the rat distal colon in the presence of 1 um phentol-
amine. Tone was raised by the addition of KCl (30-40mm) to the
organ baths. Each of the concentration-response curves was con-
structed at hourly intervals: the first ((J, n = 6), second (Hl, n = 6),
third (O, n = 6) and fourth curves (A, n = 6) are shown. (b) The effect
of propranolol, in concentrations 0.01uM (W, n=6), 0.1uM (O,
n=6), 03uM (A, n=6), 1uM (@, n=12) and 3uMm (A, n=6) on
control ([J, n = 12) concentration-response curves to isoprenaline in
the rat distal colon is shown. Error bars have been omitted for clarity.
Standard errors were less than 15% in each case. (c) Schild plot of the
antagonism of isoprenaline action by propranolol (Prop) in the rat
distal colon.

The same experimental procedure, however, had no effect on
the relaxant effect of papaverine on KCl-induced tone in the
rat distal colon (Figure 3c).

Order of potency of agonists under conditions of classical
a- and f-adrenoceptor blockade

In the presence of phentolamine (1 zM) and propranolol (1 uM),
the pIC,,s of isoprenaline, BRL 37344 and noradrenaline
were, respectively, 6.85 + 0.18 (12), 682 +0.16 (4) and
6.33 1+ 0.08 (6), giving a rank order of potency of: isoprenaline
(1.0) = BRL 37344 (0.93) > noradrenaline (0.3).
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Figure 2 Effect of BRL 37344 on KCl-induced tone in the rat distal
colon in the presence of 1uM phentolamine. (a) Time controls for
responses to BRL 37344. Curves represent first ((J, n = 4) and second
(Hl, n = 4) concentration-response curves, constructed 1h apart. (b)
The effect of propranolol, 0.01 uM (W, n = 4), 0.1uM (O, n = 4) and
1uM (A, n = 4) on control ((J, n = 4) concentration-response curves
to BRL 37344. Tone was raised by the addition of KCl (3040 mm) to
the organ baths. Error bars have been omitted from the figure for
clarity. In each case, standard errors were less than 15%.

Effect of (+)-cyanopindolol on responses to isoprenaline
and BRL 37344 under conditions of a- and
PB-adrenoceptor blockade

In the presence of phentolamine (1 #M) and propranolol (1 M),
responses to BRL 37344 were antagonized by the pg-
adrenoceptor antagonist (+)-cyanopindolol (1uM), with an
apparent pA, value calculated from the single concentration
of cyanopindolol of 6.67 + 0.25 (n = 7). Also, cyanopindolol
(0.1 to 10um) antagonized responses to isoprenaline in a
concentration-dependent manner (Figure 4a). The antagonism
of the action of isoprenaline was competitive in nature, since
the slope of the Schild plot was not significantly different from
unity (1.03 + 0.17,95% CL, n = 12, Figure 4b). The pA, value
for cyanopindolol was 7.12 + 0.06 (n = 12). The difference
between the pA, values for cyanopindolol against BRL 37344
and isoprenaline was statistically significant (P < 0.05,
Student’s ¢ test). Cyanopindolol itself had no effect on the
degree of tone induced by KCl (tone in cyanopindolol-treated
strips as % of control, n = 4; 0.1 um, 89.7 + 7; 1 uM, 105 + 10;
10 uMm, 109 + 7).

Discussion

The action of catecholamines on the rat distal colon was not
mediated by a-adrenoceptors, since (a) the responses to nor-
adrenaline were resistant to the classical a-adrenoceptor
antagonist phentolamine and (b) the selective «,- and
a,-adrenoceptor agonists cirazoline (van Meel et al., 1981) and
UK 14,304 (Cambridge, 1981) were devoid of any relaxant
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Figure 3 The effect of exposure of the tissues to 1 uM BRL 37344 for
a period of 3min between concentration-response curves to agonists.
In each case, first ((J, n = 6) and second (M, n = 6) concentration-
response curves are shown. Tone was raised by the addition of KCl
(30-40mMm) to the organ baths and phentolamine (1 uM) and propra-
nolol (1 uM) were present throughout. (a) Noradrenaline (NA), (b) Iso-
prenaline (Isop) and (c) papaverine.

action. Inhibitory postjunctional a,-adrenoceptors have pre-
viously been shown to exist in the rat distal colon (Dettmar et
al., 1986a) and the failure to show their presence in the present
study is probably related to the KCl-induced depolarization,
since a-adrenoceptor-mediated inhibitory effects in intestinal
smooth muscle involve abolition of spontaneous spike dis-
charge and hyperpolarization (Biilbring, 1954; 1957) and are
not seen if the tissue is depolarized sufficiently to block spike
generation (Magaribuchi & Kuriyama, 1972). Thus the
present study does not rule out the presence of inhibitory a-
adrenoceptors in this preparation, but their effects are not
seen in the presence of KCl-induced tone.

The relaxations to the catecholamines were also elicited in
the presence of propranolol (1 uM), conditions under which
one would assume that classical f-adrenoceptors had been
blocked. Propranolol did produce a shift of the isoprenaline
CRC but the antagonism was non-competitive (slope of Schild
plot less than unity) and weak with an apparent pA, of 6.57
compared with 8.2-8.8 for classical f#,-adrenoceptors medi-
ating atrial stimulation and 8.3-8.6 for pB,-adrenoceptors
mediating tracheal relaxation (Wilson et al., 1984). However a
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Figure 4 (a) The effect of cyanopindolol, in concentrations 0.1 um
(W, n=4), luym (O, n=4) and 10um (A, n=4) on control
concentration-response curves ([J, n = 4) to isoprenaline in the rat
distal colon in the presence of 1uM phentolamine and 1uM propran-
olol. Tone was raised by the addition of KCl (3040 mMm) to the organ
baths. (b) Schild plot of the antagonism of isoprenaline action by
cyanopindolol.

similarly low pA, value (6.6) for propranolol against the lipo-
Iytic effect of isoprenaline was reported (Wilson et al., 1984)
and therefore it seems possible that the receptors mediating
relaxation of the colon and lipolysis are similar.

Non-competitive antagonism of responses to catechol-
amines may result from failure to block extraneuronal uptake
processes for the catecholamines (Furchgott, 1967). This possi-
bility was ruled out in the present study since both the
responses to isoprenaline and the antagonism by propranolol
were similar in the presence and absence of the extraneuronal
uptake blocker hydrocortisone (Iversen & Salt, 1970).

Relaxation of the rat distal colon mediated by the selective
Bs-adrenoceptor agonist BRL 37344 was only weakly antago-
nized by propranolol, the apparent ‘pA,’ value of 6.39 being
similar to the reported pA, values for propranolol against
Bs-adrenoceptor agonists stimulating lipolysis of rat white
adipocytes (Wilson et al., 1984). This again suggests that the
receptors mediating relaxation in the rat distal colon and the
receptors mediating lipolysis in adipocytes may be similar.

The relative potency of BRL 37344 under conditions of a-
and B-adrenoceptor blockade, isoprenaline (1.0) > BRL 37344
(0.93) > noradrenaline (0.3), compares with rat adipocyte
Bs-adrenoceptors where BRL 37344, or its methyl ester BRL
35135, were equipotent with or more potent than isoprenaline
(Arch et al., 1984; Wilson et al., 1984). A similar high potency
of selective f3-adrenoceptor agonists was found in guinea-pig
gastric fundus (Coleman et al., 1987) and guinea-pig ileum
(Bond & Clarke, 1988).

In the present study BRL 37344 caused tachyphylaxis to
itself and also to noradrenaline and isoprenaline. This was not
simply a non-specific effect on all relaxant responses in the rat
distal colon since responses to papaverine, which acts by inhi-
bition of phosphodiesterase (Bar, 1974), were unaffected.
Tachyphylaxis to BRL 35135 has also been reported in
guinea-pig gastric fundus (Coleman et al., 1987). The mecha-
nism of the tachyphylaxis in the present study and in the
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study by Coleman et al. (1987) is unclear but the cross-
desensitization may be evidence that BRL 37344 and the cate-
cholamines are acting at the same site.

Responses to isoprenaline in the presence of a- and f-
adrenoceptor blockade with phentolamine and propranolol
were antagonized in a competitive manner by cyanopindolol.
Cyanopindolol has previously been shown to be a potent
competitive antagonist at propranolol-resistant ‘atypical’ g-
adrenoceptors in guinea-pig ileum (Blue et al., 1989) and the
reported pA, of 7.63 is similar to that obtained in the present
study (7.12). Thus the receptor mediating responses to iso-
prenaline in rat distal colon appears to be similar to the
‘atypical’ f-adrenoceptor present in guinea-pig ileum. A Schild
regression was not carried out for cyanopindolol against BRL
37344 but the single concentration of cyanopindolol tested
(1 uM) gave an apparent pA, of 6.67 which was significantly
lower than the value obtained with isoprenaline as agonist.
Lower pA, values for f-adrenoceptor antagonists when BRL
37344 or analogues were the agonists than when isoprenaline
was the agonist have previously been found (Stock & Sudera,
1988; Jones et al., 1989; Arch, 1989), suggesting that the inter-
action of the BRL compounds with the 8;-adrenoceptor may
differ from that of isoprenaline. It has been suggested that the
bulky N-substituent of the BRL compounds may bind to an
accessory site and reduce the affinity of antagonists for the
main binding site (Arch, 1989).

There is evidence that some partial adrenoceptor agonists
acting on human myocardial tissue, designated unconven-
tional and including (—)-pindolol, cause part of their effects
through heart adrenoceptors which are neither B,- nor
B,-adrenoceptors (Walter et al., 1984; Kaumann, 1989). These
agonist effects are seen at concentrations greater than are
necessary to produce- blockade of §,- and f,-adrenoceptors,
are resistant to conventional S-blockade and have been attrib-
uted to an action at a third heart S-adrenoceptor, termed f,
(Kaumann, 1989). It may be that the cardiac f,-adrenoceptors
are similar to the f-adrenoceptors of the rat distal colon and
other tissues and that there is some relationship between the
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