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Excitatory transmission to the circular muscle of the guinea-pig
ileum: evidence for the involvement of cannabinoid CB; receptors
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1. The effect of cannabinoid drugs has been investigated on cholinergic and non-adrenergic non-
cholinergic (NANC) contractile responses to the circular smooth muscle of guinea-pig ileum elicited by
electrical field stimulation (EFS).

2 The cannabinoid receptor agonist WIN 55,212-2 (1-1000 nM) and the putative endogenous ligand
anandamide (0.1—-100 uM) both produced a concentration-dependent inhibition of the cholinergic (9—
57% and 1-51% inhibition) and NANC (9-55% and 2-57% inhibition) contractile responses.
WIN 55,212-2 and anandamide did not modify the contractions produced by exogenous acetylcholine or
substance P.

3 Apamin (30 nM), a blocker of Ca®*-activated K* channels, reduced the inhibitory effect of
WIN 55,212-2 on cholinergic, but not NANC, contractile response. NY-nitro-L-arginine methyl ester
(100 um), an inhibitor of nitric oxide synthase, or naloxone (1 uM), an opioid receptors antagonist, did
not modify the inhibitory effect of WIN 55,212-2 on both cholinergic and NANC contractions.

4 The inhibitory effects of WIN 55,212-2 and anandamide on both cholinergic and NANC contractile
response was competitively antagonized by the cannabinoid CB,; receptor antagonist SR 141716A (10—
1000 nMm).

5 In absence of other drugs, SR 141716A (1—-1000 nM) enhanced cholinergic (1-45% increase) and
NANC (2—-38% increase) contractile responses elicited by electrical stimulation, but did not modify the
contractions produced by acetylcholine or substance P.

6 It is concluded that activation of prejunctional cannabinoid CB,; receptors produces inhibition of
cholinergic and NANC excitatory responses in the guinea-pig circular muscle. The inhibition of
cholinergic (but not NANC) transmission involves activation of apamin-sensitive K* channels. In
addition, an endogenous cannabinoid ligand could inhibit cholinergic and NANC transmission in the

guinea-pig ileal circular muscle.
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Introduction

It is now well known that cannabinoids can exert their
biological functions through receptor-mediated mechanisms
(Howlett, 1995; Pertwee, 1997). Two types of cannabinoid (CB)
receptors have been identified to date, denoted as the CB,
receptor, which is located both in the brain and some peripheral
tissues (Devane et al., 1988; Howlett, 1995) and the CB,
receptor, which is located in the periphery only (Munro et al.,
1993). Griffin et al. (1997) have demonstrated the presence of
specific cannabinoid CB, receptors in the myenteric plexus-
longitudinal muscle preparation of the guinea-pig small
intestine. In this preparation cannabinoid agonists inhibit
electrically-evoked contractions (Pertwee et al., 1992; 1996b;
Coutts & Pertwee, 1997). As these agonists in this preparation
do not inhibit the contractions produced by exogenous
acetylcholine but decrease the electrically-evoked release of
acetylcholine (Coutts & Pertwee, 1997), it is likely that these
drugs act prejunctionally to inhibit cholinergic transmission.
These responses are reversed by SR 141716A (Coutts &
Pertwee, 1997; Pertwee et al., 1996b), a selective antagonist of
the cannabinoid CB, receptors (Rinaldi-Carmona et al., 1994).
Electrophysiological studies have shown that the cannabinoid
receptor agonist WIN 55,212-2, acting as CB, receptors,
inhibits fast and slow synaptic transmission in myenteric
neurones innervating the longitudinal muscle of the guinea-
pig ileum (Lopez-Redondo et al., 1997).
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From above, it appears that the role of cannabinoid
receptors in the intestine have been analysed mostly using
longitudinal muscle with myenteric plexus attached. Therefore
the present study sought to investigate the effect of
cannabinoid drugs on cholinergic and non-adrenergic non-
cholinergic (NANC) excitatory transmission in the guinea-pig
circular muscle.

Methods

Male guinea-pigs (250—400 g) were killed by asphyxiation
with CO,. Portions of the ileum lying 5—15 cm proximal to the
ileocaecal junction were removed quickly and placed in Krebs
solution. The ilea were cut, parallel to the circular muscle, as
2—-3 mm wide rings (Maggi et al., 1993), suspended in 20 ml
baths for isolated organs by means of two stainless steel hooks
and bathed with warm (37°C), aerated (95% 0O,:5% CO,)
Krebs solution (composition in mM: NaCl, 119; KCl, 4.75;
KH,PO,, 1.2; NaHCO;, 25; MgSO,, 1.5; CaCl, 2.5 and
glucose, 11). The mechanical activity of the circular muscle was
recorded with an isotonic transducer (load 0.5 g) connected to
a ‘Gemini’ recording apparatus (Ugo Basile, Comerio, Italy).
Once mounted in the organ baths, the ileal rings were subjected
to an electrical field stimulation (EFS) delivered via electrodes
placed around the tissue. Cholinergic and NANC contractions
were obtained by EFS (10 Hz for 0.3 s, 100 mA, 0.5 ms pulse
duration for cholinergic contractions and 32 Hz for 1s,
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100 mA, 0.5 ms pulse duration for NANC contractions). In
order to block cholinergic and adrenergic components, NANC
contractions were obtained in the presence of atropine (1 uM)
and guanethidine (3 uM). Stable and reproducible contractions
for a time-period of 3 h were obtained with stimulations every
2 min and were expressed as % of contraction produced by
KCI 80 mM. This concentration of KCl produced a circular
muscle contraction corresponding to total occlusion of the ileal
lumen. In preliminary experiments, the effect of hexametho-
nium (100 uM), tetrodotoxin (100 nm), or SR 140333 (0.1 um)
plus SR 48968 (1 um) was evaluated on electrically-induced
contractions. These compounds were left in contact with the
tissue for 20 min (hexamethonium), 10 min (tetrodotoxin) and
30 min (SR 141033 plus SR 48968). During these time-
periods, the tissue was stimulated every 2 min.

After stable control contractions evoked by EFS of the
cholinergic and NANC nerves had been recorded, the
responses were observed in the presence of increasing
cumulative concentrations of WIN 55,212-2 (1-1000 nMm),
anandamide (0.1-100 um), SR 141716A  (1-1000 nMm),
DAGO (1-100 nM) or papaverine (0.1-10 um). The contact
time for each concentration was 10 min (15 min for
SR 141716A and anandamide). To determine antagonistic
activity (pA;), WIN 55,212-2 (or anandamide) was tested
20 min after SR 141716A (10, 100 and 1000 n™m). In some
experiments papaverine or DAGO were tested after
SR 141716A (1 um). Since by itself SR 141716A increased the
electrically-evoked contractions, the addition of agonists was
made after the amplitude of the twitch response had reached a
new steady level. This occurred 15—20 min after SR 141716A
administration.

The effect of WIN 55,212-2 was also evaluated 20 min after
NC-nitro-L-arginine methyl ester (L-NAME 100 uM), apamin
(30 nM), naloxone (1 uM) or phentolamine (1 uMm). In some
experiments DAGO (1-100 nM) or papaverine (0.1-10 uM)
were tested alone or after apamin (30 nM).

When single concentrations were used, these were selected
on the basis of previous work (Rand & Li, 1993; Maggi &
Giuliani, 1996; Pertwee et al., 1996b; 1zzo et al., 1997). The
concentration of apamin (30 nM) was chosen on the basis of
laboratory experience: lower concentrations of apamin
(10 nm) produced a weaker effect, while higher concentrations
(100 nM) were as active as 30 nM. In some experiments,
contractions were produced by exogenous acetylcholine
(0.01-10 um) or substance P (0.1-100 nM), concentration-
response curves being constructed non-cumulatively with a
concentration-cycle of 15 min and the effect of WIN 55,212-2
(1 um), anandamide (100 uM) and SR 141716A (1 um)
evaluated. The interval between addition of acetylcholine or
substance P was 15 min (10 min with WIN 55,212-2).

To verify that the method used detected only circular muscle
activity, in preliminary experiments (n="7) the ileal rings were
exposed to prostaglandin (PG) F,,, an agonist known to
contract ileal longitudinal, but not circular muscle (Bennett et
al., 1975). PGF,, (40 uM) did not contract the ileal rings, but
produced sustained contractions of the guinea-pig ileum set up
to record longitudinal muscle activity (data not shown).

Drugs

Drugs used were: [D-Ala?,N-methyl-Phe*,Gly*-ollenkephalin
(DAGO), acetylcholine chloride, apamin, atropine sulphate,
guanethidine sulphate, hexamethonium chloride, naloxone
hydrochloride, N-nitro-L-arginine methyl ester hydrochlor-
ide, phentolamine hydrochloride, prostaglandin F,, substance
P acetate, tetrodotoxin (Sigma, Milan, Italy), arachidonyletha-

nolamide (amandamide), WIN 55,212-2 R(+)-[2,3-dihydro-
Smethyl -3- [4 -morpholinyl)methyl]pyrrolo - [1,2,3-de]-1,4-ben-
zoxazin-6-yl] (1-naphthalenyl) methanone mesylate (RBI,
Milan, Italy). SR 141716A (N-piperidin-1-yl)-5-(-4-chlorope-
nyl)-1- (2,4-dichlorophenyl)-4-methyl-1H-pyrazole -3- carboxa-
mide hydrochloride), SR 140333 (S)1-{2-[3-(3,4-dichloro-
phenyl)-1-(3-isopropoxyphenylacetyl) piperidin-3-yljethyl}-4-
phenyl-1-azoniabicyclo[2,2,2]octane chloride and SR 48968
(S)-N-methyl-N[4-(4-acetylamono-4-phenylpiperidino)-2-(3,4-
dichlorophenyl)-butyl]benzamide hydrochloride were a gift
from Dr Daniel Aubert and Madelein Moss¢ (SANOFI-
Recherche, Montpellier, France). WIN 55,212-2 and
SR 141716A were dissolved in DMSO, anandamide in ethanol
and SR 140333 in DMSO/water (50%, v/v). The other drugs
were dissolved in distilled water. All drugs were added in
volumes less than 0.1% of the bath volume. DMSO or ethanol
(0.05%) had no effect on the responses under study. Vehicles of
SR 141716A, apamin, L-NAME, naloxone or phentolamine
did not modify the concentration-response to WIN 55,212-2
on electrically-induced contractions.

Statistical analysis

Results are given as mean +s.e.mean (or 95% confidence limits
of the ICy, values). Comparisons between two sets of data were
made by Student’s ¢ test for paired data. When multiple
comparisons against a single control were made, analysis of
variance was used, followed by the modified ¢-test according to
Bonferroni. Analysis of variance (two way with replication)
was used to compare different cumulative concentration-effect
curves. Probability less than 0.05 was regarded as significant.
The concentration of cannabinoids that produced 30%
inhibition of the twitch response (IC;) was used to
characterize their potency. IC;, values [geometric mean +95%
confidence limits (c.l.)] were determined by probit analysis.

Competitive antagonism was quantified as the ratio of equi-
active molar concentration. These values were estimated at the
level of the half-maximal response. Antagonist activity (pA,)
was estimated with the Schild analysis of these data
(Arunlakshana & Schild, 1959).

Results
Cholinergic and NANC contractions produced by EFS

Electrical stimulation (10 Hz for 0.3 s, 100 mA, 0.5 ms pulse
duration) of the ileal circular muscle gave a contractile
response which was 25+4% of the contraction produced by
80 mM KCI. These contractions were not altered by the
ganglion blocking drug hexamethonium (100 uM, n=15), but
were abolished by atropine (1 uM, n=5) or tetrodotoxin
(100 nM, n=4). The twitch responses were thus mediated
primarily by electrical depolarization of postganglionic
cholinergic nerves. Apamin (30 nM) and L-NAME (100 um)
increased (98+6% increase, P<0.01 and 35+6% increase,
P <0.05 respectively, n=15) the cholinergic electrically-evoked
contractions, while naloxone (1 uM) or phentolamine (1 uMm)
had no significant effect.

In the presence of atropine (1 uM) and guanethidine (3 uMm)
electrical field stimulation (32 Hz for 1s, 100 mA, 0.5 ms
pulse duration) of the ileal circular muscle produced
contractile responses of the circular muscle preparation which
were 29 +4% of the contraction produced by 80 mm KCIL
These contractions were unaffected by hexamethonium
(100 um), but strongly reduced by tetrodotoxin (89+4%
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inhibition) and by a combination of SR 1400333 (0.1 uM) and
SR 48968 (1 uMm), antagonists of the receptors NK, and NK,
respectively (85+4% inhibition, »=35). Thus the NANC
contractile response is mediated mainly by the release of
tachykinins from postganglionic neurones.

Apamin (30 nM) and L-NAME (100 uM), per se, increased
the NANC contractions (122 +7% increase P<0.01, n=>5 and
65+ 5% increase P<0.01, n=15), while naloxone (I uM) was
without significant effect.

Effect of cannabinoids drugs on cholinergic and NANC
contractions produced by EFS

WIN 55,212-2 (1-1000 nM) decreased the amplitude of the
cholinergic [ICsy (95% c.l.): 48 (18, 81) nM]- and NANC [IC;,
(95% c.l.): 51 (22, 89) nM]-evoked contractions in a concentra-
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Figure 1 Inhibitory effect of WIN 55,212-2 on cholinergic (a) and

NANC (b) contractile response produced by EFS in the circular
muscle of the guinea-pig ileum alone (control) or in the presence of
SR 141716A at concentration of 10 nm, 100 nM and 1000 nm. The
ordinates show the percentage of control response. Each point
represents the mean of 5—6 experiments; vertical lines show s.e.mean.

tion-dependent manner (Figure 1). Statistical significance
(P<0.05-0.01) for both cholinergic and NANC contractions
was achieved for concentrations of 100 and 1000 nM. The
inhibitory effect was competitively antagonized (Figure 1) by
SR 141716A (10—1000 nMm). The pA, values were 8.08 +0.30
(Schild Slope: 0.97) for cholinergic contractions and
8.22+0.01 (Schild Slope: 0.99) for NANC contractions.
SR 141716A (1 um) did not modify the inhibitory effect of
DAGO (% of control response after DAGO: 1 nMm, 87+11;
3 nM, 65+12; 10 nM, 42+ 11; 30 nM, 20+ 13; 100 nMm, 9+ 12;
% of control response after DAGO plus SR 141716A: 1 nMm,
95+13; 3 nM, 80+9; 10 nM, 40+ 14; 30 nm, 10+5; 100 nM,
6+5) or papaverine (% of control response after papaverine;
0.1 uM, 98 +13; 0.3 uM 90+15; 1 uM, 65+12; 3 uMm, 34+ 14;
10 uM, 5+15; % of control response after papaverine plus
SR 141716A: 0.1 uM, 94+12; 0.3 um, 91 +13; 1 uMm, 78+ 13;
3 uM, 254+11; 10 uMm, 3+10).

Given alone SR 141716A markedly increased cholinergic-
and NANC-induced contractions, an effect which was
significant (P <0.05) starting from 10 nm (Figure 2).

The inhibitory effect of WIN 55,212-2 on both cholinergic
and NANC contractions was unaffected by naloxone (1 uM) or
L-NAME (100 um) (Figure 3a and b). By contrast apamin
(30 nMm) significantly (P <0.05) reduced the inhibitory effect of
WIN 55,212-2 on cholinergic (Figure 3a) but not on NANC
contractions (Figure 3b). Apamin (30 nM) did not modify the
inhibitory effect of DAGO (1-100 nM) or papaverine (0.1—
10 uM) on cholinergic contractions (data not shown). In
addition, the inhibitory effect of WIN 55,212-2 on cholinergic
contractions was unaffected by phentolamine (1 uM) (data not
shown).

Anandamide (0.1-100 uMm) also reduced the amplitude of
the cholinergic [IC;, (95% c.l.): 54.8 (39.2, 95.3) um] and
NANC [IC; (95% c.l.): 51.8 (37.7, 88.0) uM] contractions of
ileal circular muscle (Figure 4). Statistical significance
(P<0.05-0.01) for both cholinergic and NANC contractions
was achieved for concentrations of 10 and 100 uM. The
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Figure 2 Augmenting effect of SR 141716A on cholinergic and
NANC contractions produced by EFS in the circular muscle of the
guinea-pig ileum. The ordinates show the percentage increase above
the control response. Each point represents the mean of 12-14
experiments; vertical lines show s.e.mean. ¥*P<0.05 and **P<0.01 vs
corresponding control.
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Figure 3 Inhibitory effect of WIN 55,212-2 on cholinergic (a) and
NANC (b) contractions produced by EFS in the circular muscle of
the guinea pig ileum alone (control) or in presence of apamin
(30 nm), L-NAME (100 pum) or naloxone (1 puMm). The ordinates show
the percentage of control response. Each point represents the mean of
five experiments; vertical lines show s.e.mean.

inhibitory effect was antagonized (Figure 4) by SR 141716A
(10—1000 nM). The pA, values were 8.21 +0.17 (Schild Slope:
0.99) for cholinergic contractions and 8.06+0.14 (Schild
Slope: 0.99) for NANC contractions. WIN 55,212-2 (1 um),
anandamide (100 uM) or SR 141716A (1 um) did not modify
significantly the contractions evoked by exogenous acetylcho-
line (0.01—-10 uM) or substance P (0.1—-100 nm) (data not
shown).

Discussion

Contraction of the circular muscle is dominant in peristalsis
(Kosterlitz & Lees, 1964); thus studies on the action of
cannabinoids on neuromuscular transmission in the circular
muscle could be crucial to understanding their role in
regulating intestinal motility. Previous investigators have

Figure 4 Inhibitory effect of anandamide on cholinergic (a) and
NANC (b) contractile response produced by EFS in the circular
muscle of the guinea-pig ileum alone (control) or in the presence of
SR 141716A at concentration of 10 nm, 100 nM and 1000 nm. The
ordinates show the percentage of control response. Each point
represents the mean of five experiments; vertical lines show s.e.mean.

studied the role of cannabinoid receptors on cholinergic
transmission in the guinea-pig longitudinal muscle (Pertwee
et al., 1996b; Coutts & Pertwee, 1997). Our data have shown
that activation of cannabinoid CB; receptors results in
inhibition of excitatory cholinergic and NANC tramission to
the circular muscle. Conversely blockade of the CB, receptors
produces enhancement of cholinergic and NANC contractile
responses evoked by EFS, raising the possibility that an
endogenous cannabinoid could be released under the experi-
mental conditions.

We have shown that WIN 55,212-2, a selective cannabinoid
agonist (Compton et al, 1992), and anandamide, an
endogenous ligand of these receptors (Devane et al., 1992)
can produce a concentration-related inhibition of the
electrically-evoked cholinergic and NANC response of the
guinea-pig isolated circular muscle. Inhibition of ileal
contractions appears to involve prejunctional mechanisms, as
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the two ligands did not alter smooth muscle response to
exogenous acetylcholine or substance P. These observations
are in line with findings from previous experiments with
guinea-pig whole ileum (Layman & Milton, 1971) or strips of
myenteric plexus-longitudinal muscle (Pertwee et al., 1992;
1996a,b).

We have found that WIN 55,212-2 is more active than
anandamide in inhibiting electrically-evoked contractions.
However, compared to other studies in the guinea-pig small
intestine (ICsy: 5.54 nM for WIN 55,212-2 and 8.82 uMm for
anadamide) (Pertwee et al., 1995; 1996b), in the present study
WIN 55,212-2 and anandamide were found less active. The use
of different preparations (circular muscle with mucosa vs
longitudinal muscle without mucosa), vehicles (DMSO or
ethanol vs Tween 80) frequency and intensity of stimulation
(10 Hz at 100 mA vs 0.1 Hz at supramaximal voltage) and
other experimental conditions could explain this discrepancy.
However, in rat hippocampal slices, other workers have found
that WIN 55,212-2 inhibited electrically-evoked acetylcholine
release (Gifford & Ashby, 1996) and long-term potentiation
(Terranova et al., 1995) with an ICs, of 30 nM and more than
1 uM respectively.

Several endogenous substances could be released by WIN
55,212-2 and therefore be involved in this inhibitory response.
Opioids act on receptors located on neurons within the
myenteric plexus, depress the firing of myenteric neurons,
inhibit the release of excitatory neurotransmitters and reduce
the nerve-mediated contractions of the circular muscle
(Kromer, 1988). Nitric oxide (NO) is contained in enteric
neurons and it exerts an inhibitory modulatory role on
cholinergic and NANC transmission (Brookes, 1993). Nora-
drenaline, released from post postganglionic sympathetic
nerves, acts presynaptically or prejunctionally to prevent
acetylcholine release (Wood, 1987). However, it is unlikely
that cannabinoids act by releasing NO, opioids or noradrena-
line as the NO synthase inhibitor L-NAME, the opioid
antagonist naloxone or the a-adrenoceptor antagonist phento-
lamine failed to modify the inhibitory effect of WIN 55,212-2.

Apamin blocks small conductance Ca®*-dependent K*
channels in the intestinal smooth muscle (Banks ef al., 1979).
Apamin-sensitive inhibitory transmission is responsible for the
fast inhibitory junction potential evoked by transmural nerve
stimulation in the circular muscle of the guinea-pig ileum (Crist
et al., 1992). ATP, or a related purine, has been proposed to be
the transmitter of enteric inhibitory motoneurons and evidence
suggest that ATP mediates the apamin-sensitive mode of
transmission to the circular muscle of the guinea-pig small
intestine (Costa et al., 1986; Crist et al., 1992). We have
demonstrated that apamin reduced the depressant effect of
WIN 55,212-2, without modifying the inhibitory effect of
papaverine and DAGO, indicating that this agonist probably
activates apamin-sensitive inhibitory nerves. Consistent with
these results Welch et al. (1995) have demonstrated that
apamin attenuates A’-tetrahydrocannabinol-induced antinoci-
ception in mice. However, in contrast to cholinergic
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