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1 On the basis of previous ®ndings that cannabinoids inhibit the function of human and rat 5-HT3

receptors in vitro, we investigated whether cannabinoid receptor agonists also modulate the activity
of the rat peripheral 5-HT3 receptors on the terminals of cardiopulmonary a�erent C-®bres in vivo.

2 In urethane-anaesthetized rats, pre-treated intravenously (i.v.) with the CB1 receptor antagonist
SR 141716A (3 mmol kg71) and with the b1/b2 adrenoceptor antagonist propranolol (0.3 ±
0.4 mmol kg71), bolus injection of the serotonin 5-HT3 receptor agonist phenylbiguanide (3 ±
10 mg kg71, i.v.) or the vanilloid VR1 receptor agonist capsaicin (3 ± 10 mg kg71, i.v.) caused an
immediate decrease in heart rate and mean arterial blood pressure (the von Bezold ± Jarisch re¯ex).

3 The phenylbiguanide-induced bradycardia was dose-dependently attenuated by the cannabinoid
receptor agonists CP 55,940 (0.1 ± 1 mmol kg71, i.v.) and WIN 55,212-2 (0.1 ± 3 mmol kg71, i.v.)
20 min after injection, but not by the inactive S-(7)enantiomer of the latter, WIN 55,212-3
(1 mmol kg71, i.v.). The inhibition was reversible within 30 min. The extent of inhibition by the
highest doses of cannabinoid receptor agonists amounted to about 50%. Both cannabinoid receptor
agonists failed to a�ect the capsaicin-evoked bradycardia.

4 In conclusion, our results demonstrate that cannabinoid receptor agonists modulate the von
Bezold ± Jarisch re¯ex by inhibiting peripheral serotonin 5-HT3 receptors in rats in vivo. An
analogous mechanism of cannabinoid receptor agonists may be assumed to be involved in other
serotonin 5-HT3 receptor-mediated responses.
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Introduction

Two speci®c cannabinoid receptor subtypes termed CB1 and

CB2 have been identi®ed and characterized; they belong to
the superfamily of G protein-coupled receptors (for reviews,
see e.g. Ameri, 1999; Pertwee, 2000; 2001). In the nervous

system, cannabinoid receptor agonists induce their e�ects by
activating CB1 receptors whereas the CB2 receptors are
expressed by immune cells. However, cannabinoid receptor-

independent e�ects of cannabinoids have also been reported
for ligand- and voltage-gated ion channels, such as vanilloid
VR1 receptors (Zygmunt et al., 1999; Malinowska et al.,

2001a), TASK-1 K+ channels (Maingret et al., 2001), Shaker-
related Kv 1.2 K+ channels (Poling et al., 1996) and T-type
Ca2+ channels (Chemin et al., 2001).
In this context and in view of the involvement of both

cannabinoid (for references, see above) and 5-HT3 receptors
(Boess & Martin, 1994; Costall & Naylor, 1997; Karim et al.,
1996; Voog et al., 2000; Simpson et al., 2000) in pain and

emesis, it is of particular interest to note that in

electrophysiological experiments on rat nodose ganglion
neurones in the whole cell con®guration, cannabinoid
receptor agonists stereoselectively inhibited the 5-HT3

receptor-mediated currents (Fan, 1995). This inhibitory e�ect
could be due to a direct action of the cannabinoid receptor
agonists at 5-HT3 receptor channels themselves or, alter-

natively, occurs via inhibitory cannabinoid CB1 receptors,
which may be present on these cells in addition to 5-HT3

receptors. The latter possibility could not be ruled out, when

considering the lack of experiments with cannabinoid
receptor antagonists in the study of Fan (1995). However,
recently it was shown in a combined patch-clamp and
radioligand binding study on outside-out patches and

membrane preparations, respectively, of HEK 293 cells
expressing recombinant human 5-HT3A (h5-HT3A) receptors
that cannabinoid receptor ligands directly act at the h5-HT3A

receptor, probably by binding to an allosteric modulatory
site (Barann et al., 2002; see also Commentary by Townsend
IV et al., 2002).
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On the basis of these considerations and ®ndings, it was
the aim of the present study to examine whether a
cannabinoid receptor-independent, 5-HT3 receptor-mediated

action of cannabinoid receptor agonists can also be detected
in vivo. The von Bezold ± Jarisch re¯ex, i.e. vagal nerve
mediated re¯ex bradycardia and hypotension induced by
activation of peripheral 5-HT3 receptors on cardiac a�erent

nerves in anaesthetized rats treated with a CB1 receptor
antagonist, is a suitable model to investigate cannabinoid
receptor-independent e�ects of cannabinoids at the 5-HT3

receptor.
Preliminary results of the present study have been

published in abstract form (Godlewski et al., 2002).

Methods

General procedure

Male Wistar rats (weighing 150 ± 260 g) were anaesthetized by

intraperitoneal (i.p.) injection of urethane (1.25 g kg71; this
injection was su�cient to maintain anaesthesia until the end
of experiments, since we did not observe any pain re¯exes

elicited by paw-pinch) and tracheotomized. The left carotid
artery was carefully separated from the vagus nerve and
cannulated to measure the mean arterial pressure via a

pressure transducer (Gould P23ID). Heart rate was recorded
from the ECG by means of subcutaneous electrodes. Body
temperature was monitored by a rectal probe transducer and

was maintained constant at 37+18C using a tungsten lamp.
The transducers were connected to the monitor Trendscope
8031 (AxMediTec, Biaøystok, Poland). The left femoral vein

was cannulated for intravenous (i.v.) administration of drugs in a

volume of 0.5 ml kg71. After 15 ± 30 min of equilibration

period, during which the cardiovascular parameters were allowed

to stabilize, the experiments were performed. This protocol

proved to be suitable to study the von Bezold ± Jarisch re¯ex

responses in our former studies (e.g. Malinowska et al., 1996;
2001a).

All experiments were approved by the Local Animal Ethics
Committee in Biaøystok (Poland).

Experimental protocols

In order to determine the in¯uence of the cannabinoid
receptor antagonist SR 141716A on the dose-response curve

for phenylbiguanide, rats injected with propranolol
(0.3 mmol kg71, i.v.) were given three or four increasing
doses of phenylbiguanide (1, 3, 10 and 30 mg kg71, i.v.) with

su�cient time between the injections for full recovery to
preinjection parameters. This procedure was repeated 10 min
after the injection of SR 141716A (3 mmol kg71, i.v.). In one

experimental group both propranolol and SR 141716A were
omitted.
In order to examine the e�ects of cannabinoid receptor

agonists on the von Bezold ± Jarisch re¯ex, animals were

injected i.v. with the cannabinoid CB1 receptor antagonist SR
141716A (3 mmol kg71) at the onset of the experiment and
5 min later with the b1/b2-adrenoceptor antagonist propra-

nolol (0.3 ± 0.4 mmol kg71). The von Bezold ± Jarisch re¯ex
(bradycardia and hypotension) was evoked 10 min after the
administration of SR 141716A by rapid i.v. bolus injection of

only one dose (between 3 ± 10 mg kg71) of phenylbiguanide or
capsaicin which produced a decrease in heart rate by about
15 ± 25% of the basal value. Injections of an appropriate dose

of phenylbiguanide/capsaicin were repeated every 10 min
until bradycardic responses were reproducible three times
(S1A; S1B, S1C). Subsequently, a single dose of the
cannabinoid receptor agonist under study, WIN 55,212-2

(0.1, 1 or 3 mmol kg71), WIN 55,212-3 (1 mmol kg71), CP
55940 (0.1, 0.3 or 1 mmol kg71) or their vehicle was given i.v.
The e�ects of the cannabinoid receptor agonist under study

or its vehicle on phenylbiguanide/capsaicin-induced re¯ex
bradycardia were studied 10, 20 and 30 min following the
injection of the cannabinoid or its vehicle (S2, S3 and S4).

Calculation and statistics

Results are given as means+s.e.means (n=number of
animals). The decrease in heart rate was calculated as % of
the basal heart rate immediately before the injection of
phenylbiguanide or capsaicin. The e�ects of the cannabinoid

receptor agonists on the phenylbiguanide/capsaicin-induced
bradycardia obtained during S2, S3 or S4 were calculated as a
ratio over S1, where S1 was the mean of three subsequently

reproduced responses (S1A, S1B and S1C). For comparison of
mean values, Student's t-test for paired or unpaired data was
used. When two or more treatment groups were compared to

the same control, the one-way analysis of variance (ANOVA)
followed by the Dunnett test was used. Di�erences were
considered as signi®cant when P50.05.

Drugs

R(+) - [2,3 - dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo

[1,2,3-de]-1,4-benzoxazin-yl]-(1-naphthalenyl)-methanone me-
sylate (benzoxazin-yl]-(1-naphthalenyl)-methanone mesylate
(WIN 22,212-2), S(7)-[2,3-dihydro-5-methyl-3-[(morpholi-

nyl)methyl]pyrrolo[1,2,3-de] -1,4-benzoxazin-yl] - (1-naphthale-
nyl)-methanone mesylate (benzoxazin-yl]-(1-naphthalenyl)-
methanone mesylate (WIN 22,212-3), 2-hydroxypropyl-b-
cyclodextrin (cyclodextrin) (RBI, Natick, U.S.A.); N-(piper-
idin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carbox-amide hydrochloride (SR 141716A)
(Sano® Recherche, Montpellier, France); (7)-cis-3-[2-hydro-

xy-4-(1,1- dimethylheptyl)phenyl]-trans - 4 - (3-hydroxypropyl)
cyclohexanol (CP 55,940) (Tocris Cookson, Bristol, U.K.); 1-
phenylbiguanide (phenylbiguanide) (ICN, Costa Mesa,

U.S.A.); 8-methyl-N-vanillyl-6-nonenamide (capsaicin), ur-
ethane, (S)-1-(isopropylamino)-3-(1-naphthyloxy)-2-propano-
lol hydrochloride (propranolol), derivative of castor oil and

ethylene oxide (Cremophor El), dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, Steinheim, Germany); ethyl alcohol (ethanol)
(PPOCh, Gliwice, Poland).

Propranolol, urethane and cyclodextrin were dissolved in
saline, WIN 55,212-2, WIN 55,212-3 and CP 55,940 in a 19%
w v71 solution of cyclodextrin, capsaicin in a mixture of
saline and ethanol (15 : 1). Stock solution of SR 141716A was

prepared in a mixture of DMSO and Cremophor El, which
was further diluted in cyclodextrin immediately before the
experiment (1 : 1 : 10). Cyclodextrin solution and the solvent

for SR 141716A caused a short-lasting decrease in heart rate
and blood pressure followed by an increase in blood pressure
by about 10 mmHg which turned to basal values within 1 ±
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2 min. Saline and the vehicle for capsaicin did not a�ect the
basal blood pressure and the heart rate.

Results

General

In urethane-anaesthetized rats, basal heart rate and mean
arterial pressure were 365+6 beats min71 and 73+2 mmHg,

respectively (n=66). Intravenous administration of the
cannabinoid CB1 receptor antagonist SR 141716A
(3 mmol kg71) did not modify the baseline cardiovascular

parameters (5 min after its administration the respective
values amounted to 355+6 beats min71 and 80+2 mmHg).
Propranolol (as a rule, 0.3 mmol kg71; 0.4 mmol kg71 when

the initial heart rate exceeded 400 beats min71) given 5 min
after SR 141716A decreased the basal heart rate and
increased the mean arterial pressure. Thus, immediately
before S1 (®rst injection of phenylbiguanide, capsaicin or

their vehicle) basal heart rate and blood pressure were 336+4
beats min71 and 87+2 mmHg (n=66), respectively. These
values did not di�er among the treatment groups and

remained stable throughout the experiments (Table 1).
Intravenous administration of the cannabinoid receptor

agonists WIN 55,212-2 (0.1, 1, 3 mmol kg71), WIN 55,212-3

(1 mmol kg71), CP 55,940 (0.1, 0.3 mmol kg71) in the presence
of SR 141716A and propranolol did not a�ect the basal
cardiovascular parameters 10, 20 (Figure 1; Table 1) and

30 min (Figure 1) after treatment. In the experiments in
which the von Bezold ± Jarisch re¯ex was elicited by

phenylbiguanide (Figure 1a and Table 1a; but not in those
in which it was evoked by capsaicin: Figure 1b and Table
1b), the highest dose of CP 55,940 (1 mmol kg71) tended to

decrease mean arterial pressure (by about 10 mmHg);
however, this e�ect was not signi®cant (see Table 1a for
means+s.e.means).

Phenylbiguanide and capsaicin-induced reflex
bradycardia and hypotension and influence of propranolol
and SR 141716A on the dose-response curve of
phenylbiguanide

In rats not pre-treated with any drug, i.v. bolus injection of

the 5-HT3 receptor agonist phenylbiguanide (1, 3, 10,
30 mg kg71) produced a transient (5 ± 10 s) fall in heart rate
by 6+1, 11+2, 24+4, 33+4%, respectively, and in mean

arterial blood pressure by 4+2, 15+5, 27+5 and 28+4%,
respectively (expressed as percentage of basal values; n=3±
6). In animals treated with propranolol (0.3 mmol kg71),
responses to the same doses of phenylbiguanide were almost

identical to those obtained in the absence of the b1/b2-
adrenoceptor blockade (for re¯ex bradycardia in the presence
of propranolol, see values represented by open circles in

Figure 2; re¯ex decrease in mean arterial blood pressure
amounted to 2+1, 16+3, 28+3 and 41+6% of basal values,
respectively; n=3±6). Intravenous application of SR

141716A (3 mmol kg71) to rats pre-treated with propranolol
(0.3 mmol kg71) also did not alter the phenylbiguanide-
induced bradycardia (Figure 2) and hypotension (decrease

by 5+2, 18+5, 33+4 and 40+10% of basal blood pressure,
respectively; n=3±6).

Table 1 Baseline cardiovascular parameters in various experimental groups of urethane-anaesthetized rats pre-treated with SR
141716A (3 mmol kg71) and propranolol (0.3 ± 0.4 mmol kg71)

Before injection of `cannabinoid' or vehicle After injection of `cannabinoid' or vehicle
PBG- or CPS-induced 10 min 20 min

basal decrease decrease basal basal
Dose basal HR MAP in HR in MAP basal HR MAP basal HR MAP

Group (mmol kg71) (beats min71) (mmHg) (S1; %basal) (S1; %basal) (beats min71) (mmHg) (beats min71) (mmHg) n

(a) control 7 322+8 83+3 26+5 32+2 349+9 76+4 332+13 71+4 9 ± 11
WIN 2 0.1 360+11 86+4 21+10 29+5 381+15 71+7 382+12 75+8 4
WIN 2 1 351+13 88+3 25+6 35+2 364+17 84+3 360+18 77+3 5
WIN 2 3 345+15 89+4 27+6 36+4 341+14 85+3 344+26 82+2 4
WIN 3 1 337+10 84+8 19+3 30+3 346+19 77+10 367+18 77+12 6 ± 7
CP 0.1 326+15 94+7 28+6 35+3 334+14 85+8 339+18 84+12 4 ± 5
CP 0.3 315+20 86+10 23+4 30+9 331+25 81+10 343+17 75+7 5
CP 1 331+17 80+9 27+6 32+2 321+16 60+7 328+17 60+8 4

(b) control 7 320+10 85+5 27+5 21+5 342+10 78+7 339+9 73+9 6
WIN 2 1 348+11 97+7 24+3 17+3 355+17 93+9 372+16 96+16 7
CP 1 334+15 99+5 28+5 16+4 317+22 80+3 317+20 82+3 5

Results of experiments in which the von Bezold ± Jarisch re¯ex was induced by i.v. injection of phenylbiguanide (PBG; 3 ± 10 mg kg71,
a) or capsaicin (CPS; 3 ± 10 mg kg71, b) are shown. Before application of a cannabinoid receptor agonist (`cannabinoid') or vehicle,
injections of PBG or CPS were repeated every 10 min until three subsequent HR responses remained constant (S1A±C). The PBG- or
CPS-induced decrease in HR and MAP was calculated as per cent of basal values immediately before injection of these stimulant drugs;
the mean of S1A±C represented the reference response S1. The reference basal HR and MAP before injection of a cannabinoid or vehicle
are the means of the values immediately before S1A±C. A single dose of `cannabinoid' (WIN 55,212-2=WIN 2; WIN 55,212-3=WIN 3
or CP 55,940=CP) or vehicle (control experiments) was administered i.v. 5 min after S1C. Ten minutes after injection of the
cannabinoid or vehicle, the von Bezold ± Jarisch re¯ex was induced again every 10 min (S2, S3 and S4). The basal HR and MAP 10 and
20 min after injection of `cannabinoid' or vehicle represent the values immediately before S2 and S3, respectively. Results are expressed
as mean+s.e.mean. Not shown are the basal HR and MAP immediately before S4 (omitted for the sake of clarity), which did not di�er
from those immediately before S2 and S3.
HR=heart rate; MAP=mean blood pressure.
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As shown previously (Fozard, 1984; Malinowska et al.,

2001a), intravenous bolus injection of capsaicin (3 ±
10 mg kg71) also induced re¯ex bradycardia and hypotension.

The decrease in heart rate and mean arterial pressure was of

similar short duration (5 ± 15 s) and returned to the basal
parameters within 1 ± 3 min (see traces in Figure 1).

Figure 1 Traces from representative experiments showing the e�ects of cannabinoid receptor agonists on the phenylbiguanide (a)-
and capsaicin (b)- induced re¯ex decrease in heart rate (HR; left panel) and mean blood pressure (MAP; right panel) in urethane-
anaesthetized rats pre-treated with SR 141716A (3 mmol kg71) and propranolol (0.3 ± 0.4 mmol kg71). Heart rate is expressed as
beats min71 (b.p.m.). Phenylbiguanide or capsaicin (each 3 ± 10 mg kg71, solid arrows) was injected i.v. every 10 min until three
subsequent heart rate responses remained constant (S1A, S1B, S1C); only one representative tracing of these control responses is given
(S1). Five min after S1C a single dose of cannabinoid receptor agonist or its vehicle (hatched arrows) was administered i.v. Re¯ex
decrease in HR and MAP was induced again by injection of phenylbiguanide or capsaicin 10, 20 and 30 min after application of
cannabinoid receptor agonist or its vehicle (S2, S3, and S4, respectively). The horizontal bars above the upper left tracings of a and b
represent the 3-min periods of recording.
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Influence of cannabinoid receptor agonists on the reflex
bradycardia induced by phenylbiguanide and capsaicin

In order to examine the in¯uence of the cannabinoid receptor
agonists on the von Bezold ± Jarish re¯ex in rats pre-treated
with SR 141716A and propranolol, a single dose of

phenylbiguanide (3 ± 10 mg kg71) or capsaicin (3 ± 10 mg kg71)
was injected.
At the dose applied, these drugs decreased heart rate by

about 15 ± 25% of the basal value. We did not observe any
signi®cant di�erences in S1 values among the experimental
groups (Table 1). In control animals, the phenylbiguanide-
and capsaicin-stimulated decreases in heart rate expressed as

ratios S2/S1, S3/S1 and S4/S1 were 1.10+0.07, 1.23+0.09,
1.10+0.11 (n=9± 11) and 1.14+0.14, 1.27+0.12, 1.05+0.13
(n=5± 6), respectively.

The cannabinoid receptor agonists WIN 55,212-2 (1 and
3 mmol kg71) and CP 55,940 (1 mmol kg71) attenuated the
phenylbiguanide-induced re¯ex bradycardia (see Figure 1 for

original traces). Figure 3 shows the time-dependence of the
e�ect of cannabinoids at a dose of 1 mmol kg71. Ten min
after injection, both drugs did not yet a�ect the phenylbi-

guanide-induced decrease in heart rate, but 20 min after
injection the bradycardic response was inhibited by about
40 ± 50% by either cannabinoid receptor agonist; the
inhibition was reversible within further 10 min (Figure 3).

In the case of the highest dose of WIN 55,212-2
(3 mmol kg71), a signi®cant inhibition of phenylbiguanide-
induced bradycardia occurred already 10 min after injection

(55+10% of the control, n=4; P50.05) and persisted for
further 10 min (see Figure 4). Again, the response declined to
a value of 85+17% of the control (n=4) within 30 min.

Figures 4 and 5 show that the inhibitory e�ects of WIN
55,212-2 and CP 55,940, measured 20 min after their
injection, on the phenylbiguanide-evoked bradycardia were
dose-dependent; an inhibition by about 50% represented the

maximum e�ect obtainable at the doses of 3 and
1 mmol kg71, respectively. The S(7)enantiomer of WIN
55,212-2, WIN 55,212-3, at the dose of 1 mmol kg71 was

inactive 10, 20 and 30 min after injection (the respective

values amounted to 93+7, 85+7 and 101+14% of the

control, n=7; see also Figure 4 for the responses obtained
20 min after injection).

Figure 2 In¯uence of SR 141716A on the phenylbiguanide-induced
re¯ex bradycardia in urethane-anaesthetized rats pre-treated with
propranolol (0.3 mmol kg71). Animals were given three or four
increasing doses of phenylbiguanide (1, 3, 10 and 30 mg kg71) with
su�cient time between injections for full recovery to pre-injection
parameters. Determination of the phenylbiguanide dose-response
curve was repeated 10 min after the exposure to SR 141716A
(3 mmol kg71). Means+s.e.mean of n=3±6 rats. Bradycardia was
expressed as a percentage of the basal heart rate immediately before
the injection of phenylbiguanide.

Figure 3 In¯uence of WIN 55,212-2 (1 mmol kg71) and CP 55940
(1 mmol kg71) on the phenylbiguanide-induced von Bezold ± Jarisch
re¯ex in urethane-anaesthetized rats pre-treated with SR 141716A
(3 mmol kg71) and propranolol (0.3 ± 0.4 mmol kg71). Phenylbigua-
nide (3 ± 10 mg kg71) was injected i.v. every 10 min until three
subsequent heart rate responses remained constant (S1A±C). Five
minutes later a single dose of the cannabinoid receptor agonist under
study was administered i.v. The re¯ex decrease in heart rate was
induced again 10, 20 and 30 min following exposure to the respective
cannabinoid receptor agonist (S2, S3 and S4). The S1A±C and S2 ± 4
values were calculated as percentages of the basal heart rate
immediately before the injection of phenylbiguanide. S2, S3 and S4
were then calculated as ratios over S1, where S1 is the mean of three
subsequent comparable responses (S1A, S1B and S1C). Results are
expressed as the percentage of the control receiving the respective
vehicle. Mean+s.e.mean of n=4±11 rats. **P50.01 compared to
the corresponding control.

Figure 4 In¯uence of WIN 55,212-2 (open bars) and WIN 55,212-3
(hatched bar) on the von Bezold ± Jarisch re¯ex bradycardia induced
by phenylbiguanide/capsaicin in urethane-anaesthetized rats pre-
treated with SR 141716A (3 mmol kg71) and propranolol (0.3 ±
0.4 mmol kg71). Phenylbiguanide (3 ± 10 mg kg71) or capsaicin (3 ±
10 mg kg71) was injected i.v. every 10 min until three subsequent
heart rate responses remained constant (S1A±C). Five minutes later a
single dose of the cannabinoid agonist under study was administered
i.v. The decrease in heart rate was induced again 10 (not shown) and
20 min following exposure to the respective cannabinoid receptor
agonist (S3). The S1A±C and S3 values were calculated as percentages
of the basal heart rate immediately before the injection of
phenylbiguanide. S3 was then calculated as a ratio over S1, where
S1 is the mean of three subsequent comparable responses (S1A, S1B
and S1C). Results are expressed as the percentage of the control
receiving the respective vehicle. Mean+s.e.mean of n=4±5 rats.
**P50.01 compared to the corresponding control.
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WIN 55,212-2 and CP 55,940 (1 mmol kg71 each) did not
a�ect the capsaicin-induced re¯ex bradycardia evoked by S2,
S3 and S4 (see Figures 4 and 5, respectively, for the lack of

e�ect on S3; similarly, also the responses evoked by S2 and S4

remained unchanged after injection of WIN 55,212-2 and CP
55,940; results not shown).

Influence of cannabinoid receptor agonists on the reflex
hypotension induced by phenylbiguanide and capsaicin

In control animals pre-treated with SR 141716A and

propranolol, the ratios S2/S1, S3/S1 and S4/S1 for the
phenylbiguanide- and capsaicin-induced decreases in blood
pressure were 0.87+0.07, 0.82+0.09, 0.85+0.11 (n=9±11)

and 0.97+0.09, 0.94+0.16 and 0.91+0.14 (n=5± 6), respec-
tively. Both WIN 55,212-2 and CP 55,940 tended to decrease
the hypotensive response to phenylbiguanide and capsaicin at

S2 and S3, but this e�ect was not signi®cant (Figure 6). No
such tendency was visible 30 min after injection of the
cannabinoids (S4; data not shown).

The hypotensive responses to capsaicin were not at all
depressed by CP 55,940 1 mmol kg71 (n=4±5) nor by WIN
55,212-2 1 mmol kg71 (n=7; data not shown).

Discussion

The present study in urethane-anaesthetized rats was
designed to investigate whether cannabinoid receptor agonists
modulate the function of peripheral 5-HT3 receptors in vivo

in a cannabinoid receptor-independent manner. The re¯ex
bradycardia induced by bolus injection of the 5-HT3 receptor
agonist phenylbiguanide or the vanilloid VR1 receptor

agonist capsaicin into systemic circulation is a suitable model
for this purpose. It has previously been shown that the
bradycardia in response to phenylbiguanide is abolished by
the 5-HT3 receptor antagonist ondansetron (Malinowska et

al., 1996), but is insensitive to the vanilloid VR1 receptor
antagonist capsazepine (Lee & Lundberg, 1994), whereas the
response to capsaicin is abolished by capsazepine (Lee &

Lundberg, 1994; Malinowska et al., 2001a), but is insensitive
to ondansetron (Malinowska et al., 1996). This clearly
indicates that phenylbiguanide and capsaicin activate distinct

5-HT3 and VR1 receptors located on vagal a�erent C-®bres
in the heart. In our study, capsaicin was used to distinguish
whether the modulatory e�ects of cannabinoids occur
exclusively at the level of cardiac 5-HT3 receptors or whether

central 5-HT3 receptors (SeÂ voz et al., 1996) or VR1 receptors
or other components of the von Bezold ± Jarisch re¯ex
common for 5-HT3 and VR1 receptors might also be a�ected.

In order to exclude the involvement of neuronal CB1

receptors at any conceivable level of the von Bezold ± Jarisch
re¯ex in the e�ects of the cannabinoid receptor agonists and

to counteract the pronounced hypotensive e�ects elicited by
the cannabinoid receptor agonists (Lake et al., 1997;
Malinowska et al., 1997), all experiments were performed in

the presence of the CB1 receptor antagonist SR 141716A
(Rinaldi-Carmona et al., 1995). In our experiments, SR
141716A by itself did not a�ect the phenylbiguanide-induced
re¯ex-bradycardia, but it prevented the CB1 receptor-

mediated decrease in blood pressure. The e�ectiveness of
the blockade of the CB1 receptor-mediated responses by SR
141716A at a dose of 3 mmol kg71 can also be derived from

the following observations. (1) In urethane-anaesthetized rats,
the antagonistic e�ect of SR 141716A against the hypotensive
response to cannabinoid receptor agonist was achieved within

Figure 6 In¯uence of WIN 55,212-2 and CP 55,940 on the von
Bezold ± Jarisch re¯ex hypotension induced by phenylbiguanide in
urethane-anaesthetized rats pre-treated with SR 141716A
(3 mmol kg71) and propranolol (0.3 ± 0.4 mmol kg71). Phenylbigua-
nide (3 ± 10 mg kg71) or capsaicin (3 ± 10 mg kg71) was injected i.v.
every 10 min until three subsequent heart rate responses remained
constant (S1A±C); blood pressure responses also were constant at
S1A±C. Five min later a single dose of the cannabinoid agonist under
study was administered i.v. The re¯ex decrease in heart rate and
blood pressure was induced again 10 min (S2; open bars) and 20 min
(S3; ®lled bars) following exposure to the respective cannabinoid
receptor agonist. The S1A±C, S2 and S3 values were calculated as
percentages of the basal blood pressure immediately before the
injection of phenylbiguanide. S2 and S3 was then calculated as a ratio
over S1, where S1 is the mean of three subsequent comparable
responses (S1A, S1B and S1C). Final results are expressed as the
percentage of the control receiving the respective vehicle. Mean+
s.e.mean of n=3±5 rats.

Figure 5 In¯uence of CP 55,940 on the von Bezold ± Jarisch re¯ex
bradycardia induced by phenylbiguanide/capsaicin in urethane-
anaesthetized rats pre-treated with SR 141716A (3 mmol kg71) and
propranolol (0.3 ± 0.4 mmol kg71). Phenylbiguanide (3 ± 10 mg kg71)
or capsaicin (3 ± 10 mg kg71) was injected i.v. every 10 min until three
subsequent heart rate responses remained constant (S1A±C). Five
minutes later a single dose of CP 55,940 was administered i.v. The
re¯ex decrease in heart rate was induced again 10 (not shown) and
20 min following exposure to the cannabinoid receptor agonist (S3).
The S1A±C and S3 values were calculated as percentages of the basal
heart rate immediately before the injection of phenylbiguanide. S3
was then calculated as a ratio over S1, where S1 is the mean of three
subsequent comparable responses (S1A, S1B and S1C). Final results are
expressed as the percentage of the control receiving the respective
vehicle. Mean+s.e.mean of n=4±5 rats. **P50.01 compared to the
corresponding control.
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10 min of its intravenous administration and persisted
unchanged for at least 1 h (Varga et al., 1995). (2) In pithed
rats, the i.v dose of SR 141716A required to block the

inhibitory e�ects of cannabinoid agonists on the neurogenic
tachycardia (Malinowska et al., 2001b) or vasopressor
response (Malinowska et al., 1997) was 30 fold or even 100
fold lower, respectively, than in the presence study; thus even

if in our experiments a part of SR 141716A should have been
eliminated until the third injection of phenylbiguanide after
application of cannabinoid receptor agonist, a su�cient

amount of the antagonist should have been left in the
organism to block the CB1 receptors. Propranolol was
routinely applied, since according to our experience the

bradycardic responses were better reproducible. Under the
present conditions, the extent of the bradycardic responses
was virtually identical to that in propranolol-untreated rats.

In rats pre-treated in this manner, a cannabinoid receptor
agonist was injected, and 10, 20 and 30 min later the von
Bezold ± Jarisch re¯ex was elicited by phenylbiguanide or
capsaicin. Twenty min after injection, WIN 55,212-2 and CP

55,940 inhibited the phenylbiguanide-induced bradycardia in
a dose-dependent manner. In the experiments with WIN
55,212-2 3 mmol kg71, the inhibition already occurred after

10 min and persisted during the subsequent 10 min. The
inhibition was reversible within the period from the 20th to
30th minute after injection of the cannabinoid, and it was

stereoselective, since WIN 55,212-3, an enantiomer of WIN
55,212-2, was inactive. Simultaneously with the reduction of
re¯ex bradycardia, both WIN 55,212-2 and CP 55,940 tended

to attenuate the hypotensive component of the von Bezold ±
Jarisch re¯ex in a dose-dependent manner. This e�ect was
probably less pronounced because the hypotensive compo-
nent occurs partly secondary to the intense bradycardic

response (SeÂ voz et al., 1996; Malinowska et al., 2001a).
These ®ndings are qualitatively consistent with those of the

previous in vitro investigations by Fan (1995) and, in

particular, Barann et al. (2002). In the former study in rat
nodose ganglion cells, stereoselective inhibition of 5-HT3

receptor-mediated currents was shown with CP 55,940 and its

less potent enantiomer, CP 56,667, and in the study by
Barann et al. (2002) only WIN 55,212-2, but not WIN
55,212-3, reduced the 5-HT-induced currents through
recombinant human 5-HT3A receptor in an SR 141716A-

resistant manner. However, there are quantitative di�erences
between the present in vivo and the former in vitro
investigations: whereas we found CP 55,940 to be roughly

equipotent with WIN 55,212-2, the latter drug was more
potent than the former one in the in vitro experiments. This
di�erence may be due to pharmacokinetic di�erences between

both cannabinoid receptor agonists, potentially due to
di�erences between them with respect to their hydropho-
bicity.

A remarkable feature of the WIN 55,212-2- and CP 55,940-
induced inhibition of phenylbiguanide-evoked bradycardia is
its slow onset. As a rule, this inhibition was not yet visible
10 min after injection (see above), but 20 min had to elapse

before the inhibition became manifest. Again, this observa-
tion is in line with the slow development of the inhibition in
the in vitro experiments. Thus, in rat nodose ganglion, the

drugs had to be present in the superfusion ¯uid for at least
15 min to establish the e�ect (Fan, 1995). In excised outside-
out patches of HEK 293 cells expressing recombinant h5-

HT3A receptors, an exposure time with the cannabinoids of
3 min was necessary to obtain the equilibrium e�ect (Barann
et al., 2002). This time period is very long in that preparation

when considering that an equilibrium is achieved within
seconds with other compounds, e.g. ifenprodil and barbitu-
rates (Barann et al., 1998, 2000).
The long equilibrium time observed with the cannabi-

noids was interpreted as a hint at a not easily accessible site
of action of the cannabinoids at the 5-HT3 receptor
(Barann et al., 2002). In particular, a location of this site

in the transmembrane or cytosolic domain of the receptor
protein was suggested. An action at the ligand recognition
site of the 5-HT3 receptor or within its channel pore was

excluded by the failure of cannabinoids to inhibit binding
of the 5-HT3 receptor radioligand [3H] GR65630 to
membranes and, respectively, by the lack of an inhibition

of the 5-HT-induced current when the cannabinoids were
administered to the patches exclusively during, but not
before, stimulation with 5-HT (Barann et al., 2002). These
®ndings in patches of membranes of cells expressing h5-

HT3A receptors but no cannabinoid receptors (proven by
the lack of binding of CB1 and CB2 receptor radioligands
to membranes of these cells) led to the conclusion that the

cannabinoids act at an allosteric modulatory site of the 5-
HT3 receptor itself.
It has been demonstrated that stimulation of 5-HT3

receptors in the nucleus tractus solitarii inhibits the cardiac
von Bezold ± Jarisch re¯ex response in urethane-anaesthetized
rats (SeÂ voz et al., 1996). Thus, by counteracting such an

inhibitory e�ect, cannabinoid receptor agonists might be
expected to rather enhance the re¯ex at the level of the brain,
which would counterbalance their inhibitory e�ects in the
periphery. However, the failure of WIN 55,212-2 and CP

55,940 to reduce the capsaicin-evoked, VR1 receptor-
mediated re¯ex bradycardia excludes an action of the
cannabinoid receptor agonists on this ligand-gated ion

channel and at the central level, strongly supporting the idea
that the peripheral 5-HT3 receptor itself on the vagal a�erent
C-®bres (see above) is the site of action underlying the

cannabinoid receptor agonist-induced inhibition of the
phenylbiguanide-evoked von Bezold ± Jarisch re¯ex. Irrespec-
tive of whether both 5-HT3 and VR1 receptors are located on
the same or on di�erent a�erent vagal ®bres of the heart, all

components of the von Bezold ± Jarisch re¯ex subsequent to
stimulation of one of these receptors, such as the voltage-
gated ion channels involved in propagation of action

potentials in the a�erent and e�erent nerves, the nuclei in
the brain (nucleus tractus solitarii, area postrema, dorsal
vagal motor nucleus) and the synapse between the vagal

nerve and the right atrial pacemaker cells, are identical. In
this context, it should be noted that in pithed rats
cannabinoid receptor agonists do not in¯uence the brady-

cardia in response to vagal nerve stimulation (Malinowska et
al., 2001b). Thus, by ruling out other possibilities, it may be
concluded that it is the peripheral 5-HT3 receptor at which
the cannabinoids produce their inhibitory e�ect.

In conclusion, the present study provides the ®rst piece of
evidence that cannabinoid receptor agonists directly inhibit
the function of the peripheral 5-HT3 receptors in vivo. An

analogous mechanism of cannabinoid receptor agonists may
be assumed to be involved in other serotonin 5-HT3 receptor-
mediated responses, e.g. analgesia and emesis.
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