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Abstract

The role of cannabinoid CB, receptors in sympathetic neurotransmission was characterised in nerve-mediated responses of isolated
right atria, vasa deferentia and small mesenteric resistance arteries using the cannabinoid CB, receptor agonists A°-tetrahydrocannabinol,
CP 55,940 and anandamide and the cannabinoid CB,-selective antagonist SR 141716A. In the mouse vas deferens, the twitch response
was completely inhibited by each of the putative cannabinoid receptor agonists with plCs, values of CP 55,940, 9.2 + 0.1; A°-tetrahydro-
cannabinol, 8.4 + 0.1; anandamide, 7.1 + 0.1. SR 141716A 10-100 nM was a competitive antagonist of all three agonists with a pKg
value of 8.4-8.6, consistent with an interaction at the cannabinoid CB, receptor. In the rat vas deferens CP 55,940 (0.01-10 wM)
inhibited the contractions to a significant extent (88.5+ 0.5% at 10 wM; pICg, of 7.1+ 0.1) while A°-tetrahydrocannabinol and
anandamide (both up to 10 wM) were inactive. CP 55,940 exhibited low potency in rat compared with mouse vas deferens and the rat
concentration—response curve was not competitively antagonised by SR 141716A (100 nM) or SR 144528 (10 nM—10 M), suggesting
an interaction at a receptor(s) distinct from cannabinoid CB, or CB,. Sympathetic nerve-induced tachycardiain rat and mouse atria, and
rat mesenteric artery smooth muscle contractile responses to perivascular nerve stimulation, were not inhibited by AS-tetrahydrocanna
binol, CP 55,940 or anandamide up to 1 wM. These data indicate that cannabinoid CB, receptor activation inhibits sympathetic
neurotransmission only in the mouse vas deferens and thus point to species and regional differences in cannabinoid CB; receptor
involvement in pre-synaptic inhibition of sympathetic neurotransmission and CP 55,940 may have inhibitory actions in rat vas deferens
unrelated to cannabinoid receptor activity. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction Both A’-tetrahydrocannabinol and an endogenous mam-
malian cannabinoid, anandamide, are naturally occurring

Interest in cannabinoid pharmacology has developed cannabinoid receptor agonists. Anandamide is found both

since the discovery of both cannabinoid receptors and the
endogenous ligand, anandamide (Devane et al., 1988, 1992;
Munro et al., 1993). Two cannabinoid receptor subtypes,
the CB; and CB, have been characterised. Cannabinoid
CB, receptors are located predominantly in the central
nervous system but are also present pre-junctionally on
some peripheral autonomic nerves where they inhibit
neurotransmitter release in the urogenital, gastrointestinal
and cardiovascular systems (Mackie and Hille, 1992; Ishac
et a., 1996; Pertwee and Fernando, 1996).
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in the brain (porcine and rat) and in peripheral tissues such
as the rat kidney vasculature (Devane et al., 1992; Deutsch
et a., 1997) and is physiologically regulated by fatty acid
amide hydrolase activity (Cravatt et a., 1996). To date,
many synthetic cannabinoid receptor agonists have been
synthesised, including, CP 55,940, a potent, bicyclic
cannabinoid receptor agonist (Pertwee et a., 1993).

Most in vitro bioassays of the effects of cannabinoids
have been conducted in the mouse or guinea pig (Ishac et
al., 1996; Pertwee and Fernando, 1996; Pertwee et .,
1996a,b). However, there is higher, albeit small, conserva
tion between rat and human cannabinoid CB; mRNA than
between mouse and human (Chakrabarti et al., 1995; Shire
et al., 1996). Therefore, it was of interest to compare
functional responses caused by cannabinoid CB, receptor
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activation in tissues isolated from rat and mouse. Consider-
able data on cannabinoid CB, receptor agonist effects on
electrically evoked contractions of the mouse vas deferens
have been published (Pertwee and Griffin, 1995; Pertwee
et a., 1992; Pertwee et al., 1995a,c, 1996b). The cannabi-
noid CB; mRNA has been found in both the mouse and rat
vas deferens (Ishac et al., 1996; Pertwee et al., 1996b).
Ishac et al. (1996) reported that A°-tetrahydrocannabinol
and anandamide inhibited electrically evoked release of
[®*H]noradrenaline from rat isolated atria. Whether this
trandlates to direct cannabinoid-induced chronotropic
changes has not yet been established. In addition, a num-
ber of recent papers have suggested that anandamide may
have arole in cardiovascular control. Deutsch et a. (1997)
demonstrated that anandamide exerts significant vasorel ax-
ant and neuromodulatory effects. Zygmunt et al. (1997)
suggested that anandamide relaxes rat hepatic artery via
smooth muscle cell membrane hyperpolarisation in en-
dothelium-intact vessels and, more importantly, by direct
inhibition of Ca?* release from stores in the myocyte.

Therefore, the aim of this study was to investigate the
role of cannabinoid CB, receptors in sympathetic neuro-
transmission in the vas deferens, right atrium and small
mesenteric artery from both the rat and mouse. Preliminary
data have been previously published in abstract form (Lay
et a., 1998).

2. Materials and methods

Swiss white mice (35-40 g) and Sprague—Dawley rats
(250-300 g) were killed by exposure to 80% CO, in O,
and exsanguination. Atria and mesenteric arteries were
bathed in a physiological salt solution (PSS) comprising
(in mM): NaCl 119, KCl 4.7, KH, PO, 1.18, MgSO, 1.17,
NaHCO,; 25, CaCl, 2.5, ethylene-diaminetetracetic acid
(EDTA) 0.026, glucose 11 and saturated with 95% O, and
5% CO,, during dissection, mounting and the experiment.

2.1. Rat isolated vasa deferentia

Rat vasa deferentia were dissected with capsular con-
nective tissue intact and set up in 5 ml organ baths at 37°C
in Mg?2*-free physiological salt solution. The upper (epidi-
dymal) end was attached to an isometric force transducer
(Grass FTO3C, Grass Instruments, Quincy, MA, USA) and
the lower (prostatic) end tied to a fixed support between
two parallel platinum field electrodes (5 mm apart, 5 mm
long). The tissue was initially stretched by 2 g force and
alowed to equilibrate for 20 min. The vas deferens was
continuously stimulated (Grass S88 stimulator) to contract
(twitch) with a single submaximal electrical field pulse
(150 V, 0.5 ms duration) delivered every 20 s. Output from
the transducer amplifier was recorded on aflat bed recorder
(Linearcorder WR3300, Graphtec, Tokyo, Japan). All drugs

were dissolved in dimethyl sulfoxide (DMSO; Sigma, St
Louis, MO, USA). SR 141716A (100 nM), SR144528 (10
nM—10 M), CP 55,940 (10 nM—10 wM), A°-tetrahydro-
cannabinol (1 wM) and anandamide (10 nM—10 wM) were
allowed to equilibrate for 30 min before the responses to
field stimulation were assessed. Agonist concentration—re-
sponse curves were constructed cumulatively with half log
unit increments.

The effect of A°-tetrahydrocannabinol pre-incubation (1
wM, 1 h) before construction of the CP 55,940 concentra-
tion—response curve in the rat vas deferens was examined
to determine whether A°-tetrahydrocannabinol was behav-
ing as an antagonist in this assay. In other experiments,
responses to anandamide were obtained in the absence and
presence of 50 wM phenylmethylsulfonyl fluoride (in
DMSO vehicle, pre-incubation for 30 min) to determine
whether the presence of an amidase inhibitor affected the
potency of this putative endogenous cannabinoid.

To determine whether the effect of CP 55,940 on
sympathetic nerve-mediated twitch contractions of the rat
vas deferens was due to inhibition at a post-junctional site,
the effect of CP 55,940 on o -methyleneATP concentra-
tion—response curves was examined. Whole vasa deferen-
tia were stretched to 2 g, then equilibrated for 30 min. To
minimise desensitisation, non-cumulative sequential con-
centrations of o p-methyleneATP were added to the bath
and immediately removed once the peak contraction was
obtained (3-5 min). Concentration—response curves to
apB-methyleneATP were conducted after 1 h incubation
with CP 55,940 (1 wM) or DMSO vehicle in separate
tissues.

2.2. Mouse isolated vasa deferentia

Mouse vasa deferentia were dissected with capsular
connective tissue intact and set up in 20 ml organ baths at
37°C in Mg?*-free PSS. The upper (epididymal) end was
attached to an isometric force transducer (Grass FTO3C)
and the lower (prostatic) end tied to a fixed support
between two paralel platinum field electrodes (5 mm
apart, 5 mm long). The tissue was initially stretched by 0.5
g force and allowed to equilibrate 10 min. The tissues were
stimulated (Grass S88 stimulator) to contract using trains
of electrical field stimulation of 3 pulses (4 Hz), 0.5 ms
duration, 100 V (80% maximal voltage) every 20 s for 10
min. This electrical stimulation period was applied before
and after both antagonist and agonist addition. The antago-
nist SR 141716A (or vehicle, DMSO) was incubated for
30 min, followed by a single concentration of anandamide
or CP 55,940 for 30 min, or A%-tetrahydrocannabinol for 1
h (or vehicle, Tween 80 (Sigma) suspensions in MilliQ
water (Millipore, Sydney, Australia). Output from the
transducer amplifier was recorded on a flat bed recorder
(Gould BS 272, Cleveland, OH, USA). The effects of the
antagonist or agonists were measured as the percentage
decrease of the pre-drug twitch force.
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The effect of phenylmethylsulfonyl fluoride on the
anandamide concentration—response curve was examined,
as outlined above.

2.3. Rat and mouse isolated right atria

The rat or mouse isolated right atrium was placed
vertically on stainless steel S-shaped hooks mounted on an
acrylic leg in a physiological salt solution-filled 10 ml
glass-jacketed organ bath heated to 37°C. The partialy
stretched atrium rested against two punctate platinum elec-
trodes protruding from the acrylic leg 3 mm apart that
recorded the spontaneous surface electrogram. The signal
was amplified (Baker Medical Research Institute amplifier
Model 108, Prahran, Victoria, Australia) and used to trig-
ger a Maclab data acquisition system (chart version 3.5.2;
AD Instruments, Castle Hill, N.SW., Austraia). Atria
period was continuously recorded on the Maclab. To ex-
amine the sympathetic response in the absence of brady-
cardia, the atria were equilibrated for 1 h in the presence of
atropine (1 wM). One control group of electrical field
pulse stimuli (one, two, four or eight pulsesin one train) at
50 V, 2 ms duration at 2 or 3 Hz were applied to rat and
mouse atria, respectively (Grass S88 stimulator) (Angus
and Harvey, 1981). The responses to the control stimuli
were compared to the responses following 1 h incubation
with 1 wM of the cannabinoid receptor agonist.

2.4. Rat isolated mesenteric resistance arteries

Small arteries (300-400 pwm internal diameter) were
dissected from the mesenteric bed and mounted in physio-
logical salt solution at 37°C as 2 mm ring preparations in
dual 6 ml chamber myographs to record changes in isomet-
ric force (J.P. Trading, Aarhus, Denmark). Following a 30
min equilibration period, the endothelium-intact vessels
were stretched to an internal diameter equivalent to 90% of
a transmural pressure of 100 mm Hg (L,,,; Mulvany and
Halpern, 1977). Platinum electrodes (0.5 mm thick) were
contained in the mounting supports of the myograph to
deliver square wave field stimulation (Grass S88 stimula-
tor). Output from the transducer amplifier was recorded on
a flat bed recorder (Model 320, W and W Scientific
Instruments, Basle, Switzerland).

After normalisation (Mulvany and Halpern, 1977), ves-
sels were equilibrated for 30 min and then contracted to
their maximum levels of active force with high K* PSS
for 2 min (standard PSS with an equimolar exchange of
KCl for NaCl, i.e., K* 124 mM, hereafter termed KPSS).
Following return to baseline, noradrenaline (10 wM) was
applied for 2 min and then washed out. Electrica field
stimulation was applied at 30 V, 0.25 ms duration, 25 Hz
for a 3 s train every minute. This stimulus train has been
shown to cause contractions 40-60% of that to KPSS
(Angus et al., 1988). Three trains of control field stimula-
tion were applied and repeated 30 min later to obtain

control values. Following this, a concentration (1 M) of a
cannabinoid CB, receptor agonist (A°-tetrahydrocanna-
binol, CP 55,940 or anandamide) or vehicle was added and
allowed to incubate for 30 min and nerve stimulation
retested. Curves were constructed from drugs added cumu-
latively.

Attempts were made to repeat these experiments using
mouse small mesenteric artery. However, due to very
small and inconsistent contractions, no further experiments
were conducted.

2.5. Drugs

Drugs used and suppliers were: anandamide ((all Z)-N-
(2-hydroxyethyl)-5,8,11,14-eicosatetraenamide; Tocris
Cookson, Bristol, UK), atropine sulphate (Sigma), CP
55,940 ((—)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)
phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol; Tocris
Cookson), (—)-noradrenaline bitartrate (Arterenol, Sigma),
phenylmethylsulfonylfluoride (Sigma) and A°-tetrahydro-
cannabinol (Research Biochemicals International, Natick,
MA, USA). SR 141716A (N-piperidino-5-(4-chloro-
pheny!)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazol e-carbo-
xamide and SR 144528 ( N-[1S)-endo-1,3,3-trimethy! bicy-
clo [2.2.1] heptan-2-yl]-5-(4-chloro-2-methylphenyl)-1-(4-
methylbenzyl0-pyrazole-3-carboxamide) were gifts from
Sanofi-Recherche, Montpellier, France. Solutions of drugs
were made up fresh daily. A%Tetrahydrocannabinol, CP
55,940, anandamide, SR 141716A and SR 144528 were
made up in DM SO (dimethyl sulphoxide) for experiments
in the rat vas deferens and rat mesenteric artery as these
data were completed first and Tween 80 caused consider-
able inhibition of contractions of the rat mesenteric resis-
tance artery. For al other experiments, the cannabinoid
receptor agonists were made up in ethanol and equivalent
volume of Tween 80 (polyoxyethylenesorbitan monool eate;
Sigma), after which the ethanol was evaporated off and
MilliQ water (Millipore, Lane Cove, N.SW., Australia)
added to dilute the drug.

2.6. Analysis and statistical methods

Data are presented as mean 4+ 1 standard error of the
mean (S.E.M.). In the vasa deferentia, the effects of the
antagonist or agonists were measured as a percentage of
the baseline twitch contraction. Sympathetic responses to
electrical field stimulation of right atria are expressed as
absolute rate and change in atrial rate. Mesenteric artery
responses are expressed as a percentage of those obtained
to the second set of control field stimulation (C2). Data
obtained from the mouse vasa deferentia (single concentra-
tion per tissue) were fitted to a logistic curve and con-
strained to fewer parameters when required (Stone and
Angus, 1978; Lew and Angus, 1995). From these logistic
curve fits rat or mouse plIC,, values (the —log concentra-
tion of cannabinoid receptor agonist required to cause 50%
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of the maximal agonist-induced inhibition of the contrac-
tions) were compared in the absence (control) and pres-
ence of SR 141716A (100 nM) using an unpaired Student’s
t test. For al other preparations, within and between drug
treatment groups, responses to electrical field stimulation
were assessed by repeated measures analysis of variance
(ANOVA) with Greenhouse—Geisser correction for corre-
lation (Ludbrook, 1994), calculated by means of statistical
program SuperANOVA 1.11 for Macintosh. The average
SEM. within rat tissues was caculated from repeated
measures ANOVA using the pooled estimate of error from
the residual mean sguare as (error mean square,/number of
tissues)®® after sums of squares between tissues and be-
tween cannabinoid concentrations (or, in atria, number of
electrical field pulses) had been subtracted from the total
sums of sguares for each treatment group (Snedecor and
Cochran, 1989). These average S.E.M.s are located on the
lines shown in Figs. 2, 3 and 5 (Wright et a., 1987).

The pKy; vaue of SR 141716A in the mouse vas
deferens for each of the three cannabinoid CB, receptor
agonists was determined from a non-linear regression
method of all the plC,, values of the agonist in the
absence or presence of 10—-100 nM SR 141716A from the
equation pIC,, = —log([B] + 10~PKe — |og ¢, where pK
is a fitted parameter and the constant log c is the differ-
ence between the antagonist pKg and the agonist control
curve plCg, in the absence of antagonist (Lew and Angus,
1995). The values of agonist plCg (y axis) and the
corresponding values of antagonist concentration (SR
141716A, log( B + Kp), (x-axis) were displayed in a* Clark
Plot’ (see Stone and Angus, 1978).

Control

Rl 11111

b Mouse

I

In al cases, P values < 0.05 were considered signifi-
cant.

3. Reaults
3.1. Vasa deferentia

3.1.1. Effect of vehicle

In rat preparations stimulated with single pulses, there
was a decrease of 19+ 5% (n= 6) in contraction of the
tissue in response to electrical stimulation in the vehicle
(increasing DM SO concentrations) group over time, how-
ever, this did not reach statistical significance (P > 0.05).
In the mouse preparation stimulated with intermittent trains
of stimuli, there was no significant decrease in twitch
(9+1%; n=4; P>0.05 in the presence of vehicle
(Tween 80). We examined whether DMSO or Tween 80
vehicle affected the potency of A%-tetrahydrocannabinol in
inhibiting the contractions in the mouse or rat vas deferens
assay (data not shown). The pICy, for A°-tetrahydrocanna-
binol dissolved in DMSO vehicle was 8.0 + 0.3 (n= 4);
A°-tetrahydrocannabinol dissolved in Tween 80 vehicle
(pICq, of 85+ 0.2; n=4) was 3.1 + 0.2-fold more potent
(P <0.05) in the mouse vas deferens. In addition, A°-
tetrahydrocannabinol dissolved in Tween 80 (10 nM-10
wM) was also ineffective in inhibiting the contractions of
the rat vas deferens.

3.1.2. A°-Tetrahydrocannabinol
In tissues from the rat, A°-tetrahydrocannabinol (0.01—
10 wM) did not significantly inhibit the twitch response

AS-THC
1 uM
L =L
2.5 min
10 nM

025¢ |

2.5 min

VA

Fig. 1. Computer scan of representative traces of electrically evoked contractions of the vas deferens isolated from (a) rat and (b) mouse. Left panels show
control responses and right panels show the effect of 1 h incubation with A°-tetrahydrocannabinol at () 1 wM and (b) 10 nM. The rat vas deferens was
continuously stimulated with single pulses (150 V, 0.5 ms duration) delivered every 20 s, whereas the mouse vas deferens was stimulated intermittently for
10 min intervals (trains of three pulses at 4 Hz, 100 V, every 20 s) (see Section 2).



% Inhibition of Contraction

L. Lay et al. / European Journal of Pharmacology 391 (2000) 151-161

SR 141716A 100 nM
SR 144528 10 uM

2o A

100 L 1 1 1
10 9 8 7

A-THC (-log M)

(3}

CP 55,940 (-log M)

155

9 8 7 6 5
Anandamide (-log M)

Fig. 2. Effects of the cannabinoid CB, agonists () A’-tetrahydrocannabinol, (b) CP 55,940, and (c) anandamide, in rat vas deferens. Increasing
concentrations of the agonist were added cumulatively (n = 6 tissues per line). Panel (b) displays the effects of SR 141716A (100 nM) and SR 144528 (10
wM) on the CP 55,940 concentration—response curve. The vertical error bar on the line corresponds to the average S.E.M. from ANOVA (see Section 2).

Horizontal error bars correspond to the respective pICg, + S.E.M. values (where applicable).

(Figs. 1a, 2a), and responses were similar to those in the
vehicle group (n=6; P> 0.05). In contrast, A’-tetra-
hydrocannabinol a 10 nM markedly decreased the twitch
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a
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o

CP 55,940 pIC,,
o
[}

o
Anandamide pIC,,

~N
T

8 o
8'59 8.5 8 7.5 7
-10g(B+Kg)
SR 141716A

(Fig. 1b) and completely inhibited the twitch response at
100 nM in the mouse vas deferens (n=4; pIC,, of
84+ 0.1; Fig. 3.

1 1 1 1 1
9 8 7 6 5

Anandamide (-log M)

8.5 8 75 7 6.5

-log(B+Kg)
SR 141716A

Fig. 3. Effect of the cannabinoid agonists on electrically evoked contractions of the mouse vas deferens (a—c) in the absence and presence of 10, 30 and
100 nM SR 141716A. Each point corresponds to four different tissues, a total of 16 tissues making up each line. Vertical error bars are + SE.M.. Lower
panel shows the corresponding Clark Plots (see Section 2) displaying the effect of SR 141716A on the pICy, value of (d) A%-tetrahydrocannabinol, (e) CP

55,940 and (f) anandamide.
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3.1.3. CP 55,940

CP 55,940 at 10 M caused a pronounced inhibition
(88 + 1%; n=6) of the rat vas deferens contractions. The
concentration—response relationship was characterised by a
pICg, of 7.1+ 0.1 (Fig. 2b). The CP 55,940 concentra-
tion—response curve was not shifted by pre-incubation
with A°-tetrahydrocannabinol (1 wM), suggesting that A°-
tetrahydrocannabinal is not acting at this CP 55,940-sensi-
tive site (n=6; P > 0.05). In the mouse vas deferens, CP
55,940 was able to cause complete inhibition of twitches at
10 nM (n=4; pICq, of 924 0.1; Fig. 3b), i.e, some
250-fold more potent than in the rat tissue.

The range of contraction elicited by a-methyleneATP
(1-1.3 g force) of the rat vas deferens was the same as that
observed with electrical nerve stimulation (~ 1 g force).
CP 55,940 (1 wM for 1 h in DMSO) had no significant
effect at the P, post-junctional receptor stimulated by
aB-methyleneATP. The pEC,, and maximum contraction
of the op-methyleneATP concentration—response curve
were 5.6+ 0.1 (—log M) and 1.4 + 0.2 g in the presence
of CP 55940 and 57+0.03 and 1.0+ 0.2 g in the
presence of vehicle (DMSO) (Fig. 4). CP 55,940 did not
change the sensitivity or the maximum response (n = 6;
P > 0.05), indicating that its site of action was not post-
junctional.

3.1.4. Anandamide

Anandamide caused no significant decrease in twitch
height in the rat vas deferens (n=6; P > 0.05; Fig. 2¢).
However, anandamide caused a concentration-dependent
inhibition of twitches in the mouse vas deferens (Fig. 3c).
Anandamide was less potent (pIC,, of 7.1 + 0.1) than both
AS-tetrahydrocannabinol and CP 55,940 (n=4). Pre-in-
cubation of the rat and mouse vas deferens with phenyl-
methylsulfonyl fluoride, an amidase inhibitor, did not af-

A DMSO
A CP 55,940 1 uM

1.5

A Force g

7 6.5 6 5.5 5 4.5
o p-methyleneATP (-log M)

Fig. 4. Effect of CP 55,940 (1 ..M; n=6) or DMSO vehicle (n=6) on
o 3-methyleneATP concentration—contraction curves in the rat vas defer-
ens. Sequential concentrations of o B-methyleneATP were added to the
bath and immediately removed once the peak contraction was obtained
(3-5 min). The vertical error bar on the line corresponds to the average
S.E.M. from ANOVA (see Section 2).

fect the anandamide-induced inhibition (n=4; P > 0.05;
data not shown).

3.1.5. Antagonism by SR 141716A

Pre-incubation with increasing concentrations of SR
141716A (10-100 nM) caused corresponding parallel
rightward shifts of the log concentration—response curve
for A%-tetrahydrocannabinol (Fig. 3a), CP 55,940 (Fig. 3b)
and anandamide (Fig. 3c) in the mouse vas deferens.
Logistic curve fitting and non-linear regression anaysis
(see Section 2) gave estimated pK ; valuesfor SR 141716A
with the three agonists as follows: 8.5+ 0.1 (A’-tetra-
hydrocannabinol), 8.6 + 0.2 (CP 55,940) and 8.4 + 0.2
(anandamide). The rightward displacement of the agonist
concentration—response curves in the presence of the an-
tagonist SR 141716A was consistent in each case with
simple competitivity. This is displayed in the Clark Plots
(Fig. 3d-).

In contrast, SR 141716A (100 nM) shifted the log
concentration—response curve of CP 55,940 in a non-paral-
lel fashion in the rat vas deferens (Fig. 2b), indicating that
SR 141716A was not acting in a simple competitive
manner. Thisis reinforced by the shallowness of the curve,
suggesting that CP 55,940 in the presence of SR 141716A
at 100 nM may not completely abolish the contractions of
the rat vas deferens.

3.1.6. Antagonism by SR 144528

Pre-incubation with a concentration of SR 144528 (10
nM), which is claimed to act exclusively at the cannabi-
noid CB, receptor (Rinaldi-Carmona et al., 1998) did not
shift the CP 55,940 concentration—response curve (data not
shown), suggesting there are no functional CB, receptors
in the rat vas deferens. Pre-incubation with a higher con-
centration of SR 144528 (10 wM) did cause a small
rightward shift in the CP 55,940 concentration—response
curve similar to that observed with SR 141716A (Fig. 2b).
However, this shift was not paradlel to the CP 55,940
control curve, suggesting that SR 144528 was also not
acting in a smple competitive manner at either the
cannabinoid CB, or CB, receptor.

3.2. Rat and mouse right atria

In rat and mouse isolated atria in the presence of
atropine (1 wM), vehicle (Tween 80) did not significantly
ater atrial rate elicited by sympathetic nerve stimulation
(n=6; P>0.05). Fig. 5, panels a and c, represent the
effects of the cannabinoid receptor agonists on absolute
atrial rate while panels b and d display the data as change
from baseline. The rat atrial resting rate was not signifi-
cantly different after drug treatment (n=6; P > 0.05).
The mouse pre-treatment resting right atrial rate
(beats/min) was 410 + 7 in the presence of vehicle com-
pared to 368 + 14, 381 + 8 and 370 + 14 in the presence
of A’-tetrahydrocannabinol, CP 55,940 and anandamide,
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Fig. 5. Effect of sympathetic stimulation via trains of one to eight electrical field pulses on rat (a, b) and mouse (c, d) isolated right atrial rate (beats/min)
in the presence of 1 wM atropine: responses are shown in both atria rate (a, ¢) and change in rate from the baseline (b, d) in the absence and presence of 1
wM AS-tetrahydrocannabinol (n = 6), CP 55,940 (n = 6) and anandamide (n = 6). Pre R: resting rate before drug treatment. Post R: resting rate after drug
treatment. Error bars on the lines are average S.E.M. from ANOVA (see Section 2). Error bars on pre R correspond to + S.E.M.; those not shown are

within the symbol.

respectively (n=6; P> 0.05). There was no significant
difference between pre- and post-treatment resting rate for
each of the respective treatment groups, indicating that
there was no cannabinoid receptor agonist-induced changes
in resting rate (n=6; P> 0.05). Furthermore, neither
A®-tetrahydrocannabinol, CP 55,940 or anandamide caused
significant inhibition of the sympathetically driven electri-
cal stimulus—response curve in rat or mouse isolated right
aria a 1 wM (n=6; P> 0.05). When the data were
expressed as change in atrial rate (Fig. 5b and d), it is clear
that there was no inhibition of sympathetic tachycardia
(n=6; P> 0.05).

3.3. Rat isolated mesenteric resistance arteries

The average internal diameter of the rat mesenteric
resistance arteries at Ly, was 428+ 34 pm (n=4).
Responses to the control field stimulation (C2) were simi-
lar in all drug treatment groups (n = 4; P > 0.05). Vehicle
did not significantly affect responses to nerve stimulation
(85+6% of C2; n=4; P>0.05). A’-Tetrahydrocan-
nabinol, CP 55,940 and anandamide, al a 1 wM, were
ineffective in inhibiting intramural nerve-mediated contrac-

tions, with values of 100 + 2%, 89 + 5% and 103 + 3%,
respectively, of the control contraction (n=4; P> 0.05).

4, Discussion

This work shows that putative cannabinoid CB, recep-
tor agonists display tissue and species differences in the rat
and mouse. Criteria for putative cannabinoid CB, receptor
actions were (i) inhibition of sympathetic nerve-mediated
responses to a range of cannabinoid CB, receptor agonists
at low concentrations; and (ii) rightward parallel shift of
the cannabinoid CB,; receptor agonist concentration—re-
sponse curve by at least ~ 10-fold by the selective antago-
nist SR 141716A at a concentration of 100 nM. Thus, in
the mouse vas deferens, the sympathetically evoked con-
tractions were sensitive to al three cannabinoid receptor
agonists with a rank order of potency of CP 55,940 > A°-
tetrahydrocannabinol > anandamide, supporting previously
published work with this tissue (Pertwee et al., 1992,
1995h, 1996h).

Anandamide and plant-derived cannabinoids have been
shown to inhibit the electrically evoked twitch response of
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the mouse isolated vas deferens without affecting the
contractile response to exogenous noradrenaline, and this
effect is competitively antagonised by SR 141716A
(Rinadi-Carmona et al., 1994). Therefore, it is likely that
in the mouse vas deferens, cannabinoid agonists inhibit the
pre-junctional release of noradrenaline and ATP via
cannabinoid receptors negatively coupled to N-type Ca2™*
channels, thereby decreasing electrically stimulated con-
tractions of this tissue. The lack of cannabinoid CB,
receptor agonist-induced inhibition of electricaly stimu-
lated small mesenteric arteries and isolated right atria of
the rat and mouse (responses sensitive to w-conotoxin
GVIA; (Wright and Angus, 1996), may suggest that there
is an absence of cannabinoid CB, receptors in these tis-
sues. It is also possible that the lack of response was due to
very poor coupling between the receptor and transduction
mechanism.

The protocol for intermittent stimulation of the mouse
vas deferens was chosen after Pertwee et al. (1992) showed
that the amplitude of the twitch response of vasa deferentia
decreased significantly with time when trains of stimuli
were applied continuously, but remained constant when
tissues were subjected to intermittent 10 min periods of
stimulation. Single agonist concentrations were applied to
each mouse tissue because of the long incubation protocol.
This necessitated the use of non-linear regression analysis
to determine the pKg value for SR 141716A. The Clark
Plot is a display of the relationship between the theoretical
predictions for spacing of agonist concentration—response
curves in a competitive interaction and the experimental
agonist curve spacing in the absence (B = 0) and presence
of antagonist (B) concentrations, as well as the pKy value
(when B = 0) obtained from non-linear regression analysis
(Stone and Angus, 1978). The points on the Clark Plot are
the mean log 1Cg, values from the agonist concentration—
response curves at each concentration of antagonist plotted
against the log ([antagonist] + Kg). The line represents the
ideal interaction between the agonist and antagonist for
simple competitive antagonism. In this study, SR 141716A
behaved as a simple competitive antagonist at the cannabi-
noid CB, receptor in mouse tissue. SR 141716A was able
to competitively reverse the inhibition of contractions in
the mouse vas deferens with a consistent, agonist-indepen-
dent estimated pKy value of 8.4-8.6 strongly supporting
evidence for an interaction at the cannabinoid CB, recep-
tor for al three cannabinoid receptor agonists (Pertwee et
al., 1995¢).

Interestingly, others have found that SR 141716A can
behave as an inverse agonist. It should be noted, however,
that this property of SR 141716A has been demonstrated
in overexpressed receptor systems (Landsman et al., 1997;
MacLennan et a., 1998; Pan et al., 1998). Furthermore,
inverse agonist activity will not cause significant devia-
tions in the analysis of agonist—inverse agonist interactions
when the inverse agonist has little or no activity alone
(Colquhoun, 1998). Under our physiological conditions,

SR 141716A did not consistently cause potentiation of the
contractions of the mouse vas deferens. Therefore, it was
valid to use non-linear regression analysis to obtain pKg
values for SR 141716A as a competitive antagonist.

In contrast to the mouse vas deferens, the more robust
rat vas deferens assay allowed cannabinoid receptor ago-
nists to be added cumulatively to the continuously stimu-
lated tissue. This continuous nerve stimulation protocol did
not cause significant fade over the course of the experi-
ment. The contractions of the rat vas deferens were insen-
sitive to A°-tetrahydrocannabinol and anandamide and only
very high concentrations of CP 55,940 were effective.
Even when correcting agonist plCg, values for vehicle
effect (DMSO vs. Tween 80), there is still alarge discrep-
ancy between the effects of the agonists in the rat and
mouse. Pre-incubation with a high concentration of A°-te-
trahydrocannabinol (1 wM) did not shift the CP 55,940
concentration—response curve, suggesting that CP 55,940
acts at a site in the rat vas deferens that is not sensitive to
A’-tetrahydrocannabinol. In addition, SR 141716A did not
cause a pardlel shift of the CP 55,940 concentration—
response curve; in fact the shallowness of the concentra-
tion—response curve in the presence of SR 141716A (100
nM) was suggestive of incomplete inhibition. The hypothe-
sis that CP 55,940 was acting at cannabinoid CB, recep-
tors in the rat vas deferens was refuted after the lack of
shift by the antagonist SR 144528 at a low cannabinoid
CB,-selective concentration (10 nM), and the absence of a
parallel, dextral shift at a higher, CB,/CB, non-selective
concentration (10 wM) (Rinadi-Carmona et al., 1998).
This lack of simple competitivity may suggest that there
are confounding factors in the analysis of response of CP
55,940 acting at the cannabinoid CB, receptor in the rat
vas deferens or that CP 55,940 is acting at a non-CB, /CB,
receptor. The similarity in the CP 55,940 concentration—
response curves generated in the presence of either SR
141716A or SR 144528 suggests a common mechanism of
action. The absence of cannabinoid CB, receptor-mediated
responses is not surprising as negligible amounts of
cannabinoid CB, mRNA have been located in this tissue
(Galiégue et d., 1995).

The contractions of the vas deferens are biphasic; the
first phase being attributed in the main to ATP acting at
P,, receptors and the slower onset second phase to nor-
adrenaline acting at o,-adrenoceptors. The contractions
resulting from the nerve stimulation parameters (single
field pulse every 20 s) used for the rat vas deferens in this
study were predominantly ATP-mediated because high
concentrations of «p-methyleneATP caused receptor de-
sensitisation and blockade of contraction. Therefore, to
determine whether CP 55,940 was acting at a post-junc-
tional site to cause an inhibition of the rat vas deferens, its
effect on «p-methyleneATP concentration—response
curves was examined. Pre-incubation of the rat vas defer-
ens with CP 55,940 did not, in fact, cause any change in
sensitivity to the op-methyleneATP concentration—re-
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sponse curve, indicating that the inhibitory actions of CP
55,940 on the nerve-mediated contractions of the rat vas
deferens were most probably at a pre-junctional site.

The inhibition of the twitch by only one of the cannabi-
noid CB, receptor agonists (CP 55,940) in the rat vas
deferens may indicate differences in efficacy at this recep-
tor. Furthermore, this agonist displayed a 250-fold lower
potency in the rat compared with the mouse vas deferens.
Sim et a. (1995) found that there were regional differences
in the efficiency of coupling between the cannabinoid CB,
receptor and G-proteins in the brain. It is possible that a
similar scenario exists in the periphery. However, pre-in-
cubation of the rat vas deferens with A°-tetrahydrocanna-
binol (1 wM) did not shift the CP 55,940 concentration—
response curve significantly, suggesting that A°-tetrahydro-
cannabinol did not have affinity for the CP 55,940 site of
action. The presence of a particular receptor mRNA does
not necessarily lead to expression of a functional receptor.
Thus, the putative cannabinoid CB, receptor may be ex-
pressed in the rat vas deferens but is not functiona be-
cause it is not expressed at a sufficient level. Another
possible explanation, taking into account the SR
141716A-induced shift of the CP 55,940 concentration—re-
sponse curve in the rat vas deferens, may be the presence
of another cannabinoid receptor subtype that is also sensi-
tive to SR 141716A. This may explain the 250-fold po-
tency difference measured for CP 55,940 between the
mouse and rat vas deferens. White and Hiley (1998) also
suggest the possibility of an uncharacterised cannabinoid
receptor subtype in the rat mesenteric artery. Other possi-
bilities may include inadequate penetration of the cannabi-
noid compounds into the rat vas deferens, due to its greater
thickness compared to the mouse vas deferens, or that the
simple competitivity of SR 141716A and CP 55,940 was
masked by confounding factors such as tonic activation of
cannabinoid CB, receptors.

To date, only a cannabinoid CB,, subtype has been
found, taking the form of a truncated version of the
cannabinoid CB, receptor (Shire et a., 1995). Shire et a.
(1995) demonstrated that this splice-variant receptor is
found throughout the human central nervous system and in
the periphery where the cannabinoid CB;, mRNA was aso
present, although the cannabinoid CB; mRNA remained
the predominant form. Rinaldi-Carmona et al. (1996)
showed that CP 55,940 was approximately 7-fold and
50-fold more potent than A%-tetrahydrocannabinol and
anandamide, respectively, at inhibiting forskolin-induced
accumulation of cAMP via cannabinoid CB; and CB,,
receptors transiently expressed in Chinese Hamster Ovary
cells. SR 141716A was able to completely block the
inhibition induced by CP 55,940 on the cannabinoid CB,,
receptors, however, at a 5-fold lower potency than at the
cannabinoid CB, receptor. Therefore, it is unlikely that CP
55,940 was acting at a cannabinoid CB,, receptor in the
rat vas deferens in this study because A%-tetrahydrocanna-
binol and anandamide were still ineffective at concentra

tions up to 60-fold more than that corresponding to the
pICs, for CP 55940. Furthermore, SR 141716A was
~ 80-fold less potent in shifting the CP 55,940 log concen-
tration—response curve in the rat vas deferens compared to
the mouse vas deferens. Perhaps, CP 55,940 is acting at
another, yet unidentified, cannabinoid receptor subtype in
the rat vas deferens. Another possible explanation is that
CP 55,940 and SR 141716A are acting at putative pre-syn-
aptic imidazoline receptors in the rat vas deferens as has
been recently shown using evoked [*H]noradrenaline re-
lease from post-ganglionic sympathetic nerve fibres in the
human right atrial appendage (Molderings and Gothert,
1998; Molderings et a., 1999).

The cannabinoid receptor agonists did not affect sympa-
thetically mediated responses in either the spontaneously
beating right atria or mesenteric small resistance arteries.
Although the baseline rate for vehicle was significantly
different to that of the cannabinoid receptor agonists (1
wM), this effect was not drug-induced, as the pre- and
post-treatment baseline rates were not significantly differ-
ent for vehicle or either of the three cannabinoid receptor
agonists (1 wM). Furthermore, the cannabinoid receptor
agonists were also not able to affect sympathetically medi-
ated tachycardia. In contrast, Ishac et a. (1996) demon-
strated that both A°-tetrahydrocannabinol and anandamide
at high (> 10 wM) concentrations inhibited the electrically
evoked exocytotic release of [*H]noradrenaline from sym-
pathetic neurons, in rat atria and vas deferens. Ishac’s
group also showed a minima 3-fold rightward displace-
ment of [*Hlnoradrenaline release with 10 wM SR
141716A, which does not correlate with the known po-
tency for SR 141716A at the cannabinoid CB, receptor.
Previous work has shown that anandamide may cause a
relaxation in rat isolated mesenteric artery (Randall and
Kendall, 1997; Randall et al., 1996; White and Hiley,
1997, 1998) demonstrated that anandamide and CP 55,940
caused relaxation of methoxamine-induced tone, which
was attenuated by SR 141716A, and aso inhibited phasic
contractions induced by methoxamine in calcium-free con-
ditions. In light of this, our data may be negative because
we focused on contraction rather than relaxation and our
tissues were bathed in physiological solution containing
calcium.

Anandamide is known to be rapidly degraded by ami-
dases in some tissues such as the brain and guinea pig
myenteric plexus, but to be stable in others (mouse vas
deferens) (Deutsch and Chin, 1993; Pertwee et al., 1995b).
Pertwee et al. (1995b) established that phenylmethylsulfo-
nyl fluoride, an amidase inhibitor, enhanced the response
of the guinea pig myenteric plexus to anandamide but did
not affect the anandamide-induced inhibition of electrically
evoked contractions of the mouse vas deferens. We were
able to show that phenylmethylsulfonyl fluoride did not
increase the potency of anandamide in either the mouse or
rat vas deferens. This indicates that the mouse vas deferens
may be a tissue that does not metabolise anandamide to
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any significant extent and that the lack of response of the
rat vas deferens to anandamide was not due to rapid
anandamide metabolism.

A lot of cannabinoid in vitro bioassays have been
carried out in mice. It was of interest to compare the
respective tissues of the rat and mouse because of the
higher cannabinoid CB, receptor amino acid sequence
conservation between rat and humans as opposed to mouse
and humans, and because both rats and mice are used in in
vivo assays of cannabinoids (Ward et a., 1990; Ishac et
al., 1996; Pertwee and Fernando, 1996; Pertwee et a.,
1996a,b). There is a 97% sequence homology between the
rat and human cannabinoid CB, receptor (they differ only
in 13 residues), and this increases to 99% in the transmem-
brane regions. In contrast, the mouse cannabinoid CB,
receptor has 90% similarity with the human cannabinoid
CB, receptor; exclusively comparing the transmembrane
region increases the homology to 97% (Chakrabarti et al.,
1995; Shire et al., 1996). Although this difference between
rat and mouse may be small, it may occur in an essential
part of the receptor significant for agonist binding or
coupling.

In conclusion, not only does there appear to be a
species difference in the distribution of functional cannabi-
noid CB, receptors between the rat and mouse, there is
aso aregional difference in cannabinoid CB, receptor-in-
duced modulation of the sympathetic nervous system. In
the tissues examined in this study, the putative cannabinoid
CB, receptor was confined to the mouse vas deferens.
Furthermore, the examination of the inhibitory actions of
CP 55,940 in the rat vas deferens was inconclusive, al-
though a likely explanation is that there is a component of
cannabinoid CB, receptor action in conjunction with addi-
tional, non-selective effects.

Acknowledgements

The authors wish to thank Mr. Peter Coles and Mr.
Mark Ross-Smith for their technical assistance, Dr. Alan
D. Robertson, Dr. Gerard P. Moloney and Dr. Arthur
Christopoulos for valuable discussions and Dr. Michael
Lew for assistance in analysis of data relating to the Clark
Plot. The authors are grateful to Sanofi-Recherche for their
generous donation of SR 141716A and SR 144528. Ms.
Lucy Lay is a recipient of an Australian Postgraduate
Award (Industry) in partnership with AMRAD Operations.

References

Angus, JA., Broughton, A., Mulvany, M.J., 1988. Role of «-adrenocep-
torsin constrictor responses of rat, guinea pig and rabbit small arteries
to neural activation. J. Physiol. 403, 495-510.

Angus, JA., Harvey, K., 1981. Refractory period field stimulation of
right atriaz a method for studying pre-synaptic receptors in cardiac
autonomic transmission. J. Pharmacol. Methods 6, 51-64.

Chakrabarti, A., Onaivi, E.S., Chaudhuri, G., 1995. Cloning and sequenc-

ing of a cDNA encoding the mouse brain-type cannabinoid receptor
protein. DNA Sequence 5, 385—388.

Colquhoun, D., 1998. Binding, gating, affinity and efficacy: the interpre-
tation of structure—activity relationships for agonists and of the effects
of mutating receptors. Br. J. Pharmacol. 125, 924-947.

Cravatt, B.F., Giang, D.K., Mayfield, S.P., Boger, D.L., Lerner, RA.,
Gilula, N.B., 1996. Molecular characterization of an enzyme that
degrades neuromodulatory fatty acid amides. Nature 384, 83—-87.

Deutsch, D.G., Chin, S.A., 1993. Enzymatic synthesis and degradation of
anandamide, a cannabinoid receptor agonist. Biochem. Pharmacol. 46,
791-796.

Deutsch, D.G., Goligorsky, M.S., Schmid, P.C., Krebsbach, R.J., Schmid,
H.H.O., Das, SK., Dey, SK., Arreaza, G., Thorup, C., Stefano, G.,
Moore, L.C., 1997. Production and physiologica actions of anan-
damide in the vasculature of the rat kidney. J. Clin. Invest. 100,
1538-1546.

Devane, W.A., Dysarz Ill, F.A., Johnson, M.R., Melvin, L.S., Howlett,
A.C., 1988. Determination and characterization of a cannabinoid
receptor in rat brain. Mol. Pharmacol. 34, 605—613.

Devane, W.A., Hanus, L., Breuer, A., Pertwee, R.G., Stevenson, L.A.,
Graeme, G., Gibson, D., Mandelbaum, A., Etinger, A., Mechoulam,
R., 1992. Isolation and structure of a brain constituent that binds to
the cannabinoid receptor. Science 258, 1946—1949.

Galiegue, S, Mary, S., Marchand, J., Dussossoy, D., Carriere, D.,
Carayon, P., Bouaboula, M., Shire, D., Le Fur, G., Casellas, P., 1995.
Expression of central and peripheral cannabinoid receptors in human
immune tissues and leukocyte subpopulations. Eur. J. Biochem. 232,
54-61.

Ishac, E.JN., Jiang, L., Lake, K.D., Varga, K., Abood, M.E., Kunos, G.,
1996. Inhibition of exocytotic noradrenaline release by pre-synaptic
cannabinoid CB; receptors on peripheral sympathetic nerves. Br. J.
Pharmacol. 118, 2023—-2028.

Landsman, R.S., Burkey, T.H., Consroe, P., Roeske, W.R., Yamamura,
H.l., 1997. SR141716A is an inverse agonist at the human cannabi-
noid CB; receptor. Eur. J. Pharmacol. 334, R1-R2.

Lay, L., Moloney, G.P., Robertson, A.D., Angus, JA., Wright, C.E.,
1998. CB; agonists and antagonist display tissue and species differ-
encesin rat and mouse. In: IUPHAR Vol. 358 Naunyn-Schmiedeberg,
Munchen, p. R222.

Lew, M.J., Angus, JA., 1995. Analysis of competitive agonist—antagonist
interactions by non-linear regression. Trends Pharmacol. Sci. 16,
328-337.

Ludbrook, J., 1994. Repeated measurements and multiple comparisons in
cardiovascular research. Cardiovasc. Res. 28, 303—311.

Mackie, K., Hille, B., 1992. Cannabinoids inhibit N-type calcium chan-
nels in neuroblastoma-glioma cells. Proc. Natl. Acad. Sci. U.SA. 89,
3825-3829.

MacLennan, S.J., Reynen, P.H., Kwan, J., Bonhaus, D.W., 1998. Evi-
dence for inverse agonism of SR141716A a human recombinant
cannabinoid CB; and CB,, receptors. Br. J. Pharmacol. 124, 619-622.

Molderings, G.J., Gothert, M., 1998. Pre-synaptic imidazoline receptors
mediate inhibition of noradrenaline release from sympathetic nerves
in rat blood vessels. Fundam. Clin. Pharmacol. 12, 388—-397.

Molderings, G.J., Likungu, J., Gothert, M., 1999. Pre-synaptic cannabi-
noid and imidazoline receptors in the human heart and their potential
relationship. Naunyn-Schmiedeberg's Arch. Pharmacol. 360, 157—
164.

Mulvany, M.J., Halpern, W., 1977. Contractile properties of small arterial
resistance vessels in spontaneously hypertensive and normotensive
rats. Circ. Res. 41, 19-26.

Munro, S., Thomas, K.L., Abu-Shaar, M., 1993. Molecular characteriza-
tion of a peripheral receptor for cannabinoids. Nature 365, 61—65.
Pan, X., Ikeda, S.R., Lewis, D.L., 1998. SR 141716A acts as an inverse
agonist to increase neurona voltage-dependent Ca2* currents by
reversal of tonic CB! cannabinoid receptor activity. Mol. Pharmacol.
54, 1064-1072.

Pertwee, R., Griffin, G., Fernando, S., Li, X., Hill, A., Makriyannis, A.,



L. Lay et al. / European Journal of Pharmacology 391 (2000) 151-161 161

1995a. AM630, a competitive cannabinoid receptor antagonist. Life
Sci. 56, 1949-1955.

Pertwee, R.G., Fernando, S.R., 1996. Evidence for the presence of
cannabinoid CB; receptors in mouse urinary bladder. Br. J. Pharma-
col. 118, 2053—2058.

Pertwee, R.G., Fernando, S.R., Griffin, G., Abadji, V., Makriyannis, A.,
1995b. Effect of phenylmethylsulphonyl fluoride on the potency of
anandamide as an inhibitor of electrically evoked contractions in two
isolated tissue preparations. Eur. J. Pharmacol. 272, 73-78.

Pertwee, R.G., Fernando, S.R., Nash, J.E., Coutts, A.A., 1996a. Further
evidence for the presence of cannabinoid CB, receptors in guinea pig
small intestine. Br. J. Pharmacol. 118, 2199-2205.

Pertwee, R.G., Griffin, G., 1995. A preliminary investigation of the
mechanisms underlying cannabinoid tolerance in the mouse vas defer-
ens. Eur. J. Pharmacol. 272, 67-72.

Pertwee, R.G., Griffin, G., Lainton, JA.H., Huffman, JW., 1995c.
Pharmacological characterization of three novel cannabinoid receptor
agonists in the mouse isolated vas deferens. Eur. J. Pharmacol. 284,
241-247.

Pertwee, R.G., Joe-Adigwe, G., Hawksworth, G.M., 1996b. Further
evidence for the presence of cannabinoid CB, receptors in mouse vas
deferens. Eur. J. Pharmacol. 296, 169-172.

Pertwee, R.G., Stevenson, L.A., Elrick, D.B., Mechoulam, R., Corbett,
A.D., 1992. Inhibitory effects of certain enantiomeric cannabinoids in
the mouse vas deferens and the myenteric plexus preparation of
guinea pig small intestine. Br. J. Pharmacol. 105, 980—-984.

Pertwee, R.G., Stevenson, L.A., Griffin, G., 1993. Cross-tolerance be-
tween delta-9-tetrahydrocannabinol and the cannabimimetic agents,
CP 55,940,WIN 55,212-2 and anandamide. Br. J. Pharmacol. 110,
1483-1490.

Randall, M.D., Alexander, S.P.H., Bennett, R., Boyd, E.A., Fry, JR,,
Gardiner, SM., Kemp, P.A., McCulloch, A.l., Kendall, D.A., 1996.
An endogenous cannabinoid as an endothelium-derived vasorel axant.
Biochem. Biophys. Res. Commun. 229, 114-120.

Randall, M.D., Kendal, D.A., 1997. Involvement of a cannabinoid in
endothelium-derived hyperpolarizing factor-mediated coronary va-
sorelaxation. Eur. J. Pharmacol. 335, 205—209.

Rinaldi-Carmona, M., Barth, F., Heaulme, M., Shire, D., Calandra, B.,
Congy, C., Martinez, S., Maruani, J., Neliat, G., Caput, D., Ferrara,
P., Soubrie, P., Breliere, J.C., Le Fur, G., 1994. SR141716A, a potent
and selective antagonist of the brain cannabinoid receptor. FEBS Lett.
350, 240-244.

Rinaldi-Carmona, M., Barth, F., Millan, J., Derocg, JM., Casdlas, P.,

Congy, C., Oustric, D., Sarran, M., Bouaboula, M., Calandra, B.,
Portier, M., Shire, D., Breliere, J.C., Le Fur, G.L., 1998. SR 144528,
the first potent and selective antagonist of the CB, cannabinoid
receptor. J. Pharmacol. Exp. Ther. 284, 644—650.

Rinaldi-Carmona, M., Calandra, B., Shire, D., Bouaboula, M., Oustric,
D., Barth, F., Casdllas, P., Ferrara, P., Le Fur, G., 1996. Characteriza-
tion of two cloned human CB; cannabinoid receptor isoforms. J.
Pharmacol. Exp. Ther. 278, 871-878.

Shire, D., Calandra, B., Rinadi-Carmona, M., Oustric, D., Pessegue, B.,
Bonnin-Cabanne, O., Le Fur, G., Caput, D., Ferrara, P., 1996. Molec-
ular cloning, expression and function of the murine CB, periphera
cannabinoid receptor. Biochem. Biophys. Acta 1307, 132—136.

Shire, D., Carillon, C., Kaghad, M., Calandra, B., Rinadi-Carmona, M.,
Le Fur, G., Caput, D., Ferrara, P., 1995. An amino-terminal variant of
the central cannabinoid receptor resulting from aternative splicing. J.
Biol. Chem. 270, 3726-3731.

Sim, L.J,, Selley, D.E., Childers, S.R., 1995. In vitro autoradiography of
receptor-activated G proteinsin rat brain by agonist-stimulated guany-
lyl 5[(**Slthio]-triphosphate binding. Proc. Natl. Acad. Sci. U.SA.
92, 7242-7246.

Snedecor, G.W., Cochran, W.G., 1989. Statistical Methods. lowa State
University Press, Ames.

Stone, M., Angus, J.A., 1978. Developments of computer-based estima-
tion of pA, values and associated analysis. J. Pharmacol. Exp. Ther.
207, 705-718.

Ward, S.J., Mastriani, D., Casiano, F., Arnold, R., 1990. Pravadoline:
profile in isolated tissue preparations. J. Pharmacol. Exp. Ther. 255,
1230-1239.

White, R., Hiley, C.R., 1997. A comparison of EDHF-mediated and
anandamide-induced relaxations in the rat isolated mesenteric artery.
Br. J. Pharmacol. 122, 1573-1584.

White, R., Hiley, C.R., 1998. The actions of the cannabinoid receptor
antagonist, SR 141716A, in the rat isolated mesenteric artery. Br. J.
Pharmacol. 125, 689-696.

Wright, C.E., Angus, JA., 1996. Effects of N-, P- and Q-type neuronal
calcium channel antagonists on mammalian peripheral neurotransmis-
sion. Br. J. Pharmacol. 119, 49-56.

Wright, C.E., Angus, JA., Korner, P.l., 1987. Vascular amplifier proper-
ties in renovascular hypertension in conscious rabbits. Hindquarter
responses to constrictor and dilator stimuli. Hypertension 9, 122-131.

Zygmunt, P.M., Hogestatt, E.D., Waldeck, K., Edwards, G., Kirkup, A.J.,
Weston, A.H., 1997. Studies on the effects of anandamide in rat
hepatic artery. Br. J. Pharmacol. 122, 1679-1686.



