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1 Three cannabinoid receptor agonists, anandamide (CB1 receptor-selective) and the aminoalkyl-
indoles, JWH 015(2-methyl-1-propyl-1H-indol-3-yl)-1-napthalenylmethanone; (CB2 receptor-selective),
R-(+)-WIN 55,212-2 (R-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolol[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-napthalenylmethanone; slightly CB2 receptor-selective), as well as the enantiomer
S-(�)-WIN 55,212-3(S-(�)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolol[1,2,3-de]-1,4-ben-
zoxazin-6-yl]-1-napthalenylmethanone; inactive at cannabinoid receptors), induced endothelium-
independent relaxation of methoxamine-precontracted isolated small mesenteric artery of rat. KCL
(60 mM) precontraction did not affect relaxation to the aminoalkylindoles, but reduced that to
anandamide.

2 SR14176A (N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-
3-carboxamide; 3mM; CB1 receptor antagonist) inhibited relaxation only to JWH 015 and
anandamide. Neither AM 251 (N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carboxamide; CB1 antagonist) nor SR 144528 (N-[(1S)-endo-1,3,3-trimethyl bicy-
clo[2.2.1] heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide; CB2

antagonist; both at 3mM) affected any of the relaxations.

3 Vanilloid receptor desensitisation with capsaicin reduced anandamide relaxation; addition of SR
141716A (3 mM) then caused further inhibition. SR 141716A did not affect capsaicin-induced
relaxation.

4 The aminoalkylindoles inhibited CaCl2-induced contractions in methoxamine-stimulated vessels
previously depleted of intracellular Ca2+. These inhibitory effects were greatly reduced or abolished in
ionomycin-(a calcium ionophore) contracted vessels. Anandamide also caused vanilloid receptor-
independent, SR 141716A- (3 mM) insensitive, inhibition of CaCl2 contractions.

5 In conclusion, the aminoalkylindoles JWH 015, R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3
relax rat small mesenteric artery mainly by inhibiting Ca2+ influx into vascular smooth muscle.
Anandamide causes vasorelaxation by activating vanilloid receptors, but may also inhibit Ca2+ entry.
Relaxation to JWH 015 and anandamide was sensitive to SR 141716A, but there is no other evidence
for the involvement of CB1 or CB2 receptors in responses to these compounds.
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Introduction

The endogenous cannabinoid anandamide (N-arachidonyl

ethanolamide) is a vasorelaxant both in vivo and in vitro (see

Hillard, 2000 for review). Activation of the cannabinoid CB1

receptors by anandamide is believed to mediate its hypotensive

effects (Lake et al., 1997; Járai et al., 1999); however, recent

reports indicate that anandamide might also modulate regional

blood flow via multiple CB1 receptor-independent relaxant

mechanisms. In particular, Zygmunt et al. (1999) demon-

strated that anandamide is also an agonist of the vanilloid

receptor (VR1), activation of which results in the release of

CGRP, another vasorelaxant, from perivascular nerve end-

ings. In isolated mesenteric arteries, anandamide-induced VR1

receptor activation probably underpins the endothelium-

independent relaxation to anandamide (Zygmunt et al., 1999;

White et al., 2001). However, there is evidence that a

considerable component (50 – 60%) of anandamide-induced

relaxation remains in rat mesenteric arteries pretreated with*Author for correspondence; E-mail: crh1@cam.ac.uk
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the VR1 agonist capsaicin, which causes functional desensiti-

sation of the VR1 receptor system (White et al., 2001; Harris

et al., 2002). While the relaxant mechanisms underlying this

VR1- and endothelium-independent relaxation to anandamide

are unknown, this observation emphasised the complex

vasodilator actions of anandamide.

R-(+)-WIN 55,212-2(R-(+)-[2,3-dihydro-5-methyl-3-(4-mor-

pholinylmethyl)pyrrolol[1,2,3-de]-1,4-benzoxazin-6-yl]-1-nap-

thalenylmethanone) is a potent CB1 and CB2 receptor agonist

that is widely used to characterise cannabinoid receptors

(Showalter et al., 1996; Griffin et al., 1998). Considering that

this cannabinoid, which is inactive at VR1 receptors (Ross

et al., 2001), has been shown to produce mesenteric

vasorelaxation (White & Hiley, 1998a), the VR1-independent

component of anandamide relaxations could be mediated by

activation of cannabinoid receptors. However, R-(+)-WIN

55,212-2 was a much less effective vasorelaxant than expected

from its affinities towards both CB1 and CB2 receptors and its

relaxation was not affected by the CB1 receptor-selective

antagonist SR 141716A(N-(piperidin-1-yl)-5-(4-chlorophenyl)-

1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide)

(White & Hiley, 1998a; Wagner et al., 1999). Interestingly, SR

141716A has been shown to attenuate anandamide relaxations,

but this required higher concentrations of the antagonist than

expected from its affinity for the classical CB1 receptor (White

& Hiley, 1997; Zygmunt et al., 1997). Thus, although CB1

receptor mRNA and CB1-like immunoreactivity have been

detected in rat mesenteric arteries (Darker et al., 1998),

the involvement of cannabinoid receptors in relaxation to R-

(+)-WIN 55,212-2 and anandamide remains unresolved. As a

CB2-selective agonist, HU 308, has been shown to cause

hypotension in vivo (Hanus et al., 1999), it is possible that CB2

or CB2-like receptors are involved in cannabinoid-induced

mesenteric vasorelaxation.

In cat cerebral artery, relaxation to R-(+)-WIN 55,212-2

and anandamide appears to be the result of CB1-receptor-

mediated inhibition of L-type, voltage-gated, Ca2+ channels

(Gebremedhin et al., 1999). White & Hiley (1998a) also

provided evidence that R-(+)-WIN 55,212-2 inhibited Ca2+

entry upon membrane depolarisation in rat mesenteric arteries.

Ca2+ influx through L-type Ca2+ channels in vascular smooth

muscle plays an important role in the contractile effects of

many vasoconstrictors, including 5-hydroxytrptamine and

noradrenaline (Criddle et al., 1996). However, it remains to

be clarified if modulation of L-type Ca2+ channel activity

contributes to the relaxant effects of cannabinoids, including

R-(+)-WIN 55,212-2 and anandamide, in rat mesenteric

artery.

In this study, relaxation to three aminoalkylindoles,

R-(+)-WIN 55,212-2(R-(+)-[2,3-dihydro-5-methyl-3-(4-morpho-

linylmethyl)pyrrolol[1,2,3-de]-1,4-benzoxazin-6-yl]-1-napthalenyl-

methanone). S-(�)-WIN 55,212-3(S-(�)-[2,3-dihydro-5-methyl

-3-(4-morpholinylmethyl)pyrrolol[1,2,3-de]-1,4-benzoxazin-6-

yl]-1-napthalenylmethanone) and JWH 015 (2-methyl-1-pro-

pyl-1H-indol-3-yl)-1-napthalenylmethanone) has been investi-

gated in rat isolated small mesenteric artery. This defined

group of compounds was chosen because R-(+)-WIN 55,212-

2 and S-(�)-WIN 55,212-3 are enantiomers, with the former

being a cannabinoid agonist, but the latter is reported to have

no activity at CB1 or CB2 receptors (Felder et al., 1992; Slipetz

et al., 1995), and JWH 015 is a cannabinoid showing higher

CB2 receptor selectivity than R-(+)-WIN 55,212-2 (Showalter

et al., 1996). In order to further investigate cannabinoid-

induced mesenteric relaxation, cannabinoid receptor-selective

antagonists in addition to SR 141716A were also used. The

vasodilator actions of anandamide have also been compared to

those of the aminoalkylindole cannabinoids and the role of

Ca2+ influx in cannabinoid-induced relaxation investigated.

Methods

Myograph studies

Male Wistar rats (300 – 400 g; Tucks, Rayleigh, Essex or

Charles River U.K. Ltd, Margate, Kent) were killed with an

overdose of sodium pentobarbitone (120mgkg�1, i.p., Sagatal,

Rhone Mérieux, Harlow, Essex). Third-order branches of the

superior mesenteric artery (250 – 400mm) were removed and

segments (2mm) were mounted in a Mulvany – Halpern

myograph (Model 500A, J.P. Trading, Aarhus, Denmark)

containing gassed (95% O2/5% CO2) Krebs – Henseleit solu-

tion of the following composition (mM): NaCl 118, KCl 4.7,

MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, CaCl2 2.5, D-glucose

5.6 and indomethacin (10 mM), as described in White & Hiley

(1997). After 30 min equilibration under zero tension in

Krebs – Henseleit solution, vessels were normalised to a

tension equivalent to that generated at 90% of the diameter

of the vessel at 100 mmHg (Mulvany & Halpern, 1977). The

vessels were left for another 30min. The integrity of the

endothelium was then assessed by precontracting the vessel

with methoxamine (an a1-adrenoceptor agonist; 10mM),

followed by relaxation with carbachol (10 mM). Mesenteric

arteries with greater than 90% relaxation to carbachol were

designated as being endothelium-intact. In most experiments,

endothelium was removed by rubbing the intima with a human

hair and carbachol-induced relaxation of less than 10%

indicated successful removal. As for previous studies, en-

dothelial removal had no significant effect on methoxamine-

induced tone in the same preparation (control: 14.270.4mN;

after removal of the endothelium: 14.170.4 mN; n¼ 230).

Experiments in the presence of extracellular Ca2+

After the test for endothelial integrity, vessels were left for

30 min, and were then precontracted submaximally with

methoxamine (10 mM), which allowed construction of cumula-

tive concentration – relaxation curves to anandamide or an

aminoalkylindole. Each preparation was only tested with a

single agent.

To investigate relaxation mechanisms, cannabinoid antago-

nists, SR 141716A, AM 251 (N-(piperidin-1-yl)-5-(4-iodo-

phenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-car-

boxamide), and SR 144528 (N-[(1S)-endo-1,3,3-trimethyl

bicyclo[2,2,1] heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-

methylbenzyl)-pyrazole-3-carboxamide) or capsaicin were added

to the myograph bath 30min before, and were present during,

construction of the concentration – response curve. Methox-

amine-induced tone in any given preparation was not

significantly different before and after these treatments. In

experiments investigating the effects of the aminoalkylindoles

or anandamide on voltage-gated Ca2+ channels, vessels were

precontracted with high K+ (60mM) Krebs – Henseleit solu-

tion, which was prepared by equimolar substitution of NaCl

586 W.-S. Vanessa Ho & C. Robin Hiley Cannabinoid relaxation in rat mesenteric artery

British Journal of Pharmacology vol 139 (3)



for KCl in the standard Krebs – Henseleit buffer described

above. The mean tension generated by 60mM KCl

(15.070.8mN) was similar to the tone induced by 10mM

methoxamine in the endothelial integrity test of the same

vessels (15.970.8mN; n¼ 40).

In addition, vehicle controls were obtained by adding an

appropriate volume of the vehicle (anandamide: water-

dispersible emulsion; JWH 015: ethanol; R-(+)-WIN 55,212-

2 or S-(�)-WIN 55,212-3: dimethyl sulphoxide) to methox-

amine-precontracted vessels.

Ca2+-free experiments

Influx of extracellular Ca2+ through plasma membrane Ca2+

channels was examined in endothelium-denuded mesenteric

arteries depleted of intracellular Ca2+ stores according to the

methods described by White & Hiley (1998b). Briefly,

extracellular Ca2+ was removed by washing vessels with

Ca2+-free Krebs – Henseleit solution (composition the same as

normal Krebs – Henseleit buffer, but with CaCl2 omitted).

Ethylene glycol-bis (b-amino ethyl ether) tetraacetic acid

(EGTA) (1mM) was added to the organ bath, followed by a

series of additions of 10 mM methoxamine in order to deplete

the intracellular Ca2+ stores. Vessels were then washed with

Ca2+-free Krebs – Henseleit solution, 10 mM methoxamine was

added and a cumulative concentration – contraction curve to

CaCl2 (10mM – 10 mM) was then obtained. As concentration –

response curves to CaCl2 were found to be reproducible in any

given vessel, after a control curve and the washing process, a

second test curve was constructed in the presence of an

aminoalkylindole or antagonist (all with 30min preincubation).

When the effect of anandamide on CaCl2-induced contrac-

tions was examined, vessels were incubated with 10 mM

capsaicin for 60min in the presence of Ca2+ after the first

control curve in order to avoid the involvement of ananda-

mide-induced CGRP release through VR1 receptor activation,

which requires extracellular Ca2+ (Maggi & Meli, 1988). The

process of washing with Ca2+-free Krebs – Henseleit solution

was then repeated and followed by construction of the second

test curve in the presence of anandamide (with 30min

preincubation). Note that, in these experiments, capsaicin

was incubated for 60 min as our previous study (White et al.,

2001) showed that incubation with 10mM capsaicin for 60 min

followed by the washing-out process produced similar

inhibitory effects on VR1 receptor-mediated relaxation as

compared to 30min incubation of capsaicin without washing.

The involvement of cannabinoid receptors was investigated

by observing the effect of the presence of a cannabinoid

antagonist (with 30 min preincubation) before the addition of

an aminoalkylindole or anandamide. Contractions were

expressed as a percentage of the maximum contraction induced

by CaCl2 in the presence of 10mM methoxamine alone.

To further examine the roles of voltage-gated Ca2+

channels, ionomycin (a Ca2+ ionophore) was used to facilitate

Ca2+ entry. However, as the effects of ionomycin are

irreversible, a modified protocol was used. Endothelium-

denuded mesenteric arteries were depleted of intracellular

Ca2+ stores as described above, and this was followed by

incubation with 1 mM ionomycin for 30min. Contraction was

then induced by readmission of 2.5mM CaCl2 and responses to

an aminoalkylindole were recorded. For comparison, the

relaxant effects of these agents in vessels stimulated with

methoxamine (10 mM) under similar conditions were also

determined. Effects of vehicle (dimethyl sulphoxide or ethanol)

were also tested in ionomycin- and methoxamine-stimulated

vessels.

Data and statistical analysis

All relaxation responses are expressed as the percentage

relaxation of the tone induced by 10 mM methoxamine,

60 mM KCl or 1mM ionomycin. Values are given as mean7
s.e.m. and n represents the number of rats. As it was not

usually possible to fully define concentration – response curves

(solubility limitations prevented use of high enough concen-

trations to determine the maximum responses), potency is

expressed as pEC50% (the negative logarithm of the concentra-

tion giving 50% relaxation of the induced tone); these values

were determined directly from individual log concentration –

response curves. Statistical analysis was performed by two-way

analysis of variance, unless otherwise stated, of the entire

concentration – response curves, followed by Bonferroni post

hoc tests. For contractile responses to cumulative addition of

CaCl2, data are expressed as percentage of the maximum

contraction to CaCl2 in the presence of 10 mM methoxamine

alone. Statistical comparison was performed by Student’s

paired t-test at individual concentrations. In some cases,

Student’s unpaired t-test was also used to make comparisons

between treatment groups. Contractile responses to a single

addition of 2.5mM CaCl2 in the presence of methoxamine and

ionomycin were also compared by Student’s unpaired t-test.

P-values of less than 0.05 were taken as statistically significant.

Drugs

Methoxamine hydrochloride and carbachol (Sigma Chemical

Company, Poole, Dorset, U.K.) were dissolved in deionised

water. Indomethacin (Sigma) was dissolved in 5% w v�1

NaHCO3 solution. Capsaicin (Sigma), JWH 015 (Tocris

Cookson, Bristol, U.K.), SR 141716A, SR 144528, kind gifts

from Sanofi-Synthélabo, France), were dissolved in 100%

ethanol. Anandamide (Tocris) was supplied as a water-

dispersible emulsion. R-(+)-WIN 55,212-2, S-(�)-WIN

55,212-3, ionomycin (Sigma) and AM 251 (Tocris) were

dissolved in 100% dimethyl sulphoxide. EGTA (Sigma) was

dissolved in Ca2+-free Krebs – Henseleit solution.

Results

Effect of endothelial removal on vasodilator actions of
anandamide and the aminoalkylindoles

Anandamide, JWH 015 and R-(+)-WIN 55,212-2 (in descend-

ing order of potency) produced concentration-dependent

relaxation of endothelium-intact, methoxamine-precontracted,

rat isolated mesenteric arteries (Po0.01; Table 1). Removal of

the endothelium had no significant effect on relaxations to any

of these cannabinoids (Table 1). The enantiomer of R-(+)-

WIN 55,212-2, S-(�)-WIN 55,212-3, also produced endothe-

lium-independent relaxation with pEC50% values similar to

those for R-(+)-WIN 55,212-2 (Table 1). The limited

solubility of JWH 015, R-(+)-WIN 55,212-2 and S-(�)-WIN

55,212-3 in aqueous medium prevented the unequivocal
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determination of a maximum response; values given are those

relaxations obtained at the highest concentrations that could

be used. In view of the lack of influence of the endothelium, all

subsequent experiments were performed in vessels denuded of

the endothelium.

The vehicle for anandamide (a water-dispersible emulsion;

n¼ 4) had no effect on methoxamine-induced tone, while the

vehicles for JWH 015 (ethanol; n¼ 6) and R-(+)-WIN 55,212-2

or S-(�)-WIN 55,212-3 (dimethyl sulphoxide; n¼ 6) caused,

respectively, 1176 and 2678% relaxation of the precontrac-

tion tone in the greatest volumes used.

Relaxation to aminoalkylindole compounds under 60mM
KCl-induced tone

Precontracting vessels with 60 mM KCl, instead of methox-

amine, had no effect on relaxation to JWH 015 in endothe-

lium-denuded vessels (methoxamine: pEC50%¼ 5.570.1,

relaxation at 30 mM¼ 9373%, n¼ 6; KCl: pEC50%¼ 5.670.1

relaxation at 30mM¼ 9273%, n¼ 6).

Similarly, R-(+)-WIN 55,212-2 responses were not changed

by precontraction with 60mM KCl (methoxamine: pEC50%¼
4.770.1, relaxation at 60mM¼ 7674%, n¼ 6; KCl:

pEC50¼ 4.770.1, relaxation at 60mM¼ 7476%, n¼ 6). The

same was also true for its enantiomer S-(�)-WIN 55,212-3

(methoxamine: pEC50%¼ 4.870.1, relaxation at 60mM¼ 8573%,

n¼ 6; KCl: pEC50%¼ 4.970.1, relaxation at 60 mM¼ 9072%,

n¼ 4).

Effects of cannabinoid receptor antagonists on relaxation
to JWH 015 in methoxamine- or KCl-precontracted
vessels

The cannabinoid CB1 receptor antagonist SR 141716A, at

1 mM, had no significant effect on relaxation induced by JWH

015 in endothelium-denuded vessels (control: pEC50%¼
5.470.1, n¼ 8; 1mM SR 141716A: pEC50%¼ 5.570.2, n¼ 4;

Figure 1a). However, increasing the concentration of SR

141716A to 3mM significantly inhibited (Po0.01) relaxations

to JWH 015 and resulted in an apparent rightward shift of the

concentration – response curve (Figure 1a). The effect of 0.6%

v v�1 ethanol (vehicle for JWH 015; final concentration in

myograph bath) is also shown in Figure 1a. Figure 1b shows

that neither another CB1 receptor antagonist, AM 251 (1 mM)

nor the CB2 receptor antagonist SR 144528 (1 mM) had any

significant effect on relaxation to JWH 015 (control:

pEC50%¼ 5.670.2, n¼ 9; AM 251: pEC50%¼ 5.270.2, n¼ 5;

SR 144528: pEC50%¼ 5.470.2, n¼ 4). Increasing the concen-

trations of AM 251 or SR 144528 to 3 mM also revealed

no inhibitory effect (control: pEC50%¼ 5.770.1, relaxation at

30 mM¼ 9272%; AM 251: pEC50%¼ 5.970.1, relaxation

at 30mM¼ 8572%; SR 144528: pEC50%¼ 5.870.2, relaxation

at 30mM¼ 9671%, n¼ 4 – 6).

Using KCl to induce tone, 3 mM SR 141716A caused an

approximate four-fold rightward shift of the concentration –

response curve for JWH 015 (control: pEC50%¼ 5.770.1,

n¼ 4; SR 141716A: pEC50%¼ 5.170.1, n¼ 4; Po0.01;

Figure 1c).

Effects of antagonists on relaxation to R-(+)-WIN
55,212-2 and S-(�)-WIN 55,212-3 in methoxamine-
precontracted vessels

Relaxation to R-(+)-WIN 55,212-2 in endothelium-denuded

vessels was not affected by the presence of any of the

cannabinoid receptor antagonists, SR 141716A (3 mM), AM

251 (1 mM) or SR 144528 (1 mM) (control: pEC50%¼ 4.770.1,

n¼ 7; SR 141716A: pEC50%¼ 4.770.1, n¼ 4; AM 251:

pEC50%¼ 4.670.1, n¼ 5; SR 144528: pEC50%¼ 4.870.1,

n¼ 4 for all; Figure 2a). The effect of 0.9% v v�1 dimethyl

sulphoxide (vehicle for R-(+)-WIN 55,212-2 and S-(�)-WIN

55,212-3; final concentration in myograph bath) is also shown

in Figure 2a. As in the case for JWH 015, increasing the

concentration of AM 251 or SR 144528 to 3mM revealed no

inhibitory effect on relaxations to R-(+)-WIN 55212-2

(control: pEC50%¼ 4.970.1, relaxation at 60mM¼ 9074%;

AM 251: pEC50%¼ 4.870.1, relaxation at 60mM¼ 8673%;

SR 144528: pEC50%¼ 5.070.1, relaxation at 60mM¼ 9072%;

n¼ 5 – 6).

Similarly, the enantiomer S-(�)-WIN 55,212-3 also caused

endothelium-independent relaxation in methoxamine-precon-

tracted vessels that was insensitive to either of the cannabinoid

receptor antagonists SR 141716A (3 mM) or SR 144528 (1 mM)

(control: pEC50%¼ 4.970.1; SR 141716A: pEC50%¼ 5.070.2;

SR 144528: pEC50%¼ 4.870.2; n¼ 4 – 6; Figure 2b). SR

144528, at 3mM, also had no effect on relaxation to S-(�)-

WIN 55,212-3 (control: pEC50%¼ 5.170.1, relaxation at

60 mM¼ 9172%, n¼ 6; SR 144528: pEC50%¼ 5.170.1, relaxa-

tion at 60 mM¼ 9471%, n¼ 6).

Effects of aminoalkylindole compounds on CaCl2
contractions induced in the presence of methoxamine

All experiments were performed in endothelium-denuded

vessels depleted of intracellular Ca2+ and then exposed to

methoxamine (10 mM) in the absence of extracellular Ca2+.

Table 1 Relaxation to anandamide, JWH 015, R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3 in endothelium-intact or -denuded rat
isolated small mesenteric arteries

Cannabinoid Endothelium-intact Endothelium-denuded

pEC50% % Relaxation
(at concentration)

n pEC50% % Relaxation
(at concentration)

n

Anandamide 6.770.1 9372 (1mM) 6 6.770.1 9075 (1mM) 7
JWH 015 5.370.1 9071 (30mM) 4 5.270.2 9375 (30mM) 4
R-(+)-WIN 55,212-2 4.970.1 8772 (60mM) 3 4.770.1 7874 (60mM) 5
S-(�)-WIN 55,212-3 4.970.1 8972 (60mM) 4 4.970.1 8373 (60mM) 3

All vessels were precontracted with methoxamine. The concentrations given in parentheses are the highest that were used for a given
compound. Data are expressed as mean7s.e.m. pEC50% values were obtained directly from the individual log concentration response
curves. n indicates the number of animals used. No significant differences between relaxation in denuded and intact vessels were found.
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Under these conditions, addition of CaCl2 (0.01 – 10 mM)

caused concentration-dependent contractions up to 1 – 3mM

and produced relaxation at higher concentrations. JWH 015,

at 3mM only had a slight inhibitory effect on responses to

CaCl2, but increasing its concentration to 10 and 30mM

inhibited maximal contractions to CaCl2 by approximately

50% (Figure 3a). Whereas 3 mM SR 141716A (CB1 re-

ceptor antagonist) alone slightly inhibited the contraction to

CaCl2 (Figure 3b), it partially reversed the inhibitory effect of

10 mM JWH 015 (Figure 3c). However, SR 141716A (3 mM)

had no significant effect on the inhibitory effect of 30mM

JWH 015 (CaCl2 contractions at 1mM: control response

in the presence of 30mM JWH 015, 3778%; with 30mM JWH

015 and SR 141716A, 32713%; CaCl2 contractions at

3mM: in the presence of 30 mM JWH 015, 4679%; with

30 mM JWH 015 and SR 141716A, 2877%; n¼ 4 for all). On

the other hand, the CB2 receptor antagonist SR 144528

(1 mM) did not affect either the control contractions to

CaCl2 or those obtained in the presence of 10mM JWH 015

(Figure 3b,c).

R-(+)-WIN 55,212-2 (30 mM) also significantly inhibited

CaCl2-induced contractions (approximately 20% reduction in
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Figure 1 Concentration – response curves for JWH 015-induced relaxation of endothelium-denuded rat isolated mesenteric artery.
(a) Relaxation was elicited by JWH 015 alone (n¼ 8), and in the presence of 1 or 3mM SR 141716A (n¼ 4 for both), in
methoxamine-induced tone. The effect of 0.6% vv�1 ethanol (the vehicle for JWH 015 at the highest concentration used) is also
shown. n¼ 6. (b) Relaxation was elicited by JWH 015 alone (n¼ 9), and in the presence of 1mM AM 251 (n¼ 5) or 1 mM SR 144528
(n¼ 4), in methoxamine-induced tone. (c) Relaxation was elicited by JWH 015 alone, and in the presence of 3 mM SR 141716A, in
60mM KCl-induced tone, n¼ 4 for both. Values are shown as means and vertical lines represent s.e.m.
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maximal CaCl2-induced contraction; Figure 4a). Its enantio-

mer, S-(�)-WIN 55,212-3 (at 10 and 30mM but not 3 mM) also

reduced the maximal contractions to CaCl2 by approximately

40% (Figure 4b). The presence of SR 141716A (3 mM) or SR

144528 (1 mM) did not reverse the inhibitory effects of R-(+)-

WIN 55,212-2 (30 mM) or S-(�)-WIN 55,212-3 (10 mM) (data

not shown).

None of the aminoalkylindole compounds or the antago-

nists had any obvious effects on the relaxation to high

concentrations of CaCl2. In addition, the vehicles (dimethyl

sulphoxide or ethanol; 0.3% vv�1 final concentration in

myograph bath for both) alone also had no effect on responses

to CaCl2 (data not shown).

Effects of aminoalkylindole compounds on CaCl2
contractions induced in the presence of ionomycin

All vessels were denuded of endothelium, depleted of

intracellular Ca2+ stores and initially maintained in the

absence of extracellular Ca2+ as described in Methods.

Preliminary experiments demonstrated that the L-type, volt-

age-gated, Ca2+ channel blocker verapamil (10 mM) had almost

no effect on ionomycin-evoked contractions under the present

protocol (reduction in tone: 4.372.2%; n¼ 8), while the same

concentration of verapamil abolished methoxamine-induced

contraction (tension generated by 10mM methoxamine:

20.572.6mN; with verapamil: 0.770.1 mN; n¼ 3). Figure 5a

shows that the relaxant effects of JWH 015 (10 and 30mM)

were greatly reduced when the Ca2+ ionophore ionomycin

(1 mM), instead of methoxamine (10 mM), was used to allow

Ca2+ entry upon readmission of 2.5mM CaCl2. The ethanol

vehicle of JWH 015 (0.3% vv�1 final concentration in

myograph bath) had very little effect in vessels stimulated

with either methoxamine or ionomycin (Figure 5a).

Similarly, the relaxation to R-(+)-WIN 55,212-2 (30 mM)

and S-(�)-WIN 55,212-3 (30 mM) observed in methoxamine-

stimulated vessels was absent in ionomycin-stimulated vessels

(Po0.001, Figure 5b). In fact, under ionomycin-stimulated

tone, these cannabinoids produced small contractions that were

similar to that induced by their vehicle dimethyl sulphoxide

(0.3% vv�1 final concentration in myograph bath; Figure 5b).

Effects of capsaicin pretreatment and cannabinoid
receptor antagonists on relaxation to anandamide

Capsaicin pretreatment (10 mM for 30 min), which causes

CGRP release by means of activation of the vanilloid receptor

and results in functional desensitisation of the receptor system,

inhibited relaxation to anandamide (Po0.01; Figure 6) and

shifted the concentration – response curve to the right in a

nonparallel manner. The control pEC50% was 6.470.1 (n¼ 7)

but, in the presence of capsaicin, a 50% relaxation was not

always obtained, even at 30 mM (the mean response at this

concentration was 5677%, n¼ 4), and a pEC50% could not be

calculated. In contrast, the presence of the cannabinoid CB1

receptor antagonist SR 141716A (3 mM) alone caused an

essentially parallel rightward displacement of the concentra-

tion – response curve for anandamide of approximately three-

fold (SR 141716A: pEC50%¼ 6.070.1, n¼ 5; Po0.01;

Figure 6). Importantly, addition of 3 mM SR 141716A to

10 mM capsaicin-pretreated vessels caused further inhibition of

anandamide responses and, here, a 50% relaxation was not

observed and the maximum relaxation at 30mM anandamide

was 3076% (n¼ 5; significance from capsaicin alone, Po0.01;

Figure 6).

A contrasting result was obtained with another CB1 receptor

antagonist AM 251 (1 mM), which had no significant effect on

relaxation to anandamide (control: pEC50%¼ 6.670.1, relaxa-

tion at 10mM¼ 9073%; n¼ 8; AM 251: pEC50%¼ 6.570.2,

relaxation at 10 mM¼ 8675%; n¼ 8). Increasing the concen-

tration of AM 251 to 3 mM did not reveal an inhibitory effect
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Figure 2 Concentration – response curves for relaxation of endo-
thelium-denuded rat isolated mesenteric artery. (a) Relaxation was
elicited by R-(+)-WIN 55,212-2 alone, and in the presence of 3 mM

SR 141716A, 1 mM AM 251 or 1mM SR 144528, in methoxamine-
induced tone, n¼ 4 – 7. The effect of 0.9% v v�1 dimethyl sulphoxide
(the vehicle for R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3 at the
highest concentration used) is also shown. n¼ 6. (b) Relaxation was
elicited by S-(�)-WIN 55,212-3 alone, and in the presence of 3 mM

SR 141716A or 1 mM SR 144528, in methoxamine-induced tone.
n¼ 4 – 6. Values are shown as means and vertical lines represent
s.e.m.
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(control: pEC50%¼ 6.970.3, relaxation at 1 mM¼ 9372%;

n¼ 4; AM 251: pEC50%¼ 7.170.2, relaxation at 1mM¼
9077%; n¼ 4). Anandamide-induced relaxation (pEC50%¼
7.170.1, relaxation at 1 mM¼ 9272%; n¼ 9) was also

unaffected by the CB2 receptor antagonist SR 144528 (1 mM

SR 144528: pEC50%¼ 7.070.1, relaxation at 1mM¼ 9871%;

n¼ 4; 3 mM SR 144528: pEC50%¼ 6.9+0.1, relaxation at

1mM¼ 9771%; n¼ 6).
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Figure 3 Concentration – response curves for CaCl2-induced contractions of methoxamine-stimulated rat isolated mesenteric
arteries depleted of intracellular Ca2+ stores with EGTA as described in Methods. All vessels were denuded of endothelium. (a)
Responses to CaCl2 in the absence (n¼ 12) or presence of 3, 10 or 30 mM JWH 015 (n¼ 4 each) in a given vessel. (b) Responses to
CaCl2 in the absence (n¼ 10) and presence of SR 141716A (3 mM; n¼ 4) or SR 144528 (1 mM; n¼ 6) in a given vessel. (c) Responses to
CaCl2 in the absence (n¼ 14) and presence of 10 mM JWH 015, or of 10 mM JWH 015 plus either 3mM SR 141716A or 1mM SR
144528 in a given vessel. n¼ 4 – 6. In all panels, control curves were pooled for clarity and values are shown as means and vertical
lines represent s.e.m. Statistical comparisons were made by Student’s paired t-test at individual concentrations. *Po0.05,
**Po0.01, ***Po0.001 show significant differences from control. In (c), statistical comparisons of CaCl2 responses in the presence
of JWH 015 and JWH 015 plus a cannabinoid antagonist were also made by Student’s unpaired t-test. }Po0.05, }}Po0.01 show
significant differences from responses to CaCl2 in the presence of JWH 015.
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Effects of capsaicin pretreatment on relaxation to the
aminoalkylindoles

Capsaicin pretreatment (10 mM for 30 min) caused a slight

potentiation (Po0.01) of relaxation to JWH 015 (control:

pEC50%¼ 5.270.1, relaxation at 30mM¼ 8172%; capsaicin:

pEC50%¼ 5.470.1, relaxation at 30 mM¼ 9072%; n¼ 4 for

both). Similarly, responses to R-(+)-WIN 55,212-2 (pEC50%¼

4.870.1, relaxation at 60mM¼ 8676%; n¼ 3) were poten-

tiated (Po0.01) after capsaicin pretreatment (10 mM capsaicin

for 30min: pEC50%¼ 5.070.1, relaxation at 60mM¼ 8972%;

n¼ 4). Relaxation to S-(�)-WIN 55,212-3 was not significantly

affected by capsaicin pretreatment (data not shown).
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Figure 4 Concentration – response curves for CaCl2-induced con-
tractions of methoxamine-stimulated rat isolated mesenteric arteries
depleted of intracellular Ca2+ stores with EGTA as described in
Methods. All vessels were denuded of endothelium. (a) Contractions
to CaCl2 were determined in the absence and presence of 30 mM R-
(+)-WIN 55,212-2 in a given vessel. n¼ 6. (b) Contractions to CaCl2
were determined in the absence (n¼ 12) and presence of 3, 10 or
30 mM S-(�)-WIN 55,212-3 in a given vessel. n¼ 4 each. In both
figures, control curves were pooled for clarity and values are shown
as means and vertical lines represent s.e.m. Statistical comparisons
were made by Student’s paired t-test at individual concentrations.
*Po0.05, **Po0.01, ***Po0.001 indicate significant differences
from control values.
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Figure 5 Cannabinoid-induced relaxation of contractions to
2.5 mM CaCl2 in ionomycin- or methoxamine-stimulated rat isolated
mesenteric artery in the absence of extracellular Ca2+. All vessels
were denuded of endothelium and depleted of intracellular Ca2+

stores with EGTA as described in Methods. (a) Relaxation was
elicited by 10, 30 mM JWH 015 and 0.3% v v�1 ethanol (the vehicle
for JWH 015). n¼ 4 – 7. (b) Relaxation was elicited by 30 mM R-(+)-
WIN 55,212-2, 30 mM S-(�)-WIN 55,212-3 and 0.3% vv�1 dimethyl
sulphoxide (DMSO; the vehicle for both aminoalkylindoles). n¼ 4 –
7. In both figures, values are shown as means and vertical lines
represent s.e.m. Statistical comparisons were made by Student’s
unpaired t-test at individual concentrations. *Po0.05, **Po0.01,
***Po0.001 indicate significant differences from the corresponding
values using methoxamine.
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Effects of SR 141716A and 60mM KCl precontraction on
relaxation to anandamide and capsaicin

Unlike the aminoalkylindole compounds, anandamide-

induced relaxation was greatly reduced in vessels precon-

tracted with 60mM KCl (methoxamine: pEC50%¼ 6.570.1,

relaxation at 10 mM¼ 9672%; n¼ 4; KCl: relaxation at

10 mM¼ 29710%; n¼ 6; Po0.01). Also, as opposed to the

results with JWH 015, relaxation to anandamide under KCl-

induced tone was not significantly affected by the presence of

3 mM SR 141716A (KCl-induced tone with SR 141716A:

relaxation at 10mM¼ 2677%; n¼ 4).

In contrast to anandamide responses, capsaicin-induced

relaxation was inhibited under 60mM KCl-induced tone but

not significantly affected by the presence of 3 mM SR 141716A

(methoxamine-induced tone: pEC50%¼ 5.370.1, relaxation at

100 mM¼ 9671%; n¼ 6; KCl-induced tone: pEC50%¼
4.770.1, relaxation at 100mM¼ 8972%; n¼ 6; Po0.01;

methoxamine-induced tone with SR 141716A: pEC50%¼
5.170.1, relaxation at 100 mM¼ 9571%; n¼ 4).

Effects of anandamide and capsaicin on CaCl2 contrac-
tions induced in the presence of methoxamine

Capsaicin pretreatment (10 mM for 60 min) alone had no

significant effect on CaCl2-induced contractions or relaxations

(Figure 7). In capsaicin-pretreated vessels, anandamide at

10 mM, but not 1mM, reduced contractions to CaCl2 (Figure 7).

This inhibitory effect of anandamide (10 mM) was not affected

by 3 mM SR 141716A (data not shown).

Discussion

This study shows that the aminoalkylindole compounds, JWH

015, R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3, all caused

endothelium-independent relaxation of rat isolated small

mesenteric artery notwithstanding the fact that S-(�)-WIN

55,212-3 is generally considered to be inactive at CB1 and CB2

receptors. The relaxation appears to be explicable in terms of

the agents reducing Ca2+ entry into the vascular smooth

muscle. The endogenous cannabinoid anandamide also affects

Ca2+ entry into smooth muscle cells, although this appears to

have a lesser role in the relaxation because of the action of

anandamide in activating vanilloid receptors. Although

responses to JWH 015 and anandamide were sensitive to the

cannabinoid CB1 receptor antagonist SR 141716A, there is no

other substantial evidence for the involvement of the classical

CB1 and CB2 receptors in the vasorelaxation evoked by the

agents in the rat isolated small mesenteric artery.

If it is accepted that the responses to the aminoalkylindoles

are mediated through actions at a single target, then our results
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Figure 7 Concentration – response curves for CaCl2-induced con-
tractions of methoxamine-stimulated rat-isolated mesenteric arteries
depleted of intracellular Ca2+ stores with EGTA as described in
Methods. All vessels were denuded of endothelium. Control
responses to CaCl2 were determined in all vessels (n¼ 12), then
responses to CaCl2 were recorded after capsaicin pretreatment alone
or after capsaicin treatment and in the presence of either 1 or 10 mM

anandamide (n¼ 4 each). Control curves were pooled for clarity and
values are shown as means and vertical lines represent s.e.m.
Statistical comparisons were made by Student’s paired t-test at
individual concentrations. *Po0.05, **Po0.01 indicate significant
differences from control values.
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Figure 6 Concentration – response curves for anandamide-induced
relaxation of endothelium-denuded rat isolated mesenteric artery.
(a) Relaxation was elicited by anandamide alone or in the presence
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10 mM capsaicin. n¼ 4 – 7. Values are shown as means and vertical
lines represent s.e.m.
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strongly suggest the absence of a functional role for ‘classical’

CB1 and CB2 receptors in the relaxation response of the rat

small mesenteric artery. Firstly, S-(�)-WIN 55,212-3, an

enantiomer of R-(+)-WIN 55,212-2 that shows no activity

at CB1 or CB2 receptors (Felder et al., 1992; Slipetz et al.,

1995), produced endothelium-independent relaxation and was

at least as potent as R-(+)-WIN 55,212-2. Secondly, relaxa-

tion to both R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3

was not affected by the presence of the CB1 receptor-selective

antagonist SR 141716A (3 mM) or the CB2 receptor-selective

antagonist SR 144528 (1 or 3 mM), even though these

antagonists were used at a concentration at least 240-fold

greater than the Ki values reported for their preferred receptors

(SR 141716A, CB1: Ki ¼ 12.3 nM, CB2: Ki¼ 702 nM, Showalter

et al., 1996; SR 1445258, CB1: Ki¼ 437 nM, CB2: Ki¼ 0.6 nM,

Rinaldi-Carmona et al., 1998). Thirdly, JWH 015, which

shows a higher selectivity for the CB2 receptors than R-(+)-

WIN 55,212-2 (Showalter et al., 1996), caused endothelium-

independent relaxation that was insensitive to SR 144528 (1 or

3 mM). Although vasorelaxation induced by JWH 015 was

inhibited by SR 141716A (3 mM), suggesting potential involve-

ment of CB1 receptors, another CB1 receptor-selective antago-

nist AM 251 (1 or 3mM; CB1: Ki ¼ 7.5 nM, CB2: Ki¼ 2290 nM,

Lan et al., 1999) had no effect. Hence, the aminoalkylindole

cannabinoids JWH 015, R-(+)-WIN 55,212-2 and the non-

cannabinoid S-(�)-WIN 55,212-3 apparently cause mesenteric

vasorelaxation independently of the classical cannabinoid

receptors. These observations also argue against the presence

of functional CB1 or CB2 receptors in the smooth muscle cells

of rat small mesenteric artery, although it remains possible that

CB1-like receptors (Darker et al., 1998) that do not couple to

vasorelaxation mechanisms might be present (Holland et al.,

1999).

The present study has also examined the relaxant effects of

the putative endocannabinoid anandamide in order to

compare them with those of the aminoalkylindole compounds.

Anandamide-induced relaxation was endothelium-indepen-

dent and was greatly reduced in vessels pretreated with

capsaicin (10 mM for 30 min), which results in functional

desensitisation of the vanilloid receptor (VR1) system. In

contrast, capsaicin pretreatment either slightly potentiated or

had no significant effect on relaxation to the aminoalkylin-

doles. These results support the suggestion that anandamide,

but not aminoalkylindoles, relaxes the rat small mesenteric

artery mainly by activation of VR1 receptors on perivascular

sensory nerves (Zygmunt et al., 1999; White et al., 2001).

However, a significant component of anandamide-induced

relaxation remained in capsaicin-pretreated vessels (50 – 60%

relaxation: this study; White et al., 2001). Furthermore, longer

incubation (10 mM 60 min) or neonatal treatment with capsai-

cin failed to cause further inhibition (White et al., 2001; Harris

et al., 2002). These observations strongly suggest the presence

of additional relaxant mechanisms of anandamide. Indeed, a

previous study showed that relaxation to anandamide in the

rat coronary artery is mediated entirely by VR1-independent

mechanisms (White et al., 2001). It is noteworthy that

endothelium-dependent relaxant mechanisms of anandamide,

such as degradation of anandamide into vasoactive metabo-

lites (porcine coronary artery: Pratt et al., 1998) and

anandamide-induced release of nitric oxide (rat renal artery:

Deutsch et al., 1997), are unlikely to explain anandamide-

induced relaxation, since it is independent of a functional

endothelium in the rat small mesenteric artery (White & Hiley,

1997).

The CB1 cannabinoid receptor antagonist, SR 141716A

(3 mM), displaced the concentration – response curve for

anandamide in methoxamine-precontracted vessels to the right

with an estimated KD of about 1mM. This confirms our results

from an earlier study (White & Hiley, 1998a). Interestingly, the

inhibition by SR 141716A was additive to that caused by

capsaicin pretreatment. This is unlikely to be a result of the

antagonist inhibiting responses to VR1 receptor activation (De

Petrocellis et al., 2001), as the same concentration of SR

141716A (3 mM) had no significant effect on relaxation to

capsaicin. Therefore, as well as a VR1 receptor-mediated

mechanism, an additional SR 141716A-sensitive pathway also

contributes to anandamide-induced relaxation in methoxa-

mine-precontracted vessels. The classical CB1 and CB2

receptors are, however, unlikely to be involved as AM 251

and SR 144528 had no significant effect on the responses to

anandamide. Several studies have also reported a SR 141716A-

sensitive component of anandamide relaxation; however, this

response appeared to require the presence of a functional

endothelium (rabbit isolated mesenteric artery: Chaytor et al.,

1999; rabbit isolated aorta: Mukhopadhyay et al., 2002; rat-

perfused mesenteric bed: Wagner et al., 1999). Reasons for this

discrepancy remain unclear although species, as well as

regional, differences are possible contributing factors. It is

postulated that endothelium-dependent mechanisms might

have a larger role in anandamide-induced relaxation measured

using the perfused mesenteric bed preparation, where en-

dothelium removal caused a modest inhibition of anandamide

relaxations (Wagner et al., 1999; Harris et al., 2002).

Even though it is not possible to identify the receptors

mediating responses to the agents investigated here, the

possibility that they might share a common relaxant mechan-

ism was further examined. Contractions to a1-adrenoceptor

agonists, such as methoxamine, are initiated by Ca2+ release

from intracellular stores, which is followed by activation of

Ca2+-activated Cl� channels causing depolarisation of the

vascular smooth muscle cell membranes and activation of

voltage-gated Ca2+ channels (VGCC; Criddle et al., 1996). In

contrast, precontraction with depolarising K+ solution (60mM

KCl) is mediated almost entirely through opening of VGCC

(Karaki et al., 1997). Therefore, our observation that

endothelium-independent relaxation to the aminoalkylindoles

JWH 015, R-(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3 was

similar under methoxamine- and KCl-induced tone indicated

that they might act by inhibiting Ca2+ entry via VGCC. The

similarity of the responses under the two types of precontrac-

tion also suggests that these relaxations are independent of

effects due to the K+ gradient or actions on a1-adrenoceptors,

IP3-mediated release of intracellular Ca2+ stores or activation

of Ca2+-activated Cl� channels.

In order to provide further evidence for the involvement of

VGCC in relaxation to the aminoalkylindole compounds, we

examined their effects on contractions induced by cumulative

readdition of Ca2+ to methoxamine-stimulated vessels, which

had been depleted of intracellular Ca2+ stores. Under the

protocol employed, contractions to Ca2+ occur mainly

through Ca2+ influx following activation of VGCC in the

vascular smooth muscle (White & Hiley, 1998b). All the

aminoalkylindole compounds inhibited CaCl2-induced con-

tractions, between approximately 20% (R-(+)-WIN 55,212-2)
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and 40 – 50% (S-(�)-WIN 55,212-3 or JWH 015) of the

maximal contractions to CaCl2. As with relaxation in

methoxamine-precontracted tone, the effects of R-(+)-WIN

55,212-2 and S-(�)-WIN 55,212-3 on CaCl2-induced contrac-

tions were insensitive to the cannabinoid antagonists SR

141716A and SR 144528. It was noted that S-(�)-WIN 55,212-3

appeared to produce a larger inhibition of CaCl2 contractions

than R-(+)-WIN 55,212-2, while the two enantiomers tended

to show similar potencies in producing relaxation of precon-

tracted vessels, indicating the presence of relaxant mechanisms

other than inhibition of Ca2+ influx for R-(+)-WIN 55,212-2.

In the case of JWH 015, its inhibitory effect on CaCl2
contractions was also unaffected by SR 144528. However, SR

141716A (3 mM) partially reversed the inhibition of CaCl2
contractions induced by JWH 015, at 10mM but not 30mM,

consistent with our observation that 3mM SR 141716A reduced

the vasorelaxant potency of JWH 015 in KCl-precontracted

vessels. It follows that JWH 015 might evoke vasorelaxation

by multiple mechanisms in the rat mesenteric artery and that

only one component of JWH 015-induced inhibition of Ca2+

entry into vascular smooth muscle is sensitive to SR 141716A

(Figure 1). Nevertheless, it is likely that the SR 141716A-

insensitive component of JWH 015 responses, which probably

also involves negative modulation of VGCC, is shared with R-

(+)-WIN 55,212-2 and S-(�)-WIN 55,212-3.

The L-type VGCC is the likely channel involved in the

relaxation to the aminoalkylindole compounds as the L-type

channel blocker, verapamil, inhibits contractions to methox-

amine, KCl and CaCl2 (White & Hiley, 1998b; Ho & Hiley,

2003; this study). Importantly, the aminoalkylindoles, as well

as verapamil, caused either little or no relaxation in vessels

contracted by the Ca2+ ionophore iomomycin (Liu &

Hermann, 1978), excluding the possibility that aminoalkylin-

doles act by reducing the Ca2+ sensitivity of contractile

proteins in vascular smooth muscle. Together, our results

support the proposal that these cannabinoids in some way

reduce Ca2+ entry via L-type channels. Nevertheless, as

VGCC-independent effects have also been reported for

verapamil (e.g. modulation of muscarinic receptors, Ellis &

Seidenberg, 2000; inhibition of epithelial Na+ transport, Segal

et al., 2002), direct studies of voltage-dependent Ca2+ currents

in the smooth muscle cells are necessary to confirm the role of

L-type VGCC in cannabinoid-induced relaxation of rat

mesenteric arteries.

Cannabinoids, through activation of CB1 receptors, are

known to modulate the activity of several ion channels. They

cause inhibition of P/Q-, N- or L-type, voltage-gated, Ca2+

channels as well as activation of inwardly rectifying K+

channels in neurons (see Pertwee, 1997 for review). In vascular

smooth muscle cells, however, CB1 receptor-mediated inhibi-

tion of the L-type Ca2+ channel has only been reported in cat

cerebral artery (Gebremedhin et al., 1999). Here, we have

found that the actions of the aminoalkylindole agents in the rat

mesenteric artery could be explained by modulation of Ca2+

channels, probably L-type Ca2+ channels, via non-CB1, and

non-CB2 receptor mechanisms. In fact, R-(+)-WIN 55,212-2

and S-(�)-WIN 55,212-3, at concentrations higher than 1mM,

also inhibit N- and P/Q-type Ca2+ channels by cannabinoid

receptor-independent mechanisms in rat hippocampal neurons

(Shen & Thayer, 1998). Interestingly, another structurally

unrelated cannabinoid receptor agonist, CP 55,940, might also

inhibit mesenteric contractions due to activation of VGCC

(White & Hiley, 1998a). In fact, abnormal-cannabidiol (Ho &

Hiley, 2003), which is a cannabinoid derivative without

activities at CB1 or CB2 receptors, and, paradoxically, the

cannabinoid antagonist SR 141716A (43mM; White & Hiley,

1998b) have also been reported to inhibit Ca2+ influx activities

in the rat mesenteric artery. At present, the mechanisms by

which these structurally diverse cannabinoids reduce Ca2+

influx are unclear. Importantly, it remains to be determined if

they act via common or similar pathways; indeed, direct

binding of cannabinoids to VGCC has been proposed by

Johnson et al. (1993) and Shen & Thayer (1998).

The possibility that anandamide also reduces Ca2+ influx is

supported by the observation that, at a concentration of

10 mM, it inhibited contractions to CaCl2 in methoxamine-

stimulated vessels which had been previously treated with

capsaicin and depleted of intracellular Ca2+. This might be

explained by the ability of anandamide to bind directly to the

L-type Ca2+ channels with low affinity (Ki¼ 15mM; Johnson

et al., 1993). However, in contrast to the case of the

aminoalkylindoles, modulation of VGCC would apparently

have a minor role in anandamide-induced relaxation of

methoxamine-precontracted vessels as anandamide responses

were markedly inhibited under KCl-induced tone. In addition,

the relaxation of KCl-precontracted vessels and the inhibition

of CaCl2 contractions induced by anandamide (unlike that

induced by JWH 015) were not affected by SR 141716A

(3 mM). Thus, the SR 141716A-sensitive component of

anandamide relaxation might involve actions on any contrac-

tile mechanism that is bypassed by direct membrane depolar-

isation, such as Ca2+ release from intracellular stores and

opening of Ca2+-activated Cl� channels (Zygmunt et al., 1997;

White & Hiley, 1998a), or activation of K+ channels, although

earlier reports indicated that K+ channels were unlikely to be

involved (White & Hiley, 1997; Zygmunt et al., 1997). These

observations suggest that there are both SR 141716A-sensitive

and -insensitive vasorelaxation mechanisms which mediate the

relaxation to anandamide in capsaicin-pretreated, small

mesenteric artery of the rat.

Our results suggest that VR1 receptor activation cannot

explain fully the relaxant effects of anandamide in the rat small

mesenteric artery, and hence provide further evidence for the

complex vasodilator actions of anandamide, which are

dissimilar to those of the aminoalkylindoles. Of note, a recent

report showed that anandamide-induced hypotension, which

was partially inhibited by SR 141716A, also involved

activation of VR1 receptors (Malinowska et al., 2001). In

fact, the presence of multiple vasorelaxation mechanisms for

anandamide might, at least in part, explain its different

systemic or regional haemodynamic profile from other

synthetic cannabinoids (Wagner et al., 2001).

To conclude, the present study shows that the amino-

alkylindole compounds, JWH 015, R-(+)-WIN 55,212-2 and

its enantiomer S-(�)-WIN 55,212-3, cause endothelium-

independent relaxation of rat small mesenteric artery mainly

by reducing Ca2+ entry into the vascular smooth muscle,

which is independent of the recognised cannabinoid CB1 and

CB2 receptors. A likely target of these cannabinoids is the

L-type VGCC in the vascular smooth muscle cells. In addition,

the putative endocannabinoid anandamide, at high concentra-

tions, might also modify Ca2+ entry in smooth muscle by

vanilloid receptor-independent pathways. However, activation

of the vanilloid receptors and, to a lesser extent, a SR
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141716A-sensitive pathway also appear to be the mechanisms

by which anandamide causes vasorelaxation in this prepara-

tion.
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