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1 The e�ects of the endocannabinoid, anandamide, and its metabolically stable analogue,
methanandamide, on induced tone were examined in sheep coronary artery rings in vitro.

2 In endothelium-intact rings precontracted to the thromboxane A2 mimetic, U46619, anandamide
(0.01 ± 30 mM) induced slowly developing concentration-dependent relaxations (pEC50 [negative log
of EC50]=6.1+0.1; Rmax [maximum response]=81+4%). Endothelium denudation caused a 10 fold
rightward shift of the anandamide concentration-relaxation curve without modifying Rmax.
Methanandamide was without e�ect on U46619-induced tone.

3 The anandamide-induced relaxation was una�ected by the cannabinoid receptor antagonist, SR
141716A (3 mM), the vanilloid receptor antagonist, capsazepine (3 and 10 mM) or the nitric oxide
synthase inhibitor, L-NAME (100 mM).

4 The cyclo-oxygenase inhibitor, indomethacin (3 and 10 mM) and the anandamide amidohydrolase
inhibitor, PMSF (70 and 200 mM), markedly attenuated the anandamide response. The anandamide
transport inhibitor, AM 404 (10 and 30 mM), shifted the anandamide concentration-response curve
to the right.

5 Precontraction of endothelium-intact rings with 25 mM KCl attenuated the anandamide-induced
relaxations (Rmax=7+7%), as did K+ channel blockade with tetraethylammonium (TEA; 3 mM) or
iberiotoxin (100 nM). Blockade of small conductance, Ca2+-activated K+ channels, delayed recti®er
K+ channels, KATP channels or inward recti®er K+ channels was without e�ect.

6 These data suggest that the relaxant e�ects of anandamide in sheep coronary arteries are
mediated in part via the endothelium and result from the cellular uptake and conversion of
anandamide to a vasodilatory prostanoid. This, in turn, causes vasorelaxation, in part, by opening
potassium channels.
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Introduction

The endocannabinoid, anandamide, has been shown to exert
potent dilator e�ects in a variety of vascular beds and

preparations (Randall et al., 1996; Fulton &Quilley, 1998; Pratt
et al., 1998; Zygmunt et al., 1999), and to induce hypotension in
conscious and anaesthetized rats and guinea-pigs (Lake et al.,

1997; Calignano et al., 1997). However, its precisemechanism(s)
of vasorelaxation remains as yet unclear and controversial
(Randall & Kendall, 1998a; Kunos et al., 2000).

In the rat mesenteric and coronary vaculatures, ananda-
mide-induced relaxations were independent of the endothe-
lium and endothelium-derived relaxing factors (Randall et al.,
1996; Plane et al., 1997; White & Hiley, 1997). By contrast,

the anandamide e�ect in rat renal arterioles, bovine coronary
arteries and rabbit cerebral and mesenteric arteries was

endothelium-dependent and/or susceptible to blockade by
nitric oxide synthase (Deutsch et al., 1997) or cyclo-

oxygenase inhibition (Ellis et al., 1995; Pratt et al., 1998;
Fleming et al., 1999). Similarly, in several studies in rat
coronary, mesenteric, renal and rabbit mesenteric arteries, the

vasorelaxant e�ects of anandamide were antagonized by the
selective cannabinoid (CB1) receptor antagonist, SR 141716A,
suggesting the involvement of CB1 receptors (Randall et al.,

1996; Deutsch et al., 1997; White & Hiley, 1997; Fulton &
Quilley, 1998; Chaytor et al., 1999). In contrast, the relaxant
e�ect of anandamide in other studies in rat mesenteric and
bovine coronary arteries was SR 141716A-resistant (Plane et

al., 1997; Pratt et al., 1998; Zygmunt et al., 1999). Indeed, in
a recent study in guinea-pig basilar and rat hepatic and
mesenteric arteries, anandamide-induced relaxation was

unrelated to either the endothelium or cannabinoid receptors,
but attributable to vanilloid VR1 receptors located on
perivascular sensory nerves (Zygmunt et al., 1999).
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The precise cellular mechanisms underlying anandamide-
induced vasorelaxations are also unclear. The ability of raised
external K+ concentrations (to 25 ± 60 mM) to abolish or

attenuate anandamide-induced relaxations is suggestive of the
involvement of K+ channel activation (Randall et al., 1996;
Plane et al., 1997; White & Hiley, 1997; 1998b; Zygmunt et al.,
1997). However, the identity of the K+ channels involved

remains unclear. Whereas several studies in rat mesenteric
arteries suggested a role for the large conductance, Ca2+-
activated K+ (BKCa) channels (Plane et al., 1997; Ishioka &

Bukoski, 1999), others did not (White &Hiley, 1997; Randall &
Kendall, 1998b; Fulton & Quilley, 1998). By contrast,
anandamide was found to inhibit delayed recti®er K+ (KV)

currents in rat aortic and hepatic arterial myocytes (Zygmunt et
al., 1997; Van den Bossche & Vanheel, 2000). Furthermore,
anandamide-induced relaxation has also been attributed to the

inhibition of L-type Ca2+ currents in cat cerebral arterioles
(Gebremedhin et al., 1999) and to the inhibition of intracellular
Ca2+ mobilization in rat hepatic arteries (Zygmunt et al., 1997).
The contribution of vascular tissue and/or species di�erences

to this heterogeneity of vascular action of anandamide is not
clear. The aim of this study, therefore, was to characterize the
possible mechanism(s) underlying the relaxant e�ects of

anandamide in the sheep coronary artery, by examining, ®rstly,
the possible involvement of the vascular endothelium,
endothelium-derived relaxing factors, cannabinoid and vanil-

loid receptors and, secondly, the putative role of potassium
channels in its actions. Preliminary ®ndings of the study have
been previously reported (Grainger et al., 2000).

Methods

Tissue preparation

Sheep hearts were collected from a local abattoir and

delivered to the laboratory in cold Krebs-Henseleit solution.
The circum¯ex coronary artery was carefully dissected and
cleared of fat and connective tissue. Two adjacent rings

(*4 mm in length and 1.2 ± 2.2 mm in outer diameter) were
removed from each artery and mounted under 2 g resting
tension, via two stainless steel hooks, in a 10 ml organ bath
containing pre-warmed (378C) and aerated (with 95%O2 and

CO2) Krebs-Henseleit solution. The composition of the
Krebs-Henseleit solution was as follows (mM): NaCl 118,
NaHCO3 25, KCl 4.7, KH2PO4 1.2, MgCl2 1.2, CaCl2 2.5

and glucose 11.1; pH adjusted to 7.4 with 1 M HCl. Some of
the rings were deliberately endothelium denuded, by rubbing
and rolling them around stainless steel forceps, before being

mounted. Successful removal of the endothelium was
con®rmed by the lack of relaxant response (510%) to the
calcium ionophore, A23817 (0.3 mM) following precontraction

to the thromboxane A2-mimetic, U46619. Isometric tension
was monitored via a force displacement transducer (FT03,
Grass Instruments) connected to a Grass 79D polygraph.
Tissues were allowed to equilibrate for 90 min and challenged

with KCl (60 mM) to assess viability.

Experimental protocol

The e�ects of anandamide were always examined in paired
rings derived from the same arteries. In the ®rst series of

experiments, the e�ects of anandamide and its metabolically
stable analogue, methanandamide, on U46619-induced tone
in endothelium intact arterial rings were examined. Rings

were pre-contracted to U46619 and once the contractions had
stabilized, they were randomized to cumulative addition of
anandamide (0.01 ± 30 mM), methanandamide (0.01 ± 30 mM),
or vehicle (ethanol or 1 : 1 Soya oil/water emulsion). The

e�ect of endothelium denudation on the relaxant e�ect of
anandamide was similarly examined by pre-contracting pairs
of endothelium-intact and denuded rings to U46619, followed

by cumulative additions of anandamide (0.01 ± 30 mM) in half-
log molar concentrations until the maximum possible
relaxation was attained.

All subsequent experiments were performed using rings
with intact endothelium. To examine the possible role of
cannabinoid (CB) and vanilloid (VR) receptors in the

anandamide e�ect, paired rings were pretreated for 30 min
with either the selective CB1 receptor antagonist, SR 141716A
(3 mM; White & Hiley, 1998a), the VR1 receptor antagonist,
capsazepine (3 and 10 mM; Szallasi & Blumberg, 1999), or

vehicle (i.e., control). Similarly, the possible role of the
EDRFs, nitric oxide and prostanoids, in the anandamide
e�ect was examined by pretreating paired rings for 30 min

with either the NO synthase inhibitor, L-NAME (100 mM),
the cyclo-oxygenase inhibitor, indomethacin (3 and 10 mM),
or vehicle. To test whether prior cellular uptake and

metabolic conversion of anandamide to arachidonic acid is
required for the anandamide e�ect, rings were pretreated for
30 min with either the anandamide transport inhibitor, AM

404 (10 and 30 mM; Beltramo et al., 1997), the amidohy-
drolase inhibitor, phenylmethylsulphonyl ¯uoride (PMSF; 70
and 200 mM; Pertwee et al., 1995), or vehicle. Likewise, the
possible role of cytochrome P450 metabolites in the

anandamide e�ect was examined by pretreating rings for
30 min with either 17-ODYA (5 and 10 mM), miconazole (1
and 10 mM; Zou et al., 1994), or vehicle. In each case, after

the pretreatment period, both drug treated and control rings
were precontracted to U46619 and relaxed to cumulative
concentrations of anandamide, as before. The selectivity of

action of AM 404, PMSF and miconazole was further
examined by evaluating their e�ect on the actions of a variety
of vasorelaxant agents. Following pretreatment for 30 min
with of AM 404, PMSF, miconazole, or vehicle, paired rings

were precontracted to U46619 and randomized to cumulative
additions of adenosine (0.01 ± 100 mM), glyceryl trinitrate
(GTN; 0.1 ± 1000 nM), levcromakalim (0.01 ± 3 mM), or the

calcium ionophore, A23187 (1 ± 1000 nM), until the maximal
relaxation was achieved.

Finally, the putative role of potassium channels in the

vasorelaxant e�ects of anandamide was examined. To assess
the possible involvement of K+ channel activation, paired
rings were precontracted, one to U46619 and the other

following exposure to 25 mM K+-containing Krebs-Henseleit
solution (Adeagbo & Triggle, 1993), and maximally relaxed
by cumulative addition of anandamide. The 25 mM K+

Krebs-Henseleit solution was prepared by equimolar sub-

stitution of NaCl with KCl in the standard Krebs-Henseleit
solution. To provide further insight into the identity of the K
channel(s) involved, paired rings were randomized to 30 min

pretreatment with either vehicle or one of the potassium
channel blockers, TEA (1 and 3 mM), iberiotoxin (100 nM),
4-aminopyridine (1 mM), glibenclamide, (3 and 10 mM),
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apamin (1 mM), or barium (100 mM; Nelson & Quayle, 1995).
Thereafter, rings were precontracted to U46619 and
maximally relaxed to anandamide, as before.

Data and statistical analysis

All relaxation responses were expressed as a percentage of

the initial U46619 or KCl-evoked contraction and are
reported as mean+s.e. mean (n=number of coronary artery
rings). pEC50 values for the relaxant agents refer to the

negative log concentration of the agent that produced half
(50%) the maximal relaxation. EC50 values were obtained
from each concentration-relaxation curve by ®tting the

normalized data to the four-parameter logistic equation
(GraphPad PRISM V3):

(1) Y�Bottom� (Top-Bottom)/1� 10(LogEC50-X).HillSlope (1)

Where X is the logarithm of drug concentration and Y is
the response; Bottom is the lower response plateau, Top is

the upper response plateau, equivalent to the per cent
maximal relaxation response (Rmax), EC50 is the X value
when Y is halfway between Bottom and Top and HillSlope

is the slope factor that describes the steepness of the curve.
Mean pEC50 and Rmax values for anandamide and all

other relaxant agents in control and treated rings were

compared using paired Student's t-test or analysis of variance
(ANOVA), followed by Dunnett's post-hoc test, as appro-
priate. P values less than 0.05 were considered statistically

signi®cant.

Drugs

Anandamide was obtained from Sigma (Sigma Chemical
Company, Poole, Dorset, U.K.) or Tocris Cookson (Bristol).
Anandamide (Sigma) was supplied as a yellowish oil and was

dissolved in 100% ethanol (10 mg.ml71 stock) and stored at
7208C. Serial dilutions were prepared daily, ®rst in 50%
(v v71) ethanol and, subsequently, in Krebs-Henseleit solu-

tion. Anandamide (Tocris), used in some of the initial studies,
was formulated in a 1 : 1 Soya oil/water emulsion and stored
at +48C. Serial dilutions were prepared daily in Krebs-
Henseleit solution. No di�erences in relaxant potency or

e�cacy were observed between the two samples of
anandamide, and neither vehicle exhibited any relaxant
e�ects on their own. Accordingly, respective drug and

vehicle-treated data were pooled for analysis. Stock solutions
of R(+)-methanandamide (Tocris) were prepared, stored and
diluted daily as described above for anandamide (Sigma).

4-Aminopyridine, tetraethylammonium bromide, apamin,
adenosine (Sigma), barium chloride (BDH) and iberio-
toxin (RBI) were dissolved in de-ionized water and serially

diluted, where necessary, in Krebs-Henseleit solution. Indo-
methacin and GTN (Sigma) were dissolved in Krebs-Henseleit
solution. All other drugs were dissolved in 100% ethanol.
These included NG-nitro-L-arginine methyl ester (L-NAME),

phenylmethylsulphonyl ¯uoride (PMSF), 9,11-dideoxy-11a,
9a-epoxymethanoprostaglandin F2a (U46619), miconazole,
A23187 (Sigma), capsazepine, 17-octadecynoic acid (17-

ODYA), AM 404 (Tocris), glibenclamide (gifted by Smith-
Kline Beecham, Surrey, U.K.) and SR 141716A (N-(piper-
idin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-

1H-pyrazole-3-carboxamide (gifted by Sano® Recherche,
Montpellier, France).

Results

Effects of anandamide and methanandamide on
U46619-induced tone in endothelium-intact sheep
coronary arteries

The e�ects of anandamide and its metabolically stable
analogue, methanandamide, on U46619-contracted sheep
coronary arteries are shown in Figure 1a. Anandamide

(0.01 ± 30 mM) caused concentration-dependent relaxation of
U46619-induced tone in rings with intact endothelium, with a
mean pEC50 of 6.08+0.1 and Rmax of 80.8+3.6% (n=17).

The relaxant e�ects were slow in onset and took about 10 ±
12 min to peak. By contrast, methanandamide (0.01 ± 30 mM)
did not a�ect U46619-induced tone in endothelium-intact
rings. Methanandamide tended to increase arterial tone at

higher concentrations. However, the increases were similar to
those seen in vehicle (ethanol or Soya oil/water)-treated rings,
and these, in turn, were not statistically di�erent from the

small time-dependent increases in tone observed in time-
matched control rings (Figure 1a).

Effects of the cannabinoid and vanilloid receptor
antagonists, SR 141716A and capsazepine, on
anandamide-induced vasorelaxation

Pre-treatment of endothelium-intact rings with the selective
CB1 receptor antagonist, SR 141716A (3 mM), or the VR1
receptor antagonist, capsazepine (3 and 10 mM), did not

modify anandamide-induced relaxations (Figure 1b, c). Mean
pEC50 and Rmax values for anandamide in SR 141716A
(3 mM)-treated rings were 6.16+0.12 and 85.9+5.6%,

compared with 5.96+0.20 and 96.2+3.7%, respectively, in
control rings (n=5). Similarly, the mean pEC50 and Rmax

values for anandamide in capsazepine (3 and 10 mM)-treated

rings (5.86+0.14, 87.5+4.5% and 6.13+0.13, 82.2+7.0%,
respectively) were not di�erent from those in control rings
(5.95+0.11 and 86.5+5.6%; n=4±10).

Effect of endothelium denudation on anandamide-induced
vasorelaxation

Removal of the endothelium resulted in a signi®cant reduction
in the vasorelaxant potency of anandamide (Figure 2a). Thus,
in endothelium-denuded rings, the concentration-response

curve to anandamide was shifted rightward by 10 fold (mean
pEC50 reduced from 6.06+0.10 in endothelium-intact rings to
5.06+0.12; P50.01; n=7). Rmax for anandamide, however,

remained una�ected (86.8+4 and 95.6+2.5% in endothelium-
denuded and intact rings, respectively). In view of this, all
subsequent experiments were performed in endothelium-intact
vessels, unless otherwise indicated.

Effects of L-NAME and indomethacin on
anandamide-induced vasorelaxation

As shown in Figure 2b, pretreatment with the nitric oxide
synthase inhibitor, L-NAME (100 mM), did not signi®cantly
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a�ect the relaxant e�ects of anandamide (mean pEC50 and
Rmax values were 5.65+0.20 and 94.3+6.9% in treated rings,
compared with 5.70+0.20 and 90.9+4.3% in control rings;

n=5). By contrast, the cyclo-oxygenase inhibitor, indo-
methacin (3 and 10 mM), attenuated anandamide-induced
relaxations, signi®cantly reducing the Rmax from 91.4+6.4%
in control rings to 32.5+15% and 15.2+10.5%, respectively,

in indomethacin-treated rings (P50.01; n=4±8; Figure 2c).
Indomethacin (10 mM) also markedly attenuated anandamide-
induced relaxations in endothelium-denuded rings, reducing

the Rmax from 91.6+4.9% in control rings to 18.6+10.0%
(P50.01; n=7).

Effects of PMSF and AM 404 on anandamide-induced
vasorelaxation

The e�ects of the anandamide amidohydrolase inhibitor
(PMSF) and transport inhibitor (AM 404) on anandamide-
induced vasorelaxation are shown in Figure 3. Pretreatment
with PMSF (70 and 200 mM) resulted in a marked attenuation

of the relaxant e�ects of anandamide, the Rmax being
signi®cantly reduced from 95.1+3.1% in control rings to
17.5+11.2 and 7.9+16.7%, respectively, in treated rings

(P50.01; n=5±11; Figure 3a). By contrast, PMSF (200 mM)
did not modify relaxant responses to A23187, adenosine or
GTN (Table 1).

Figure 3b shows that pretreatment with AM 404 (10 and
30 mM) also resulted in a concentration-dependent reduction
in the vasorelaxant potency of anandamide. Thus, in the

presence of AM 404 (10 and 30 mM), the concentration-
response curve to anandamide was shifted rightward by 4.4
and 7.9 fold, respectively (pEC50 reduced from 6.07+0.16 in
control rings to 5.42+0.15 and 5.17+0.20, respectively, in

treated rings; P50.01; n=4±13). The Rmax for anandamide,
however, was only signi®cantly reduced at the higher dose of
AM 404, from 95.2+2.4% in control rings to 82.7+1.9%

(P50.05). As shown in Table 1, AM 404 (30 mM) did not
a�ect the relaxant e�ects of adenosine or GTN, although it
did induce a signi®cant rightward shift in the concentration-

relaxation curve to A23187.

Figure 1 Concentration-response curves for anandamide and
methanandamide in endothelium-intact sheep coronary arteries
precontracted to U46619. (a) Comparison of the e�ects of
anandamide (n=17), methanandamide (n=7) and vehicle (ethanol
or Soya oil/water emulsion; n=7) on U46619-induced tone. (b)
E�ects of 30 min pretreatment with SR 141716A (3 mM) on relaxant
responses to anandamide (n=5). (c) E�ects of 30 min pretreatment
with capsazepine (3 and 10 mM) on relaxant responses to anandamide
(n=4±10). Data are presented as means and were ®tted to curves
according the procedure described in Methods. Vertical bars indicate
s.e.mean.

Table 1 E�ects of AM 404 and PMSF on relaxation
induced by a variety of vasorelaxant agents in sheep
coronary arteries precontracted to U46619

Treatment pEC50 Rmax (%) n

GTN control 7.74+0.12 91.6+5.6 8
PMSF (200 mM) 7.76+0.15 95.6+3.9 4
AM 404 (30 mM) 8.37+0.27 98.4+4.0 4

Adenosine control 5.39+0.13 89.8+5.0 6
PMSF (200 mM) 5.46+0.29 102.6+1.8 3
AM 404 (30 mM) 5.33+0.35 97.6+7.3 3

A23817 control 7.58+0.11 98.4+2.0 15
PMSF (200 mM) 7.82+0.22 101.4+2.9 4
AM 404 (10 mM) 7.40+0.13 92.6+4.6 5
AM 404 (30 mM) 7.09+0.07* 93.6+4.5 6

Data are presented as mean+s.e. mean. pEC50 and Rmax

were derived by curve-®tting as described in Methods. n
values indicate the number of arterial rings tested, with each
pair of rings (control and treated) being derived from one
sheep heart. *P50.05 compared to control values.
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Effects of cytochrome P450 inhibitors, 17-ODYA and
miconazole, on anandamide-induced vasorelaxation

Figure 4 depicts the e�ects of the cytochrome P450 inhibitors,
17-ODYA and miconazole, on the vasorelaxant actions of

anandamide. Exposure of rings to 17-ODYA (5 and 10 mM)
failed to modify the relaxant e�ects of anandamide. Mean
pEC50 values for anandamide in 5 and 10 mM 17-ODYA-
treated rings were 6.17+0.08 and 6.10+0.10, which were not

di�erent from that in control rings (6.22+0.14; n=4±10;
Figure 4a). Rmax of anandamide was also una�ected
(90.4+5.4 and 91.7+8.3% in treated rings, compared with

88.8+3.7% in control rings; n=4± 10).
Pretreatment with miconazole (1 mM) also failed to modify

anandamide-induced relaxation (mean pEC50 and Rmax

Figure 2 E�ect of endothelium denudation or pretreatment with L-
NAME or indomethacin on anandamide-induced relaxation in sheep
coronary arteries precontracted to U46619. (a) E�ects of endothelium
denudation on relaxant responses to anandamide (n=7). (b) E�ects
of 30 min pretreatment with L-NAME (100 mM) on relaxant
responses to anandamide (n=5). (c) E�ects of 30 min pretreatment
with indomethacin (3 and 10 mM) on relaxant responses to
anandamide (n=4±8). Data are presented as means and were ®tted
to curves according the procedure described in Methods. Vertical
bars indicate s.e.mean.

Figure 3 E�ect of PMSF and AM 404 on anandamide-induced
relaxation in endothelium-intact sheep coronary arteries precon-
tracted to U46619. (a) E�ects of 30 min pretreatment with PMSF (70
and 200 mM) on relaxant responses to anandamide (n=5±11). (b)
E�ects of 30 min pretreatment with AM404 (10 and 30 mM) on
relaxant responses to anandamide (n=4±13). Data are presented as
means and were ®tted to curves according the procedure described in
Methods. Vertical bars indicate s.e.mean.
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values in treated rings were 5.92+0.22 and 84.2+4.7%,
compared to 6.11+0.10 and 80.0+5.4%, respectively, in

control rings; n=6±12; Figure 4b). By contrast, miconazole
(10 mM) markedly attenuated the vasorelaxant e�ects of
anandamide, reducing Rmax from 80.0+5.4% in control

rings to 25.1+14.5% (P50.01; n=6±12; Figure 4b). Ten mM
miconazole also attenuated relaxant responses to the selective
KATP channel opener, levcromakalim (mean pEC50 and Rmax

values in treated rings were 6.44+0.10 and 60.8+10.8%,

compared to 6.97+0.09 and 94.4+3.6%, respectively, in
control rings; P50.01; n=3±6), whereas 1 mM miconazole
had no e�ect (mean pEC50 and Rmax values in treated rings

of 6.97+0.06 and 95.8+4.3% were not di�erent from those
in control rings; n=3± 6). Similarly, 10 mM miconazole (but
not 1 mM) caused a 2.8 fold rightward shift in the

concentration-relaxation curve for adenosine (mean pEC50

value reduced from 5.63+0.12 in control rings to 5.18+0.20;
P50.05; n=5), but did not a�ect the Rmax (103.1+5.2 and

97.0+15.7% in control and treated rings, respectively).

Effect of precontraction of rings with high K+ on
anandamide-induced vasorelaxation

Precontraction of the arterial rings with 25 mM K+, instead
of U46619, almost completely abolished relaxations by

anandamide. Rmax induced by anandamide in U46619-
contracted vessels was 83.4+4.4%, compared with Rmax of
7.0+6.9% in corresponding rings precontracted to 25 mM

K+ (P50.001; n=8; Figure 5a). Mean tone induced by
25 mM K+ and U46619 was 5.4 and 3.7 g, respectively
(P50.01; n=8).

Effects of K+ channel blockade with TEA, iberiotoxin,
apamin, 4-aminopyridine, glibenclamide and barium on
anandamide-induced vasorelaxation

TEA (1 mM), a selective blocker of large conductance, Ca2+-
activated K+ (BKCa) channels, failed to modify anandamide-

induced relaxation (pEC50 and Rmax were 6.36+0.22 and
98.2+1.6% in treated rings compared to 6.20+0.12 and
91.1+3.9% in controls; n=4±10). At a higher concentration

(3 mM), however, TEA markedly attenuated the vasorelaxant
e�ects of anandamide, decreasing the pEC50 from 6.20+0.12
in control rings to 5.10+0.12 and reducing the Rmax from

91.1+3.9 to 65.0+9.6% (P50.01; n=6±10; Figure 5b).
Similarly, iberiotoxin (100 nM), a selective blocker of large
conductance Ca2+-activated K+ (BKCa) channels, signi®-
cantly reduced the vasorelaxant potency of anandamide

(pEC50 decreased from 6.30+0.16 in control rings to
5.60+0.15; P50.01; n=8; Figure 5c), but was without e�ect
on its e�cacy (Rmax was 97.3+1.9 and 87.3+4.4% in treated

and control rings, respectively; n=8).
By contrast, pretreatment of rings with the small

conductance, Ca2+-activated K+ (SKCa) channel blocker,

apamin (1 mM) or the selective blocker of ATP-sensitive
(KATP) K+ channels, glibenclamide (3 and 10 mM), failed to
modify anandamide-induced relaxations (Table 2). Ba2+

(100 mM), a reputed selective inhibitor of inward recti®er

K+ channels, also failed to modify anandamide-induced
relaxation (Table 2). Likewise, 4-aminopyridine (1 mM), a
concentration believed to block delayed recti®er K+ channels

selectively, failed to a�ect the vasorelaxant potency of
anandamide, although it did reduce the Rmax (Table 2).

Discussion

The aim of the present study was to attempt an elucidation of
the vasorelaxant mechanisms of anandamide in sheep
coronary arteries. Anandamide induced a concentration-
dependent relaxation of U46619-contracted, endothelium-

intact sheep coronary artery rings in vitro. This is consistent
with previous ®ndings in rat and bovine coronary arteries
(Randall & Kendall, 1997; Fulton & Quilley, 1998; Pratt et

al., 1998) and in a variety of vascular tissues from the rat,
rabbit and guinea-pig (Ellis et al., 1995; Deutsch et al., 1997;
Fleming et al., 1999; Zygmunt et al., 1999). The slowly

Figure 4 E�ects of 17-ODYA and miconazole on anandamide-
induced relaxation in endothelium-intact sheep coronary arteries
precontracted to U46619. (a) E�ects of 30 min pretreatment with 17-
ODYA (5 and 10 mM) on relaxant responses to anandamide (n=4±
10). (b) E�ects of 30 min pretreatment with miconazole (1 and
10 mM) on relaxant responses to anandamide (n=6±12). Data are
presented as means and were ®tted to curves according the procedure
described in Methods. Vertical bars indicate s.e.mean.

British Journal of Pharmacology vol 134 (5)

Anandamide in the sheep coronary arteryJ. Grainger & G. Boachie-Ansah1008



developing nature of the anandamide-induced relaxation is
also similar to that reported in bovine coronary and rabbit

mesenteric arteries (Pratt et al., 1998; Fleming et al., 1999).
By contrast, the metabolically stable analogue of ananda-
mide, methanandamide, had no e�ect on induced tone in

sheep coronary arteries. Methanandamide, a potent CB1

receptor agonist, exhibits relaxant activity in rabbit mesen-
teric and rat hepatic and mesenteric arteries (White & Hiley,
1998b; Chaytor et al., 1999; Zygmunt et al., 1999). Therefore,

its failure to mimic anandamide-induced relaxation in sheep
coronary arteries suggests that the anandamide e�ect is
neither due to anandamide per se nor mediated via CB1

receptors.
Consistent with this, the selective CB1 receptor antagonist,

SR 141716A, did not modify anandamide-induced relaxation

in sheep coronary arteries. Both SR 141716A-sensitive
(Randall et al., 1996; White & Hiley, 1997; Deutsch et al.,
1997; Randall & Kendall, 1997; Fulton & Quilley, 1998) and

SR 141716A-resistant (Pratt et al., 1998; Zygmunt et al.,
1999) relaxant responses to anandamide have been reported
in a variety of vascular beds. However, the micromolar
concentrations of SR 141716A required to antagonize

anandamide-induced relaxation in most of the former studies
have also been shown to exert additional vascular e�ects that
are unrelated to cannabinoid receptors (White & Hiley, 1997,

1998a; Pratt et al., 1998; Zygmunt et al., 1999; Mombouli et
al., 1999). In the study by White & Hiley (1998a) in rat
mesenteric arteries, SR 141716A concentrations above that

used in the present study (3 mM) were associated with marked
inhibitory e�ects on both Ca2+ entry and K+ channel
activity. Thus, the role of CB1 receptors in anandamide-

induced relaxation remains uncertain.
Like SR 141716A, pretreatment with the selective VR1

receptor antagonist, capsazepine (Szallasi & Blumberg, 1999),
also failed to modify anandamide-induced relaxation in sheep

coronary arteries. This contrasts with the ®ndings in guinea-pig
basilar and rat hepatic and mesenteric arteries (Zygmunt et al.,
1999; Ralevic et al., 2000) implicating VR1 receptors, located

on sensory nerves, in anandamide (and methanandamide)-
induced relaxations. Anandamide has, indeed, been shown to
bind rat and human recombinant VR1 vanilloid receptors with

Table 2 E�ects of selected K+ channel blockers on
anandamide-induced relaxation in endothelium-intact sheep
coronary arteries precontracted to U46619

Treatment pEC50 Rmax (%) n

Control 5.94+0.13 86.9+4.0 10
Glibenclamide (3 mM) 5.97+0.12 70.0+9.4 5
Glibenclamide (10 mM) 6.20+0.10 68.4+10.0 5

Control 6.27+0.21 91.6+5.4 7
4-Aminopyridine (1 mM) 6.21+0.13 65.6+9.1* 7

Control 6.00+0.31 94.5+4.8 4
Apamin (1 mM) 5.80+0.21 86.7+8.7 4

Control 6.10+0.18 89.0+5.9 3
BaCl2 (100 mM) 6.40+0.20 99.6+2.4 3

Data are presented as mean+s.e.mean. pEC50 and Rmax

were derived by curve-®tting as described in Methods. n
values indicate the number of arterial rings tested, with each
pair of rings (control and treated) being derived from one
sheep heart. *P50.05 compared to control value.

Figure 5 E�ects of high K+ (25 mM) and K+ channel blockade
with TEA and IBTX on anandamide-induced relaxation in
endothelium-intact sheep coronary arteries. (a) Comparison of the
relaxant responses to anandamide in arterial rings precontracted to
25 mM K+ and U46619, respectively (n=8). (b) E�ects of 30 min
pretreatment with TEA (1 and 3 mM) on relaxant responses to
anandamide in arterial rings precontracted to U46619 (n=4±10). (c)
E�ects of 30 min pretreatment with IBTX (100 nM) on relaxant
responses to anandamide in arterial rings precontracted to U46619
(n=8). Data are presented as means and were ®tted to curves
according the procedure described in Methods. Vertical bars indicate
s.e.mean.
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a consequent capsazepine-sensitive activation of inward
currents (Zygmunt et al., 1999; Smart et al., 2000). Therefore,
the apparent lack of involvement of vanilloid receptors in the

anandamide e�ect in sheep coronary arteries may be
attributable to species and/or vascular tissue di�erences.
Although the vasorelaxant potency of anandamide was

reduced by endothelium denudation, its maximal relaxation

was una�ected. This suggests that the endothelium does not
play an obligatory role in anandamide-induced relaxation in
sheep coronary arteries. Both endothelium-dependent (Pratt

et al., 1998; Fleming et al., 1999; Chaytor et al., 1999; Wagner
et al., 1999) and endothelium-independent (Randall et al.,
1996; White & Hiley, 1997; Zygmunt et al., 1997, 1999)

anandamide e�ects have been reported in a variety of vascular
tissues. Although functional CB1 cannabinoid receptors have
been described in vascular endothelial cells (Sugiura et al.,

1998; Liu et al., 2000), the lack of e�ect of SR 141716A in the
present study rules out their possible involvement in
mediating the endothelium-dependent component of the
anandamide e�ect in sheep coronary arteries. The potential

involvement of an as-yet-unidenti®ed endothelial anandamide
receptor (Kunos et al., 2000) cannot be ruled out.
Rapid carrier-mediated uptake and enzymatic hydrolysis of

anandamide to arachidonic acid is known to occur in vascular
endothelial cells (Deutsch et al., 1997; Di Marzo, 1998;
Maccarrone et al., 2000). Anandamide has also been shown

to cause intracellular Ca2+ release in endothelial cells, with a
concomitant release of nitric oxide (Mombouli et al., 1999;
Fimiani et al., 1999). The endothelium-dependent component

of anandamide-induced relaxation in sheep coronary arteries,
therefore, could be mediated via either (i) an anandamide-
evoked release of endothelium-derived relaxant factors, such as
NO or prostanoids, or (ii) its uptake into endothelial cells and

subsequent conversion to a vasodilatory metabolite. Consistent
with the latter hypothesis, Chaytor et al. (1999) have shown
that the endothelium-dependent component of anandamide-

induced relaxation in the rabbit superior mesenteric artery
results from the prior endothelial transport of anandamide,
although, in this case, there was no evidence of a subsequent

conversion into an active metabolite.
The nitric oxide synthase inhibitor, L-NAME, failed to

modify anandamide-induced vasorelaxation, indicating that
the anandamide e�ect in sheep coronary arteries is not

mediated via release of NO from the endothelium. This is in
agreement with previous ®ndings in a variety of vascular
tissues (Ellis et al., 1995; Randall et al., 1996; White & Hiley,

1997; Zygmunt et al., 1999; but see Deutsch et al., 1997).
Conversely, the almost complete abolition of anandamide-
induced vasorelaxation by the cyclo-oxygenase inhibitor,

indomethacin, suggests that the vasodilatory e�ects of
anandamide in sheep coronary arteries are mediated via
prostanoids. Consistent with this hypothesis, similar cyclo-

oxygenase-dependent, anandamide-induced relaxations have
also been reported in bovine coronary and rabbit mesenteric
and cerebral arteries (Ellis et al., 1995; Pratt et al., 1998;
Fleming et al., 1999). Indeed, in bovine coronary and rabbit

cerebral arterioles, the anandamide e�ect was associated with
increased release of arachidonic acid-derived vasodilatory
eicosanoids (Ellis et al., 1995; Pratt et al., 1998).

Signi®cantly, indomethacin markedly attenuated ananda-
mide-induced relaxations in both endothelium-intact and
denuded arteries in the present study. This suggests that the

cellular uptake and metabolic conversion of anandamide to
vasodilatory prostanoids occurs in both the endothelial and
vascular smooth muscle cells of sheep coronary arteries.

Similar ®ndings have been reported by Fleming et al. (1999)
in rabbit mesenteric arteries, although in another study in
rabbit superior mesenteric arteries, neither the endothelium-
dependent nor endothelium-independent relaxant e�ect of

anandamide was susceptible to inhibition by indomethacin
(Chaytor et al., 1999). The cyclo-oxygenase-dependence of
the relaxant actions of anandamide appears be a species and/

vascular bed speci®c phenomenon, because anandamide-
induced relaxation has been shown to be cyclo-oxygenase-
independent in rat coronary, hepatic and mesenteric arteries

(Randall et al., 1996; White & Hiley, 1997; Randall &
Kendall, 1997; Zygmunt et al., 1997; Fulton & Quilley, 1998)
and guinea-pig basilar arteries (Zygmunt et al., 1999).

The suggestion that anandamide is taken up by the
coronary vasculature and converted to a vasodilatory
prostanoid is con®rmed by the additional ®nding that
anandamide-induced relaxations were abolished or attenuated

by both the anandamide transport inhibitor, AM 404
(Beltramo et al., 1997) and amidohydrolase inhibitor, PMSF
(Di Marzo, 1998). The inhibitory e�ect of PMSF is consistent

with that of another amidohydrolase inhibitor, diazomethy-
larachidonyl ketone (DAK), in bovine coronary arteries
(Pratt et al., 1998). In this study, incubation of bovine

coronary arteries and cultured coronary endothelial cells with
radiolabelled anandamide resulted in the release of arachi-
donic acid and its metabolites. Inhibition of amidohydrolase

activity with DAK blocked the hydrolysis of anandamide to
arachidonic acid, with a concomitant abolition of the
relaxant responses to anandamide (Pratt et al., 1998).
Although the selectivity of action of PMSF in vascular

tissues has been recently questioned (White & Hiley, 1997),
PMSF (70 ± 200 mM) did not modify relaxant responses of
sheep coronary arteries to A23187, adenosine or GTN. This

suggests that, at least in these tissues, PMSF must be acting
selectively to inhibit anandamide amidohydrolase-catalysed
hydrolysis of anandamide to arachidonic acid.

The inhibitory e�ect of AM 404 on anandamide-induced
relaxations in sheep coronary arteries is also consistent with
previous ®ndings in rabbit and rat mesenteric arteries
(Chaytor et al., 1999; Kunos et al., 2000). Although this

®nding is indicative of the inhibition of the cellular uptake
of anandamide, it should be interpreted with caution,
because the selectivity of action of AM404 in vascular

tissues has not been evaluated. Although AM 404 (10 ±
30 mM) had no e�ect on the relaxant responses to adenosine
or GTN, it did attenuate the relaxant e�ects of A23187. It

has also been shown to activate vanilloid receptors and to
relax rat hepatic arteries (Zygmunt et al., 2000). Notwith-
standing, the inhibitory e�ect of AM 404 e�ect on

anandamide-induced relaxations is fully consistent with
those of PMSF and indomethacin, and provides further
suggestive evidence that the anandamide e�ect is consequent
upon its uptake into the coronary vasculature. However,

since the e�ect of AM 404 was only studied in endothelium-
intact arteries, it is not possible to establish whether the
observed inhibitory e�ect re¯ects its inhibition of ananda-

mide transport into the endothelium or vascular smooth
muscle or both. In rabbit superior mesenteric arteries, only
the endothelium-dependent component of the anandamide-
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induced relaxation was susceptible to inhibition by AM 404
(Chaytor et al., 1999).
The failure of e�ective cytochrome P450 inhibitory con-

centrations of 17-ODYA (5 ± 10 mM) and miconazole (1 mM;
Zou et al., 1994) to inhibit anandamide-induced relaxation in
the present study argues against the involvement of cytochrome
P450 metabolites. This is in agreement with previous ®ndings in

rat mesenteric branch arteries (Ishioka & Bukoski, 1999), but in
contrast with those in rat and bovine coronary arteries (Fulton
& Quilley, 1998; Pratt et al., 1998). Although, miconazole

(10 mM) did inhibit anandamide-induced relaxation in the
present study, our ®nding that it also signi®cantly attenuated
relaxant responses to adenosine and the KATP channel opener,

levcromakalim, suggests that its e�ect might be unrelated to
cytochrome P450 inhibition. A similar conclusion was drawn
from studies using clotrimazole and proadifen in rat mesenteric

arteries (Randall et al., 1997). Further studies with cytochrome
P450 inhibitors that lack K+ channel blocking actions will be
required to resolve this question. However, the almost complete
abolition of the anandamide e�ect by indomethacin suggests

that any involvement of cytochrome P450 metabolites is likely
to be a minor one.
Raising the extracellular concentration of K+ (to 25 mM)

markedly attenuated anandamide-induced relaxation in sheep
coronary arteries, consistent with previous ®ndings in rat
hepatic and mesenteric arteries (Randall et al., 1996;

Zygmunt et al., 1997; White & Hiley, 1997). This suggests
that the anandamide e�ect in sheep coronary arteries may be
mediated via an activation of a membrane K+ conductance.

This is con®rmed by the inhibitory e�ect of TEA (3 mM),
which is also in agreement with the reported inhibitory e�ect
of TEA (10 mM) on anandamide-induced relaxations in rat
mesenteric arteries (White & Hiley, 1997; Randall et al., 1997;

Ishioka & Bukoski, 1999). The failure of TEA (1 mM) to
modify the relaxant responses to anandamide, however,
appears to rule out the involvement of large conductance,

Ca2+-activated K+ (BKCa) channels (Nelson & Quayle,
1995). However, consistent with previous ®ndings in rat
mesenteric arteries (Plane et al., 1997; Ishioka & Bukoski,

1999), the highly selective blocker of BKCa channels,
iberiotoxin (100 nM), did signi®cantly reduce the vasorelaxant
potency of anandamide in the present study. These ®ndings
are di�cult to reconcile, unless one postulates that TEA

(1 mM) was ine�ective in blocking BKCa channels in sheep

coronary arteries. The inhibitory e�ect of iberiotoxin
(100 nM) was quite small, when compared with those of
25 mM K+ and TEA (3 mM). This suggests that BKCa

channel activation may not be the sole or main mechanism
underlying the relaxant e�ects of anandamide in sheep
coronary arteries. The role of BKCa channel activation in
anandamide-induced relaxation in other vascular beds

remains controversial (Plane et al., 1997; White & Hiley,
1997; Randall & Kendall, 1998b; Fulton & Quilley, 1998).
Apamin (1 mM), 4-aminopyridine (1 mM), glibenclamide (3

and 10 mM) and barium (100 mM), selective blockers of small
conductance, Ca2+-activated K+ (SKCa) channels, delayed
recti®er K+ (Kv) channels, KATP channels and inward

recti®er K+ channels (Nelson & Quayle, 1995), respectively,
all failed to modify anandamide-induced relaxations in sheep
coronary arteries. These ®ndings are largely in agreement

with various ®ndings in rat mesenteric arteries (White &
Hiley, 1997; Plane et al., 1997; Randall & Kendall, 1998b),
although White & Hiley (1997) reported a small but
signi®cant inhibitory e�ect with barium (100 mM). They also

suggest a lack of involvement of SKCa, Kv, KATP and inward
recti®er K+ channel activation in the anandamide e�ect in
sheep coronary arteries. Therefore, the identity of the K+

channel(s) that, together with BKCa channels, may be
responsible for anandamide-induced relaxation in sheep
coronary arteries remains unresolved. Combination studies

with these K+ channel blockers may be required to resolve
this issue (Randall & Kendall, 1998b; but see Zygmunt et al.,
1997; White & Hiley, 1997). However, the above ®ndings do

not rule out the possibility that part of the relaxant e�ect of
anandamide in sheep coronary arteries is mediated via
mechanisms other than K+ channel activation.
In conclusion, the results of the present study show that

the vasorelaxant e�ects of the endocannabinoid, anandamide,
in sheep coronary arteries (i) are mediated in part via the
vascular endothelium; (ii) require the prior cellular uptake

and conversion of anandamide to arachidonic acid and,
subsequently, to a vasodilatory prostanoid; and (iii) may be
mediated in part via the activation of K+ channels.
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