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Anandamide elicits an acute release of nitric oxide through
endothelial TRPV1 receptor activation in the rat arterial

mesenteric bed
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In theisolated rat mesenteric bed, the 1 min perfusion with 100 nM anandamide, a concentration
that did not evoke vasorelaxation, elicited an acute release of 165.1 £ 9.2 pmol nitric oxide
(NO) that was paralleled by a 2-fold increase in ¢cGMP tissue levels. The rise in NO
released was mimicked by either (R)-(+)-methanandamide or the vanilloid receptor agonists
resiniferatoxin and (E)-capsaicin but not by its inactive cis-isomer (Z)-capsaicin. The NO release
elicited by either anandamide or capsaicin was reduced by the TRPV1 receptor antagonists
5’-iodoresiniferatoxin, SB 366791 and capsazepine as well as by the cannabinoid CB, receptor
antagonists SR 141716A or AM251. The outflow of NO elicited by anandamide and capsaicin
was also reduced by endothelium removal or NO synthase inhibition, suggesting the specific
participation of endothelial TRPV1 receptors, rather than the novel endothelial TRPV4 receptors.
Consistently, RT-PCR showed the expression of the mRNA coding for the rat TRPV1 receptor
in the endothelial cell layer, in addition to its expression in sensory nerves. The participation of
sensory nerves on the release of NO was precluded on the basis that neonatal denervation of the
myenteric plexus sensory nerves did not modify the pattern of NO release induced by anandamide
and capsaicin. We propose that low concentrations of anandamide, devoid of vasorelaxing effects,
elicit an acute release of NO mediated predominantly by the activation of endothelial TRPV1

receptors whose physiological significance remains elusive.
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Anandamide was formerly recognized as the first endo-
genous cannabinoid with preferential affinity for the CB,;
cannabinoid receptor (Devane et al. 1992; for a review
see Howlett et al. 2002). It was further proposed that
anandamide may also act as an endovanilloid, through
the activation of the transient receptor potential vanilloid
type 1 receptors (TRPV1; Ross, 2003; Van Der Stelt
& Di Marzo, 2004). Among other physiological effects,
vasodilatation, such as described in the rat mesenteric
bed, is partially due to the activation of TRPV1 receptors
found in perivascular sensory nerves. In this preparation,
the relaxant effects of capsaicin as well as of anandamide
are coupled to the release of calcitonin gene-related peptide
(CGRP) (Zygmunt et al. 1999). Although controversial, the
participation of sensory nerves in anandamide-induced
vasodilatation in the rat mesenteric bed might depend
on the presence of a functional NO system. For instance,
Harris et al. (2002) showed that neuronal NO may be
involved in anandamide vasodilatation through sensory
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nerves whereas Ralevic (2002) reported that the endo-
thelial tonic release of NO may have an inhibitory
modulator effect of sensory neurotransmission in the rat
mesenteric bed. Moreover, the physiological implications
of the interaction of anandamide with vanilloid TRPV1
receptors is a matter of controversy, due to the observation
that the high concentrations of anandamide, within
the micromolar range, required to stimulate vanilloid
receptors (Van Der Stelt & Di Marzo, 2004) are unlikely
to occur in mammalian tissues. In fact, the actual levels of
anandamide in various rat and human tissues are within
the nanomolar range. Hence, it is unclear whether the
release of endogenous anandamide under physiological
conditions may result in concentrations high enough as to
stimulate TRPV1 receptors

The aim of the present work was to study whether
nanomolar concentrations of anandamide, which do not
elicit vasorelaxation, could be somehow linked to the
release of NO. In addition, the nature and the location
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of the receptors involved in the putative release of
NO induced by anandamide were also assessed. The
present results allowed us to conclude that nanomolar
anandamide nevertheless elicits a rapid and transient
release of NO mediated through the activation of the
endothelial vanilloid TRPV1 receptor channels. Although
the presence of endothelial TRPV4 receptors, which are
indirectly activated by anandamide, has been reported
for the vasculature (Watanabe et al. 2002b, 2003), their
participation in the anandamide-induced NO release is
likely to be precluded by the present experiments. The
role of the TRPVI receptors in endothelial signalling is
discussed.

Methods
Animal treatment and vascular reactivity assays

Adult male Sprague-Dawley rats (230-270g), bred at
the Animal Reproduction Laboratories of the Faculty
of Biological Sciences of the P. Catholic University
of Chile, were anaesthetized with ketamine: xylazine
(25:2.5mgkg™!, 1.p.). The abdominal cavity was excised
at the midline and the rat was injected e.v. with a bolus
of KCI to ensure a fast kill. Animal handling followed
and conformed to the animal welfare guidelines according
to NIH (USA) standards. The Faculty ethical committee
for the use of animals in biological research approved
the protocols and supervised our strict adherence to the
subscribed guidelines.

The superior mesenteric artery was cannulated with
polyethylene tubing and perfused with Krebs-Ringer
buffer bubbled with 95% 0,-5% CO, at 37°C. The
composition of the Krebs-Ringer buffer was as follows
(mm): NaCl 118, KCl 5.4, CaCl, 2.5, KH,PO, 1.2, MgSO,
1.2, NaHCOj; 23.8, and glucose 11.1. A peristaltic pump
(2ml min~!) was used to perfuse the arterial mesenteric
bed; the mesenteric bed was next excised from the
intestines and placed in a dish specially designed to collect
the perfusate (Boric et al. 1999). A pressure transducer was
placed close to the entrance of the main mesenteric artery
and connected to a Grass polygraph recorder. Fluctuations
of the perfusion pressure were interpreted as changes in
the resistance of the arterial mesenteric bed. Mesenteries
were perfused for 20 min prior to drug applications. Vaso-
dilatations were quantified in mesenteries precontracted
with 10-20 um phenylephrine following the procedure of
Buvinic et al. (2002). Once the perfusion pressure reached
a plateau, varying concentrations of either anandamide or
capsaicin were perfused for 4 min.

NO release measurements

The overflow of NO released to the mesenteric
bed was assessed in non-precontracted tissues
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perfused for 1min with either anandamide or
(E)-capsaicin  or structurally related analogues,
such as (R)-(4)-methanandamide (Z)-capsaicin,
N-arachidonylglycine, olvanil, N-arachidonyldopamine
and resiniferatoxin. One minute samples of the perfusate
were collected before, during and up to 5min after
agonist application to quantify the content of NO in
the perfusates. Luminal NO, above baseline level, was
measured by chemiluminescence using a Sievers 280
NOA analyser (GE Analytical Instruments, Boulder, CO,
USA). To reduce the nitrites in the bioassay samples,
the instrument reaction chamber was filled with 8 ml of
glacial acetic acid containing 100 mg of potassium iodide.
A 50 ul sample of the perfusion medium was injected
into the chamber and a stream of N, carried the resulting
NO to the cell where the specific chemiluminescence
generated by the NO-ozone reaction was quantified
(Figueroa et al. 2001). Calibration of the equipment was
routinely performed using standards up to 10 um sodium
nitrite. The equipment allows the detection of 0.5—-1 pmol
NO (10-20 pmol ml™!). Background buffer readings as
well as baseline levels were subtracted to determine the
net NO release. Results are expressed as the integrated
area of the NO peak produced by the agonists above basal
values (ANO, pmol). A single rat mesentery was used for
every agonist concentration. Hence, the concentrations
of each agonist causing half maximal NO release (ECs,
determinations) have a substantial error, since all values
derive from individual rats.

Source of luminal NO and the use of selective
antagonists to assess the involvement of TRPV1 or
CB, receptors

To investigate the source of the luminal NO, the endothelial
cell layer was removed by perfusing 0.1% saponin for 55s
followed by drug-free buffer perfusion for the next 30 min,
as detailed by Donoso et al. (1996). In further additional
experiments, tissues were previously perfused with100 pum
N®-nitro-L-arginine (L-NNA) for 45 min (Boric et al.
1999) to block eNOS activity.

Use of vanilloid TRPV1 receptor antagonists and CB,
receptor antagonists

To identify the involvement of tissue vanilloid TRPV1 or
cannabinoid CB; receptors on the NO release process,
several selective receptor antagonists were used to block
the release of NO elicited by anandamide, capsaicin or
resiniferatoxin, the ultra potent vanilloid (Szolcsanyi et al.
1990) namely the TRPV1 receptor antagonists capsazepine
(Dickenson & Dray, 1991; Szallasi & Blumberg, 1999),
5’'-iodoresiniferatoxin (Wahl et al. 2001) and SB 366791
(Gunthorpe et al. 2004), and the calcium channel blocker
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ruthenium red (Amman & Maggi, 1991) as well as the
cannabinoid receptor antagonists SR 141716A (Shire et al.
1999) or AM 251 (Gatley et al. 1996; White et al. 2001). The
corresponding antagonists were routinely added 30 min
prior to testing with the 1min exposure of 100nm
anandamide, or 100 nM capsaicin or 1 nm resiniferatoxin.

Assessing the possible involvement of the TRPV4
receptor

A battery of metabolic inhibitors were used to study
the possible participation of anandamide metabolites on
the release of NO through the activation of TRPV4
receptors. Namely, the fatty acid amidohydrolase inhibitor
phenylmethylsulphonyl fluoride (PMSF) at 100 um,
the cyclooxygenase inhibitor 10 um indomethacin, the
lipoxigenase inhibitor 10 um nordihydroguaiaretic acid
and the cytochrome P450 inhibitor 10 uM miconazole
were added 30 min prior to a 1-min challenge with a
100 nm anandamide pulse.

In addition, the effect on NO release of a
1-min exposure to the selective TRPV4 agonist 1 um
4a-phorbol-12,13-didecanoate (4«PDD) (Watanabe et al.
2002a, 2003) was also assessed.

Sensory nerve contribution

The possible contribution of sensory nerves to NO
production was studied in rat mesenteric beds deprived
of sensory nerves. For this purpose, a series of neonatal
male rat pups (4-6g body weight), were injected s.c.
with 100 mgkg™! capsaicin, within the first 24 h after
birth (Mupanomunda et al. 1998). Capsaicin was dissolved
in 1:3 ethanol: perfusion buffer. Twenty hours later, a
second dose of capsaicin was administered s.c. Pups were
grown until reaching 250 g, the weight at which several
protocols were performed.

Tissue cGMP determinations

To determine the tissue content of cGMP, mesenteries
were homogenized immediately after completing the
1-min agonist application, in 2ml 10% trichloroacetic
acid and centrifuged at 4°C for 30 min at 1700g.
Extractions of the aqueous phase with 8 ml of diethyl
ether were performed 4 times. The samples were dried in a
Speed-Vac and stored at —20°C until a 10 fmol-threshold
radioimmunoassay for acetylated cGMP was performed
according to the procedure described by Buvinic ef al.
(2002). Results are expressed as the production of
tissue cGMP (pmol (g tissue)™!). Since pharmacological
blockade of the NO/cGMP cascade alters the basal
production of ¢cGMP in the rat arterial mesenteric
bed (Buvinic & Huidobro-Toro, 2001), the expression
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of the nucleotide-induced ¢cGMP accumulation over
respective basal values was used to standardize the
present results. Determinations of cGMP were also
performed in mesenteries pretreated during 20 min
with 3 um 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ), to inhibit soluble guanylyl cyclase (Garthwaite
et al. 1995; Buvinic & Huidobro-Toro, 2001), prior to the
challenge with 100 nm anandamide.

RT-PCR assays

Vanilloid receptor mRNA detection was performed in rat
mesenteries manually defatted. Total RNA was extracted
following the Chomczynski & Sacchi (1987) procedure.
The rat tongue was used as a positive control tissue.

The reverse transcription reaction was performed with
2 ng of total RNA using an oligo-dt primer. The PCR was
carried out using forward and reverse primers specific for
the rat TPRV 1 receptor as described by Anavi-Goffer et al.
(2002). After an initial denaturation for 5 min at 94°C,
amplifications using 1/10 of the RT products were carried
out for 35 cycles as follows: 94°C, 30s; 55°C, 30's; 69°C,
3 min. To amplify a 478 bp fragment of the rat TRPV1
receptor, the forward TTCTGCTCAACATGCTCATTG
and reverse AATCCTTGAAAACCTCAGC primers were
used. Rat mRNA determination of the endothelial
cell adhesion molecule (CD31) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was also assessed
in the same mesentery preparations. The former served
as an endothelial marker, while the latter was used as
an internal standard to normalize the material loaded
per lane and served as a housekeeper gene. Primers were
designed to amplify region 131-481 of CD31 and region
564-1015 of GAPDH, giving rise to PCR products of
350 and 451 base pairs (bp), respectively. PCR products
were analysed by electrophoresis in 1% agarose and
visualized using ethidium iodide staining. These products
were repeated in at least three separate mRNA extracts
from separate rat mesenteries. To confirm the identity
of the corresponding PCR products, the putative bands
having an estimated size, based on the primers used, were
isolated for direct sequencing using an ABI-prism
sequencing analyser (Applied Biosystems, Foster City, CA,
USA). Amplifications without the RT step were performed
to exclude possible contamination with genomic DNA.

CGRP Immunohistochemical assays

Mesenteries from either control or adult denervated
rats (treated with capsaicin as neonate pups), were
prepared for whole-mount CGRP immunochemical
analysis following the procedure detailed by Donoso et al.
(2002). In essence, isolated and defatted mesenteries were
fixed in paraformaldehyde—picric acid in phosphate buffer
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solution. Tissues were next incubated for 24h with a
commercial antibody for CGRP (1/5000 dilution); as a
second antibody a goatimmunoglobulin (1/1000 dilution)
coupled to biotin was used; the complex was revealed with
diaminobenzidine. Parallel studies, omitting the primary
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Figure 1. Anandamide, 100 nM, elicits a surge of NO and
increases cGMP tissue levels but does not vasodilate the arterial
mesenteric bed of the rat

A, representative tracing illustrates the lack of vasodilatation induced
by a 4-min perfusion with 100 nm anandamide (AEA) in mesenteries
precontracted with 20 uM phenylephrine. B, prototype experiment
shows the time course of NO release induced by a 1-min exposure to
100 nm AEA (filled rectangle at min 4). Stimulated NO release was
quantified as the integrated NO recovered above the corresponding
baseline values, shown in grey. C, tissue levels of cGMP were
measured in mesenteric bed homogenates either in the absence (open
bars) or immediately after the 1-min perfusion with 100 nm AEA (filled
bars). Both the basal and the 100 nm AEA-stimulated increase in cGMP
tissue levels were also measured after a 20-min pretreatment with

3 uM ODQ, the inhibitor of soluble guanylyl cyclase. Results in C are
the mean =+ s.e.m. of 4-6 experiments per group. * P < 0.05 when
compared with the corresponding basal value, * * P < 0.01 when
compared with the corresponding values in the absence of ODQ.
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or secondary antibody from the incubation solution,
evaluated the specificity.

Drugs and chemicals

Anandamide (R)-(+4)-methanandamide, olvanil or N-
vanilloyloleoylamide, N-arachidonyldopamine (NADA),
N-arachidonylglycine, 2-arachidonylglycerol (E)- and
(Z)-capsaicin, resiniferatoxin, 5’-iodoresiniferatoxin,
SB 366791, AM 251 and capsazepine were purchased
from Tocris Bioscience (Evansville, MO, USA). Stocks
of 100 g (100 1)~ in absolute ethanol of the endo-
cannabinoids and vanilloids were maintained at
—20°C, Tyrode buffer dilutions were performed daily
prior to each experiment. Saponin, ODQ, L-NNA,
indomethacin, nordihydroguaiaretic acid, miconazole
and 4a-phorbol 12,13-didecanoate (4«PDD) or phorbol
12,13-didecanoate were purchased from Sigma Chemicals
(St Louis, MO, USA). The arachidonic acid cascade
inhibitors and the phorbol esters were dissolved in
absolute alcohol (1 mgml™" stock solutions) and diluted
daily in Tyrode solution as required. PMSF was purchased
from Sigma; 1 mgml~! stock solutions were prepared in
dehydrated pure ethanol and used within less than 2h
after preparing each solution. The anti-cGMP antibody
was obtained from Calbiochem (La Jolla, CA, USA). Dr
M. Mossé (Sanofi, Montpellier, France) provided us with
a sample of SR 141716A hydrochloride. All the reagents
required for RT-PCR determinations were purchased
from Gibco BRL/Life Technologies (CA, USA).

Statistical analysis and data expression

One-way and two-way ANOVA, linear correlation analysis
and Student’s t test were used throughout. Dunnett’s tables
for multiple comparisons with a single control were used
when appropriate. P-values less than 0.05 were considered
statistically significant.

Results

Effects of anandamide on NO release and cGMP levels
in the rat mesenteric bed

Perfusion with 100 nM anandamide, a concentration
that did not cause per se any significant vasodilatation
(5.4 £ 2.6 mmHg, n =4, see a typical tracing in Fig. 1A),
elicited the release of NO, which was rapid in onset
and lasted up to 2-3 min after its application (Fig. 1B).
The mean average NO production elicited by the 1-min
exposure to 100 nM anandamide was 165.1 4= 9.2 pmol
(n=736).

In spite of the lack of vasodilatation, the increase in
NO evoked by 100 nm anandamide was paralleled by a
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Table 1. Effects of the vanilloid receptor antagonist capsazepine
on the NO release induced by 100 nMm of the anandamide
analogues

100 nm
Control capsazepine
(R-(+)-Methanandamide (4) 86.7 £ 13.5 22.5 + 19.4*
N-Arachidonylglycine (4) 427 £14.6 425+79
N-Arachidonyldopamine (4) 117.5+4.7 28.1 £ 16.2*
Olvanil (4) 13.7+8.4 —

The data are ANO in pmol (means =+ s.e.M.). Values of n are shown
in parentheses. *P < 0.01, when compared to the corresponding
control value.

twofold increase in the tissue cGMP levels (Fig. 1C) that,
as also observed for the basal values, was reduced by
80% (P < 0.01) following pretreatment with the guanylyl
cyclase inhibitor, 3 um ODQ (Fig. 1C).

Release of NO elicited by anandamide and structurally
related analogues, capsaicin or resiniferatoxin

The rise in the release of NO evoked by anandamide
was concentration dependent, its ECsy was 8.8 & 7.1 nm,
and its maximal response was achieved with 100 nm
AEA (Fig.2). The effect of anandamide was mimicked,
although with a 2.3-fold lower potency, by its synthetic
analogue (R)-(+4)-methanandamide, whose ECs, was
19.8 + 14.2nm (Fig. 2A). The endogenous anandamide
analogue, N-arachidonylglycine, induced a modest
response, with a maximal NO release, attained with
1 um that was only 35% of that induced by anandamide
(53.8 &+ 14.1 pmol, n=4, P < 0.01, Fig. 2A).

The prototypic vanilloid receptor ligand (E)-capsaicin,
but not its inactive cis isomer (Z)-capsaicin, elicited
a concentration-dependent rise in the outflow of
NO. Compared to anandamide, the (E)-capsaicin
concentration-response curve was shifted 3.4-fold
to the right; its ECsp was 30.3£23.1nm and its
maximal response achieved 106 & 9.9 pmol NO (Fig. 2B),
a value significantly lower than that elicited by
anandamide (P < 0.05). The vanilloid TRPV1 receptor
agonist, resiniferatoxin, was 73-fold more potent than
anandamide, since its ECs, was 0.12 4= 0.02 nm, with
a maximal effect of 153.7 +29.5 pmol NO (Fig.2B),
comparable to anandamide.

Table 1 summarizes the data of NO-evoked release
elicited by several anandamide analogues perfused at
100 nMm each. In contrast to anandamide, 100 nm olvanil,
a non-pungent vanilloid receptor agonist, did not evoke
significant NO release. In addition, 2-arachidonylglycerol,
the alleged endogenous CB, receptor agonist, did not elicit
a significant NO release (19.0 & 13.2 pmol, n=4), nor
at 100 nm did it interfere with the rise of NO elicited
by its simultaneous incubation with 100 nm anandamide
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(182.2 £ 34.7pmol, n=2), allowing us to exclude a
preponderant role of the CB, receptor on the action of
anandamide, reinforcing the notion of stringent structural
requirements for receptor activation.

Involvement of endothelium, NO synthase and TRP
channels in the NO release elicited by anandamide
and capsaicin

The release of NO induced by either anandamide
or capsaicin was prevented by endothelium removal
(90% reduction versus non-treated controls, n=4), NO
synthase inhibition with 100 M L-NNA (89% reduction,
n = 4) or ruthenium red, a non-selective vanilloid channel
blocker (83% reduction, n = 4); see valuesin Table 2. These
results suggest that the source of NO is endothelial and in
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Figure 2. Concentration-response curves for anandamide and
its structurally related analogues, resiniferatoxin and the
capsaicin isomers

A, release of NO above baseline levels induced by a 1-min perfusion
with increasing concentrations of either anandamide (AEA, n = 30) or
its synthetic analogue (R)-(+)-methanandamide (MTA, n = 16) or the
endogenous anandamide analogue N-arachidonylglycine
(N-arach.glycine, n = 15). B, the release of NO elicited by a 1-min
perfusion with increasing concentrations of vanilloid receptor agonists:
resiniferatoxin (RTX, n = 20), (E)-capsaicin (n = 23) or its inactive cis
isomer (Z)-capsaicin (n = 13) was compared to the AEA
concentration—response curve. Symbols represent mean values, bars
the s.e.m.
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all likelihood derived from a specific enzymatic pathway
likely to be mediated by the activation of vanilloid end-
othelial TRP channels.

Studies with TRPV1 and CB4 receptor antagonists

The rise in NO production elicited by anandamide as
well as by vanilloid ligands was blocked by a variety of
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Figure 3. Effects of TRPV1 and cannabinoid CB¢ receptor
antagonists on the release of NO elicited by resiniferatoxin,
anandamide or capsaicin

A, 5'-iodoresiniferatoxin-induced (5’-I-RTX) and AM 251 blocked
concentration-dependently the NO release elicited by a 1-min
perfusion with 1 nm resiniferatoxin (RTX, n = 18). B, comparative
study of the potency of SB 366791, capsazepine or SR 141716A to
block the NO production elicited by a 1-min pulse application of

100 nm anandamide (AEA). C, capsazepine, SR 141716A and AM 251
reduced concentration-dependently the NO production elicited by a
1-min perfusion with 100 nm capsaicin. Left side columns denote the
NO produced in separate control experiments by a 1-min perfusion
with 1 nm resiniferatoxin (RTX), or 100 nm of either anandamide (AEA)
or capsaicin alone (panels A, B and C, respectively). The antagonists
were perfused 30 min before and during the 1-min incubation with
the agonists. Results are the mean =+ s.e.m. of at least 4 separate
experiments per concentration of each antagonist assayed in the
presence of either anandamide or capsaicin.

J Physiol 568.2

Table 2. Effects of endothelium removal, NO synthase blockade
and of vanilloid receptor antagonism on NO release elicited by
anandamide and capsaicin

100 nm anandamide 100 nm capsaicin

Control 156.3 & 20.5 (9) 108.4 + 19.2 (6)
Denuded endothelium 14.0 & 14.0* (4) 16.7 & 16.7* (4)
100 um L-NNA 17.3 £ 5.80* (4) 0* (4)

27.2 £ 10.3* (6)

Methodological details are described under Methods. *P < 0.05
when compared to the corresponding control value.

0.3 M ruthenium red 19.7 + 16.7* (4)

TRPV1 receptor antagonists, clarifying that it is likely
that the TRPV1 receptor mediates the NO released. The
median inhibitory concentration of the vanilloid receptor
antagonist 5'-iodoresiniferatoxin to reduce the 1nm
resiniferatoxin-induced NO release was 79.4 nm (Fig. 3A);
however, at 100 nMm it annulled the anandamide whereas
it reduced significantly by 50% the capsaicin-induced NO
production (P < 0.05, Table 3). Likewise, the approximate
median effective inhibitory concentration of SB 366791, a
selective TRPV1 receptor antagonist, was 6.8 nm (Fig. 3B).
The vanilloid receptor antagonist capsazepine was at
least 6.5-fold less potent, while the cannabinoid receptor
antagonist SR 141716A was the least potent with an
approximate median inhibitory concentration of 940 nm
(Fig. 3B). Furthermore, SB 366791 more than halved the
rise in NO production elicited by 1nm resiniferatoxin
but reduced by 80-90% that elicited by anandamide
or capsaicin (P < 0.05, Table 3). Likewise, the median
inhibitory concentration of capsazepine to block the
standard of 100 nm capsaicin was 13.9 nm while that of
SR 141716A or its iodo substituted analogue (AM 251),
two claimed selective cannabinoid receptor antagonists,
was 276.7 and 289.7 nm, respectively (Fig. 3C and Table 3).
AM 251 was slightly more potent in blocking the effect of
anandamide than the vanilloids; at 300 nwm it reduced 50%
(P <0.05, n=4) the burst of NO elicited by capsaicin,
while resiniferatoxin was the least sensitive (Table 3). The
median inhibitory concentration of AM 251 to block the
1 nM resiniferatoxin was 0.94 um (Fig. 3A).

The release of NO elicited by either the synthetic
anandamide analogue (R)-(4)-methanandamide or the
endogenous vanilloid ligand N-arachidonyldopamine
(NADA) was reduced by 100 nm capsazepine (Table 1),
while the outflow of NO induced by 100nm
N-arachidonylglycine, an endogenous anandamide
analogue was rather resistant to capsazepine (Table 1).

None of these receptor blockers elicited per se a
meaningful release of NO. Control experiments revealed
that the sole perfusion for 1 min with one of the drugs
100 nm 5'iodo-resiniferatoxin, SB 366791, AM 251 or
capsazepine or 1000 nm SR 141716A did not cause a
significant outflow of NO; in fact, the rise in NO elicited
by 100 nm of these drugs was 23 +13.3 (n=4), 8.6 £5,
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Table 3. Effect of TRPV1 and CB¢ receptors antagonists on the NO production evoked by
prototype vanilloid and cannabinoids agonists

1 nm resiniferatoxin 100 nm anandamide 100 nm capsaicin

Untreated

100 nm I-RTX

100 nm SB 366791
100 nm AM 251
300 nm AM 251

134.8 +44.5 (4)
58.8 + 10.9* (4)
52.7 £ 19.9* (4) 32.0 £ 19.9* * (7)

142.2 +33.8 (4) 35.9 £ 11.2* * (4)

124.8 +18.9 (2) nd

175.6 + 13.9 (5)
8.2+ 7.5** (4)

93 +£9.9(6)
45.2 £+ 13.5* (6)
29.3 +9.5* * (4)

119.5 + 15.3 (4)
43.5 +2.4* (2)

The data are ANO in pmol (means £ s.e.m.). *P < 0.05, ** P < 0.01 as compared to the
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untreated tissues.

104+7.2 (n=4), 5.7£3.6 (n=4) and 12.4 &+ 2 pmol
NO (n = 3), respectively. 5’ -Iodoresiniferatoxinup to 1 um
was devoid of agonist activity; it failed to elicit a burst of
luminal NO.

Lack of significant influence of TRPV4 receptors in the
anandamide-induced NO burst

To investigate the role of TRPV4 receptor activation in
the anandamide-induced NO production, we perfused
mesenteries with 1 um 4aPDD, a purported selective
activator of the TRPV4 receptor channel. This compound
did not elicit a rise in luminal NO (12 4 7.7 pmol
NO, n=6), while 1um PDD significantly elicited
a burst of 100.2+ 14pmol NO (n=4, P<0.01),
revealing that protein kinase C activation acts as an
intermediate enzymatic step in the NO production.
Furthermore, to discard the possibility that anandamide
is metabolized to arachidonic acid, which could rapidly be
further transformed to epoxyeicosatrienoic acids, alleged
endogenous TRPV4 receptor ligands, we next blocked
several enzymes of this metabolic pathway. Application
of 100nM anandamide to mesenteries pretreated
with 100 um PMSE, 10 um indomethacin, 10 um
nordihydroguaiaretic acid, 10 um indomethacin plus
nordihydroguaiaretic, or 10 um miconazole did not
significantly modify the 100 nm anandamide-induced rise
in NO production, allowing to discard a primary role of
TRPV4 receptor channels in the anandamide-induced NO
production. The results of these studies are summarized
in Table 4.

RT-PCR analysis of TRPV1 receptor RNA expression in
rat mesenteries

To test the possibility that the putative vanilloid receptors
involved in the release of NO could be located in endo-
thelial cells, TRPV1 mRNA expression was studied
in intact and endothelium-denuded mesenteric bed
homogenates. A single clear band of the expected size
was observed for the rat TRPV1 vanilloid receptor in
mesenteries with an intact endothelial cell layer (E+,
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Table 4. Role of several inhibitors involved in the arachidonic
acid cascade to generate putative TRPV4 active metabolites

NO (pmol) n

100 nm AEA 159.0 + 27.2 7
+100 um PMSF 121.2 +£31.7 4
+10 uMm indomethacin 148.3 +14.0 4
+10 uMm nordihydroguaiaretic acid (NHGA) 168.7 + 16.6 4
+10 um indomethacin +10 um NHGA 175.8 +£49.2 4
+10 um (£)-miconazole 138.9 +31.2 3

The data are means + s.e.M.

Fig.4). This band was reduced to a very low level
in endothelium-denuded preparations. To preclude the
presence of the sensory nerves, RT-PCR studies were also
performed in chronically denervated mesenteries isolated
from adult rats treated with capsaicin at birth. Intact
denervated tissues showed a PCR product of the expected
size for the rat TRPV1 receptor that was essentially
obliterated upon shedding of the endothelial cell layer from
chronically denervated rat mesenteries (Fig. 4).

The PCR product for GAPDH, observed in mesenteric
mRNA extracts with or without endothelium showed a
similar intensity (Fig. 4), while the mRNA for CD31, was
identified only in E+ mesenteries, i.e. those with intact
endothelium (Fig. 4). Sequencing confirmed more than
99% identity of these products with the corresponding
cDNA for the rat TRPV1 receptor. Total tongue mRNA
served as a control tissue. As a further control, protocols
performed in the absence of cDNA did not yield PCR
products. Likewise, protocols carried out in the absence
of the RT-step did not yield PCR products, confirming
the absence of genomic DNA contamination (data not
shown).

Effects of chronic denervation on
CGRP-immunoreactivity and on the NO release
induced by anandamide and by the vanilloid receptor
agonist capsaicin

Chronic denervation of the myenteric plexus sensory
nerves, notoriously reduced the CGRP immunoreactivity
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as compared to mesenteries from adult control rats
(Fig. 5A). However, sensory nerve denervation did
not significantly modify the NO released by 100 nm
anandamide or 100 nm capsaicin (Fig. 5B). Furthermore,
capsazepine or ruthenium red significantly reduced the
outflow of NO elicited by either anandamide or capsaicin
in chronically denervated mesenteries (Fig. 5B). Moreover,
the magnitude of blockade caused by the antagonists
was similar to that observed with these drugs in control
mesenteries (compare data from Table2 and Fig.5B).
Removal of the endothelial cell layer abolished the release
of NO caused by the agonists in the chronically denervated
tissues (Fig. 5B), to the same magnitude as that produced
in the control mesenteries.

Discussion

The present study shows that 100nm anandamide,
a concentration that does not elicit vasodilatation,
provoked a rapid and transient release of endothelial
NO with a concomitant increase in tissue cGMP
levels. The anandamide-induced rise in luminal NO
was antagonized by the highly potent and selective
TRPV1 receptor antagonists 5’-iodoresiniferatoxin, SB
366791 or capsazepine, suggesting that an endothelial
TRPV1 receptor might mediate the NO production.
This finding is unrelated to previous evidence with

chronically
denervated control
h';};v E + E- E+ E- tongue

500 —» TRPV1
400 —»
450 —» GAPDH
400 —»
300 —» CD31

Figure 4. RT-PCR analysis of the mRNA coding for the vanilloid
TRPV1 receptor expressed in rat mesenteries

Representative ethidium bromide stained agarose gel of reversed
transcribed and PCR-amplified fragments of the expected size for the
vanilloid TRPV1 receptor mRNA. RT-PCR analysis was performed by
using TRPV1-specific primers to examine expression in mRNA extracted
from mesenteries isolated from adult controls and adult chronically
denervated rats (neonatal capsaicin treatment) either with intact (E+),
or without endothelium (E—). Total rat tongue mRNA was used as a
positive control tissue. While GAPDH was used as an internal standard
to control gel loading, CD31 served as the endothelium marker. Left
lane indicates the molecular weight markers. The mRNA used for the
TRPV1, CD31 and GAPDH identification proceeded from a same rat
mesentery. Identical results were attained in three protocols using
separate intact or endothelium denuded rat mesenteries.
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classical vasodilators that act through the activation of
the NO/cGMP pathway. For instance, in our laboratory
we consistently observed the production of NO elicited
by either the muscarinic cholinergic agonist acetyl-
choline or the purinergic agonists 2-MeSADP or UTP
(Buvinic et al. 2002), ligands that elicited the same
magnitude of luminally released NO as anandamide
but is indeed linked to vasodilatation of the mesenteric
vascular tree. Although less potent than anandamide in
eliciting NO release, 100 nm capsaicin did produce a
significant vasodilatation in the rat mesenteric territory
(20 + 2.9 mmHg). This relaxation could be due to the
higher potency of (E)-capsaicin to induce CGRP release
from myenteric sensory nerves (Zygmunt et al. 1999),
a finding that is supported by additional experiments
showing a significant reduction in the capsaicin-induced
vasodilatation in denervated rats (data not shown).
Notwithstanding, 10- to 100-fold larger concentrations
of anandamide elicited a concentration-dependent vaso-
dilatation of this vascular territory (data not shown). In
rat bladder urothelial cells, vanilloid receptor activation
elicited a much larger production of NO (Birder et al.
2001), a findinglikely to be related to the denser expression
of TRPV1 receptors, which in this tissue is derived from
both afferent nerves and by the urothelial cells themselves.
The fact that nanomolar concentrations of the synthetic
anandamide analogue (R)-(+)-methanandamide also
elicited a concentration-dependent release of NO is likely
to indicate that a common site exists for the action of
these two structurally related arachidonic acid derivatives.
Since the TRPV1 receptor agonists resiniferatoxin and
(E)-capsaicin but not its inactive analogue (Z)-capsaicin
mimicked the release of NO elicited by anandamide, the
possibility exists that the TRPV1 vanilloid receptors are the
target site linked to the outflow of NO that we now report.
Therefore, we also argue that the recently identified endo-
vanilloid N-arachidonyldopamine (NADA; Huang et al.
2002) might also activate the TRPV1 receptor channel
acting at a common site. We are aware that the potency
of anandamide is 3-fold larger than capsaicin, and that
resiniferatoxin is 300-fold more potent that capsaicin,
values that might be at variance with TRPV1 receptor
pharmacology, an issue that might suggest the involvement
of other receptors, such as an endothelial CB; receptor.
Several arguments support our interpretation favouring
a major role of the TRPVI receptor channel in
the anandamide-induced NO release. The endogenous
anandamide analogue N-arachidonylglycine, which is
devoid of affinity for the TRPV1 receptor (Huang ef al.
2001), elicited only a modest release of NO, much
lower than that evoked by anandamide. In addition,
the non-pungent capsaicin analogue olvanil was also
unable to induce NO release. In this respect, Stebbins
et al. (2003) showed marked differences in the ability
of olvanil to stimulate TRPV1 receptors, such as lack of
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contractile effects in the guinea pig airways. Therefore, we
infer that these vanilloid TRPV1 receptors must interact
at a site that recognizes specific structural requirements of
the ligands. Moreover, the concentration of anandamide
required to evoke NO release is nanomolar, a finding
compatible with tissue levels of anandamide. For instance,
anandamide is found in rat brain at a concentration of
30 pmolg™! and in human brain at a range between 55
and 100 pmol g~'. Furthermore, around 10 pmolg~' are
present in the human spleen and heart and levels within the
nanomolar range have also been detected in serum, plasma
and cerebrospinal fluid of rats and humans (Martin ef al.
1999; Giuffrida et al. 2000).

The participation of vanilloid receptors in the
anandamide-evoked NO release is clearly supported by

A
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B Anandamide
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the observation that the highly selective TRPV1 receptor
antagonists 5'-iodoresiniferatoxin or SB 366791 blocked
and even abrogated the NO production induced by
resiniferatoxin, anandamide or capsaicin. It is worth
noting that the addition of an iodine atom at the vanilloid
moeity of resiniferatoxin yields a compound with an
antagonist profile; its potency to reduce NO production
in our study is compatible with the in vivo results reported
by Undem & Kollarik (2002) who studied vagal sensory
C-fibre activation. Moreover, the SB 366791 potency to
reduce the anandamide-induced NO production that
we now report is entirely compatible with its potency
to inhibit the activation of the hTRPVI1 receptor by
100 nm capsaicin (Gunthorpe et al. 2004). Capsazepine
also produced a concentration-dependent reduction of

Chronically denervated

Capsaicin
200 4

100

g

[ =

AEA AEA AEA AEA AEA
+ -
CPZ RR E-

CAP

CAP CAP CAP CAP
+ -
CPZ RR E-

Control Chronically denervated

Control Chronically denervated

Figure 5. Chronic sensory nerve denervation reduced myenteric CGRP immunoreactivity but not the

anandamide- or capsaicin-induced NO release

A, representative whole-mount sections of myenteric CGRP-immunostained nerve terminals from adult control
(left image) and denervated adult rats (right panel). Neonatal capsaicin treatment was performed on days 1 and
2 after birth as described under methods. B, control values of NO release elicited by 1-min exposure to either
anandamide (AEA, left panel) or capsaicin (CAP, right panel) are depicted as hatched bars. Open bars represent the
outflow of NO after chronic denervation. The vanilloid TRPV1 receptor antagonist 100 nm capsazepine (CPZ), or
0.3 um ruthenium red (RR), the TRPV1 channel blocker, was added 20 min before and during the 1-min incubation
with the agonists. When indicated (E—) the endothelium was removed by perfusing 0.1% saponin for 55 s. Results
are the mean =+ s.e.m. of at least 4 separate experiments per group. P < 0.01 when compared to the NO release

induced by the agonists alone in denervated mesenteries.
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either anandamide- or capsaicin-induced release of NO,
albeit at concentrations 10 times higher. In addition,
capsazepine also reduced the release of NO induced by
nanomolar concentrations of the synthetic anandamide
analogue (R)-(4)-methanandamide and by NADA, an
endogenous vanilloid ligand, but it failed to antagonize
the NO release elicited by N-arachidonylglycine, that
was reported as a weak vanilloid receptor ligand (Huang
et al. 2001). Moreover, the finding that ruthenium red, a
non-selective channel blocker, also reduced the outflow
of NO elicited by either anandamide or capsaicin gives
additional support to our notion that the vanilloid TRPV1
receptor is a target of cannabinoids and vanilloids for NO
production.

Although the involvement of cannabinoid CB; receptors
in the release of NO evoked by anandamide and
capsaicin could arise from the observation that micro-
molar concentrations of the CB; receptor antagonist
SR 141716 A or AM 251 reduced the outflow of NO
induced by both agonists, a non-specific antagonism
caused by the high concentration used of these drugs
cannot be entirely precluded. This is in keeping with the
finding of De Petrocellis et al. (2001) that micromolar
concentrations of SR 141716 A, a rather selective CB,
receptor antagonist, inhibited the TRPV1-mediated Ca**
increase caused by anandamide and capsaicin in human
endothelial kidney cells expressing the TRPV1 receptor. In
view of our observations that 5'-iodoresiniferatoxin, SB
366791 and capsazepine are remarkably more potent than
SR 141716A in antagonizing the anandamide-induced
outflow of NO, in addition to the fact that AM 251 blocked
the anandamide-induced NO burst as well as that elicited
by capsaicin or resiniferatoxin, we propose that the effect of
anandamide and structurally related analogues is mainly
mediated by TRPV1 receptor activation. The role of endo-
thelial CB; receptors (Liu et al. 2000) on the release of
endothelial NO elicited by anandamide cannot be entirely
precluded since this receptor might also promote NO
production; however, we propose that its contribution
might be minor. In this respect, we have not ignored the
proposal of a functional cross-talk between CB, receptors
and the TRPV1 channel (Kim et al. 2005) based on the
observation that, in addition to capsazepine, the rather
selective CB; receptor antagonist AM 251 was also able to
prevent Ca?* influx elicited by capsaicin in mesencephalic
cultured neurones.

Another issue that captured our attention was the
finding of endothelial TRPV4 receptors (Watanabe
et al. 2002a) and the possibility that anandamide
directly or indirectly, through epoxyeicosatrienoic acid
metabolites, putative endogenous ligands of the TRPV4
receptor channel (Watanabe et al. 2003), might act on
TRPV4 receptors. Therefore we ascertained the possible
participation of TRPV4 receptors as putative targets of
an indirect effect of anandamide. Several arguments
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in the present study allow us to discard a major role
of the TRPV4 receptor channel as an actor in NO
production. First of all, 4«PDD, the classical TRPV4
receptor activator (Watanabe et al. 2003; Andrade et al.
2005), did not elicit NO release, failing to mimic the
action of anandamide. Second, a battery of enzyme
inhibitors successfully used by Watanabe et al. (2003)
to block different steps of the anandamide metabolism
to arachidonic acid and subsequent active metabolites,
did not attenuate anandamide NO production, suggesting
that this metabolic route is apparently not involved in
NO production. We reasoned that if anandamide is
metabolized in the mesenteries to active arachidonic
acid-derived products, and that these metabolites are
indirectly involved in its activity, the stepwise inhibition of
key enzymes in the arachidonic acid cascade should reflect
areduction in NO production at some stage. This was not
the case, contrary to the studies of Watanabe et al. (2003).
Moreover (R)-(+)-methanandamide behaved as a partial
agonist in our bioassay system, in spite of its failure to
activate the TRPV4 receptor (Watanabe et al. 2003) and
its being a non-hydrolysable derivative of anandamide.
Altogether, the collection of these findings allows us to
discard that the endothelial TRPV4 receptor plays a major
role in NO production, although at present this possibility
cannot be totally excluded.

The observation that 4PDD, an activator of protein
kinase C, but not its inactive enantiomer 4aPDD
(Fukushima et al. 1996) elicited a significant rise in
NO production led us to conclude that protein kinase
C activation is a distal step in receptor-mediated
transduction signalling pathways, and likely a crossed way
common to several receptor mechanisms. Future studies
should detail whether the effect of 4PDD is extended to
other phorbol esters, and in addition, whether blockade
of protein kinase C interferes with the cannabinoid- and
vanilloid-induced NO production.

Regarding the source of NO, the fact that endo-
thelium removal prevented the NO release elicited by
either anandamide or capsaicin strongly supports the
involvement of the endothelium in the NO production.
In this regard, although it was suggested that only
neuronal NO has a role in sensory nerve modulation
(Harris et al. 2002), a tonic release of NO from the
endothelium may have an inhibitory modulator effect
on sensory neurotransmission in the rat mesenteric
bed (Ralevic, 2002). Moreover, in addition to a tonic
NO production, our results indicate that TRPV1
receptor agonists could also elicit a stimulated release
of NO from the endothelium not linked to vaso-
dilatation that could in turn contribute to sensory nerve
modulation. On the other hand, since the NO synthase
inhibitor L-NNA reduced the outflow of NO induced
by either anandamide or capsaicin, we infer that this
enzyme is involved in the production of NO. Because
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endothelial NO synthase activity is dependent on intra-
cellular Ca?* (Toda & Okamura, 2003), the activation of
a putative endothelial TRPV1 channel could be directly
linked to the rise in intracellular Ca’* leading to the
subsequent activation of the endothelial NO synthase.

Our proposal of an endothelial TRPV1 receptor linked
to the release of NO is supported by the observation that,
in control mesenteries, the mRNA coding for the TRPV1
receptor was notoriously reduced after removal of the
endothelial cell layer. In addition, in mesenteries iso-
lated from adult chronically denervated rats by neonatal
capsaicin treatment, a remnant PCR product for TRPV1
receptor was still present and was also significantly reduced
after endothelium removal, further suggesting the pre-
sence of an endothelial TRPV1 receptor. In this respect,
endothelial TRPV1 receptors have been recently found in
human brain microvasculature (Golech et al. 2004) and it
has become increasingly apparent that TRPV1 receptors
are expressed in cells other that primary afferent neuro-
nes with as yet undefined physiological roles (Birder et al.
2001; Caterina, 2003).

We have not ignored that vanilloid TRPV1 receptors
from sensory nerves could participate as an additional
source of NO production or alternatively induce the release
of neuromodulators such as CGRP, which could in its
turn stimulate endothelial NO release. In this regard,
the release of CGRP from stimulated capsaicin-sensitive
neurones and subsequent increase in endothelial NO
has been described in rat gastric mucosa and rabbit ear
(Whittle et al. 1992; Holzer, 1998; Susuki et al. 1998).
Nevertheless, in our experiments, the involvement of
sensory nerves may be disregarded on the basis that the
release of NO induced by either anandamide or capsaicin
was unmodified after chronic sensory nerve degeneration.
The possibility that this could be due to an incomplete
denervation cannot be discarded. However, this possibility
is rendered unlikely by the observation that the CGRP
immunoreactivity, the vasodilator peptide coupled to the
activation of TRPV1 receptors, was largely reduced in the
mesenteries of chronically denervated rats. In addition,
and as observed for control mesenteries, the release of NO
elicited by anandamide and capsaicin was also reduced
by either endothelium removal or the vanilloid receptor
antagonists capsazepine and ruthenium red in mesenteries
isolated from chronically denervated rats.

Regarding the role of the NO released by anandamide
through TRPVI1 endothelial receptor activation, a
modulatory function could be speculated on. Thus, NO
has been shown to produce actions other than vascular
smooth muscle relaxation, such as control of the release of
several neurotransmiters in brain and non-vascular tissues
(Toda & Okamura, 2003). A modulator role for NO where
capsaicin-induced increase in NO production is required
for CGRP release has been proposed in rat spinal cord
(Garry et al. 2000) and in rabbit skin (Hughes & Brain,

© The Physiological Society 2005

Anandamide-evoked NO release through endothelial TRPV1 receptor activation 549

1994). It has also been described that NO through cGMP
elevation may function as an inhibitory neurotransmitter
and might be involved in sensory nerve desensitization
(Lopshire & Nicol, 1997; Kopp et al. 2001).

Regarding the role of the TRPV1 receptor and the
NO produced, the possibility exists that nanomolar
concentrations of anandamide could act an autoregulator
pathway in vascular endothelial cells. It has been suggested
that after anandamide biosynthesis its release might be
dependent on the same putative membrane transporter
proposed to underlie its cellular uptake, which may act
bidirectionally (De Petrocellis et al. 2004). This membrane
transporter has been shown to be activated by NO in
human endothelial cells (Maccarrone et al. 2000; De
Petrocellis et al. 2001). Hence, it could be speculated that
anandamide, by stimulating endothelial NO production,
could modulate either its own release or its own uptake.
Whereas our results suggest the participation of endo-
thelial vanilloid TRPV1 receptors in the release of NO,
it is of interest to note that Deusch et al (1997)
and Maccarrone et al. (2000) had advanced that the
NO released by anandamide could involve cannabinoid
receptor stimulation.

In sum, the present results demonstrate that nanomolar
concentrations of anandamide devoid of vascular effects,
elicit nevertheless a rapid and transient release of NO
mediated mainly through the activation of TRPV1
vanilloid receptors localized at the vascular endothelium
of the rat mesentery. The implications of the present
findings for the nervous system and the pathophysiological
relevance of the anandamide-induced transient NO release
open new opportunities for research. Further studies will
evaluate the physiological significance of the endothelial
TRPV1 receptors and assess whether other vascular beds
also express these endothelial channels, which might
be relevant for endothelial cell communication and/or
vascular tone regulation in health and disease.
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