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Long-term inhibition of nitric oxide synthase potentiates effects of
anandamide in the rat mesenteric bed
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Abstract

In rat isolated mesenteric beds, anandamide induced a concentration-dependent réduction ©OM1ebthe contractile responses
elicited by bolus administration of noradrenaline. The anandamide-induced reductions of noradrenaline responses were unmodified by the
in vitro exposure to the nitric oxide synthase NOS inhibitor, 0@ L-N ®-nitro-L-arginine methyl estei.-NAME), whereas they were
significantly potentiated after the long-term in vivo administration LeNAME (70 mg/kg/day during 4 weeKs . Responses to
anandamide were not potentiated and even reduced in mesenteric beds from rats made hypertensive by aortic coarctation. In mesenter
beds isolated from either untreated or in vieNAME treated rats, concentration—response curves to anandamide were significantly
attenuated by the non-selective’ K channel blocker tetraethylammdnium) TEA but were not modified by either endothelium removal, or
the soluble guanylate cyclase inhibitoH11,2,4 oxadiazold 4,3] quinoxalin-1-one( ODQ or the cannabinoid receptor antagonists
6-iodo-2-methyl-1- 2- 4-morpholinyl ethlyl H-indol-3-yl] (4-methoxyphenyl methanoné AM6B0 and( 1- 2,4-dichlorophenyl -5- 4-
iodopheny) -4-methyN-4-morpholinyl-1H-pyrazole-3-carboxamide AM281 . On the other hand, the vanilloid receptor ag&)i-
[4-hydroxy-3-methoxyphenyl methyl -8-methyl-6-nonenanfide capsaicin induced a concentration-dependent inhibition of noradrenaline-
induced vasoconstriction, and the vanilloid receptor antagoNi§2-(4-chlorophenyl ethyl -1,3,4,5-tetrahydro-7,8-dihydroxy-2-be-
nzazepine-2-carbothioamide capsazepine caused a significant reduction of anandamide-induced responses in mesenteric beds isolat
from both control and chronic-NAME treated rats. The non-metabolizable analogue of anandamide, methanandamide, produced higher
reductions of noradrenaline responses than anandamide in mesenteric beds isolated from controls but not-fvithéreated rats.
Moreover, in mesenteric beds from untreated but not freNAME treated rats, the effects of anandamide were significantly potentiated
by the inhibitor of endocannabinoid degradation, 200 phenylmethylsulphonyl fluoridé PMSF , and by the inhibitor of anandamide
uptake, 5uM (all Z)-N-(4-hydroxyphenyl -5,8,11,14-eicosatetraenamide AM404 . It is concluded that long-term inhibition of NOS
potentiates anandamide-induced relaxations probably through changes in either endocannabinoid metabolism or uptake. A possibls
compensatory role for endocannabinoids in vascular function in situations in which nitric Oxide NO synthesis is long-term impaired
arises from the present resul®.2001 Elsevier Science B.V. All rights reserved.
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1. Introduction (Randall et al., 1996; White and Hiley, 1997 lead to the
proposal that endocannabinoids could act as an endothe-
Although a great advance in cannabinoid research within lium-derived hyperpolarizing factof EDHF in the rat
the central nervous system has been attained within the lasimesenteric bed Randall et al., 1996 .
few years, the physiological role of endocannabinoids in A link between EDHF and nitric oxidel NDO , i.e.
the cardiovascular system still remains elusive. In this inhibition of EDHF release by NO, has been reported in
regard, the fact that the prototypic endocannabinoid anan-rabbit carotid and porcine coronary arteries Bauersachs et
damide has been found to relax smooth muscles throughal., 1996 . This observation raised the possibility that
the activation of K channels in mesenteric arteries whenever NO synthesis is impaired, EDHF may act as a
compensatory mechanism to maintain the endothelial va-
sodilator function, as proposed by Corriu et @l. 1998 in
" Corresponding author. Tel-+54-11-4961-5049,454-11-4961-6784;  COTONary arteries taken from dogs treated with the NO
fax: 454-11-4963-8593. synthas€ NOB inhibitar-nitroarginine. Hence, the possi-
E-mail address: vmendiz@huemul.fiyb.uba.dr V.E. Mendlizabal . bility exists that if endocannabinoids act in the vasculature
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as an EDHF, the effects of anandamide could be potenti- Briefly, the rats were anaesthetized with ether and a dorsal
ated after the chronic inhibition of NOS. incision was performed in order to reach the abdominal
The aim of the present work was to study the effects of cavity and to identify the abdominal aorta. The vessel was
anandamide on transient noradrenaline-induced contractileligated with a cotton thread between the renal arteries and
responses in the rat mesenteric bed. This experimentalbelow the superior mesenteric artery. In the sham group,
approach was selected on the basis that whereas the actiothe surgery was simulated and no ligation of the aorta was
of cannabinoids in the regulation of tone maintenance hasperformed. The animals were employed 7 days after the
been extensively studied for review, see Hillard, 2000, surgery.
little is known about the possible role of endocannabinoids  The systolic arterial blood pressure that consisted in the
in the regulation of vascular reactivity to contractile agents mean of four consecutive determinations per rat, was
such as noradrenaline. In addition, we tested the hypo-measured by using the tail-cuff method and was controlled
thesis that the vascular effects of anandamide could bebefore and at the end efNAME administration. Animals
potentiated in mesenteric beds isolated from rats madethat achieved a systolic blood pressure higher than 155

hypertensive through the chronic administration.eXl ®- mm Hg were considered as hypertensive.
nitro-L-arginine methyl esteL.-NAME) to cause NOS Control rats were kept and their systolic blood pressure
inhibition. was measured as for theNAME group and aortic coarc-

tated group.
2. Materials and methods 2.2. Mesenteric bed preparation

2.1. Animal treatment and blood pressure measurements The animals were anaesthetized with ether, the ab-
domen was opened and the mesenteric bed was cannulated
L-NAME was daily dissolved in tap water at a concen- and removed according to the method described by Mc-
tration of 30 mg100 ml and orally administered ad Gregor( 1965 .
libitum during 4 weeks to male Wistar rats of 230-260 g The isolated mesenteric bed was transferred to a perpex
body weight. The daily intake of the drug that was recorded chamber at 37C and perfused with Krebs solution bub-
through the measurement of fluid intake was approxi- bled with 95% Q /5% CO, (in mM: NaCl 118; KCI 4.7;
mately 70 mg’kg. MgCl, 1.2; NaH, PQ 1.0; CaCl 2.6; NaHCO 25.0;
Aortic coarctation was carried out according to the glucose 11.1; final pH 74 , at a constant flow rate of 2
method described by Rojo-Ortega and Genést 1968 .ml/min maintained by a peristaltic pump. Changes in
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Fig. 1. Effects of anandamide on the noradrenaline-induced vasoconstriction in the rat mesenteric bed. Increasing concentrations of &naddamide AE
were perfused 10—-15 min before and during a bolus injection of the dose of noradrenaline that caused an increase in the perfusion pressure of 60—80 mr
Hg, i.e. 10-30 nmol in the controls and 3—10 nmol in tAAME treated groups. Controls are depicted in open ciraledAME (filled circles) was
administered either in vivd Panel A, 70 miyg,/day during 4 weeKs or in vitr¢ Panel B, 1G0OM in the organ bath, perfused 15 min before and
simultaneously with the increasing concentrations of anandamide . Results ares®&#nd.(n = 6—8) of the percent reductions of an initial contraction
to noradrenaline that was performed after the perfusion of either Krebs solution during €0 min Panel A or Krebs solution during 45 min followed by 100
wM L-NAME in the forthcoming 15 mir( Panel)B".P < 0.05 when compared to the corresponding control values.
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vascular resistance were measured as changes in perfusioNAME and 1 wM 1H-[1,2,4 oxadiazold 4,2] quinox-
pressure and recorded by a Statham transducer connectedlin-1-one( ODQ , added 15 min before and during the
to a Grass polygraph. The mesenteric bed was allowed aconcentration—response curve to anandamide.
settling period of 60 min after mounting, before starting Since both endothelial removal, in vitro inhibition of
the experiments. NOS with L-NAME and in vitro inhibition of soluble
guanylate cyclase with ODQ, produced per se an enhance-
ment of contractile responses to noradrenaline, the corre-
sponding dose of noradrenaline in these experimental
groups was reduced by a factor of three in order to obtain
After an equilibration period of 60 min at 37TC, the a pressor response of the same magnitude as that attained
mesenteric beds isolated froorANAME treated as well as  in the controls. The doses of noradrenaline employed were
from age-matched control rats were constricted with bolus in the exact same position on the dose-response curve
injections of noradrenaline at a dose that induced re- before and after each treatment as reported in a previous
sponses of approximately 70% of the maximum for the work (Mendizabal et al., 1999 .
controls and 50% of the maximum for the in viveNAME To study the participation of K channels, the re-
treated rats. The absolute values for the pressor responsesponses to anandamide were assayed in the presence of
were, in both cases, between 60 and 80 mm Hg and werethe non-specific K channel blocker tetraethylammo-
obtained with 10—30 nmol for the controls and 3—10 nmol nium (TEA), added 30 min before and during the concen-
for the L-NAME treated groups. Bolus administrations of tration—response curve to the endocannabinoid.
noradrenaline were performed up to nine times in each  To study the participation of cannabinoid CB1 receptors
preparation at intervals of 15-20 min. Consecutive re- and vanilloid VR1 receptors on anandamide-induced relax-
sponses attained equal values throughout the control experations, the responses to cannabinoids were assayed in the
iments as reported previously Mendizabal et al., 2999 . presence of either the cannabinoid receptor antagonists, 5
Noradrenaline was administered as bolus injections be- M 6-iodo-2-methyl-1F 2¢ 4-morpholinyl ethyl H-indol-
cause the short contractile responses induced by this agen8-yl] (4-methoxyphenyl methanorle AM6B0 andpM
are highly reproducible. 1-(2,4-dichlorophenyl -%- 4-iodophenyl -4-methiyi4-
Concentration—response curves to either anandamidemorpholinyl-1H-pyrazole-3-carboxamide AM281 , or the
(0.01-50.M) or methanandamidé 0.01-%0M) or cap- vanilloid receptor antagonist, itM N-[2-(4-chlorophen-
saicin(0.01-10.M) were performed by evaluation of the
reductions of noradrenaline-induced contractions. Cannabi-
noids and capsaicin were present in the perfusion buffer at

2.3. Experimental protocols

c
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The endothelial layer of the mesenteric bed was re-
moved by perfusion with saponin 0.1%/v for 45 s
(Peredo and Enero, 1993 . To evaluate the effects of
endothelial removal on anandamide-induced inhibition of
contractile responses, concentration—response curves were ~®~ Aortic coarctation
performed 45 min after endothelium removal. The effec- Fig- 2. Effects of aortic coarctation on the reduction of noradrenaline-
. . induced vasoconstriction elicited by anandamide in the rat mesenteric
tlvengss of this procgdure was evaluated at the end of thebed. Increasing concentrations of anandam{de AEA were perfused
eXpe”'men't by examination of the_ lack of relaxan_t effects 19_15 min before and during a bolus injection of the dose of noradrena-
of an infusion of 0.1uM acetylcholine on mesenteric beds Jine that caused an increase in the perfusion pressure of 60—80 mm Hg,
previously contracted by infusion of ,_‘Ll\/l noradrenaline. i.e. 10—30 nmol in the sham-operated group and 3—10 nmol in the aortic

In order to test the effects of the in vitro inhibition of Cojmttf"“on ?rOUP-_t_RleS“'tts atr_e ’Teﬂ*&'fo-l""- (?:‘21 ‘:f the pefrcemd_

_reductions of an initial contraction to noradrenaline that was performed in
NO_S as well as of soluble guanylate_ CyCIase’ the Concen_ mesenteric beds isolated from either rats with aortic coarctdtion filled
tration—response curves to anandamide were performed IMcircles or the corresponding sham-operated control gfoup open gircles .

the presence of their respective inhibitors, 1Q01 L- *P < 0.05 when compared to the corresponding control values.
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yDethyl]-1,3,4,5-tetrahydro-7,8-dihydroxyt2-2-benzaze- (—)-Noradrenaline bitartrate,L-N ®-nitro-L-arginine
pine-2-carbothioamid€ capsazepine , added, respectivelymethyl ester(L-NAME), saponin, H-[1,2,4 oxadiazolo
20 and 45 min before and during the concentration—re- [4,3-d quinoxalin-1-oné ODR , tetraethylammonium ac-
sponse curves to anandamide. etate( TEA and phenylmethylsulphonyl fluoride PMSF
To evaluate the effects of the inhibition of anandamide were purchased from Sigm&. afl)-N-(2-hydroxyethy} -
degradation and of anandamide uptake, the concentration-5,8,11,14-eicosatetraenamifle anandajnide-(all Z)]-N-
response curves to anandamide were performed in the(2-hydroxy-1-methylethyl -5,8,11,14-eicosatetraenamide
presence of either 200.M phenylmethylsulphonyl fluo-  (R-(+)-methanandamide , 6-iodo-2-methy[-1¢ 2- 4-mor-
ride (PMSB or 5uM (all Z)-N-(4-hydroxyphenyl - pholinyDethyl -1H-indol-3-yl] (4-methoxyphenyl meth-
5,8,11,14-eicosatetraenamifle AM404 , added 15 min be-anone( AM630 , 1- 2,4-dichlorophenyl 45- 4-iodophenyl -

fore and up to the end of the experiments. 4-methylN-4-morpholinyl-1H-pyrazole-3-carboxamide
(AM281), (all Z)-N-(4-hydroxyphenyl -5,8,11,14-eicosa-
2.4. Animals and drugs tetraenamide ( AM40# , (E)-N-[4-hydroxy-3-methoxy-

pheny) methy] -8-methyl-6-nonenamidé( E)-capsaicin
Male Wistar rats were bred in the animal facilities of and N-[2-(4-chlorophenyl ethyl -1,3,4,5-tetrahydro-7,8-di-
the Facultad de Ciencias Exactas y Naturales, Universidadhydroxy-2H-2-benzazepine-2-carbothioamidé capsaze-
de Buenos Aires. Experiments were conducted in accor- pine) were obtained from Tocris Cookson. Anandamide
dance with the Helsinki declaration on research involving and methanandamide were dissolved in ethanol; AM630,
animals and human beings. AM281, AM404, capsaicin and capsazepine were dis-
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Fig. 3. Effects of acetylcholine, isoprenaline, sodium nitroprusside and forskolin on the noradrenaline-induced vasoconstriction of theedt mede
Increasing concentrations of the drugs tested were added 10—-15 min before and during a bolus injection of the dose of noradrenaline that caused al
increase in the perfusion pressure of 60—80 mm Hg, i.e. 10-30 nmol in the cdntrols open circles and 3—10 nmoINANHE treated groupg( 70
mg,/kg,/day during 4 weeks, filled circlés . Results are expressed as the m8daM. (n = 6-8 of the percent reductions of an initial contraction to
noradrenaline that was performed 60 min after the onset of the perfusion with Krebs soliRien0.05 when compared to the corresponding control

values.
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solved in dimethyl sulphoxide. The remaining drugs were reached a maximum equal to that attained in the controls.
dissolved in distilled water. Neither AM630, nor AM281, Different to that observed after the chronic treatment with
nor capsazepine, nor AM404, nor PMSF, nor TEA, nor the L-NAME, the in vitro exposure of the mesenteric beds to
maximal concentrations of ethanol and dimethyl sulphox- 100 wM L-NAME did not modify the anandamide-induced
ide that were added to the mesenteric beds, 0.1% andinhibition of the contractions elicited by noradrenaline
0.05%, respectively, had any effect on the contractile compared to the controls Fig. 1, Panél B .
responses elicited by noradrenaline in the mesenteric bed. In order to determine if the potentiation of the in-
hibitory effects of anandamide on noradrenaline-induced
2.5. atistical analysis contraction were the consequence of the increase in blood
pressure induced by chronieNAME treatment, responses
to anandamide were tested in mesenteric beds isolated
from animals made hypertensive by a means other than the
inhibition of NOS, such as aortic coarctation. Different to
that observed in rats made hypertensive by long-term
L-NAME administration, the effects of anandamide on
noradrenaline-induced contractile responses were not po-
tentiated, and even reduced, in mesenteric beds isolated
from rats made hypertensive by aortic coarctation Fig. 2 .
3. Results The reductions on noradrenaline-induced vasoconstric-
tion caused by anandamide were compared with the effects
The effects of the endocannabinoid anandamide on of other substances known to induce vasodilation, namely
noradrenaline-induced vasoconstriction were tested inthe cholinergic agonist acetylcholine, tiffeadrenoceptor
mesenteric beds isolated from untreated as well as from inagonist isoprenaline, the nitric oxide donor sodium nitro-
vivo L-NAME treated rats( 70 mgkg/day during 4 prusside( SNPP and the adenylate cyclase activator fors-
weeks . As shown in Fig. 1 Panel A, anandamide induced kolin. As shown in Fig. 3, the contractile responses to
a concentration-dependent inhibition of the contractile re- noradrenaline were reduced in a concentration-dependent
sponses elicited by the bolus administration of noradrena- manner by acetylcholine, isoprenaline, sodium nitroprus-
line, which started at 1tM and reached a maximum at 30 side and forskolin in mesenteric beds isolated from un-
nM anandamide. The effect of anandamide was signifi- treated rats. Moreover, whereas both acetylcholine and
cantly potentiated after the chronic in vivo administration isoprenaline effects on noradrenaline-induced vasoconstric-
of L-NAME, where the reduction of noradrenaline-induced tion were diminished after the chronic in vivo administra-
vasoconstriction started at 0.0M anandamide and tion of L-NAME, the SNP-induced inhibition of the con-

Results are expressed as the meaIi%E.M. Statistical
comparisons were made by analysis of variahce ANQVA
with Newman—Keuls posteriori analysis and Studernt's
test for paired and unpaired data, as appropriat®-¥alue
smaller than 0.05 was considered as significant.
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Fig. 4. Effects of endothelium removal on anandamide-induced inhibition of contractile responses to noradrenaline in the rat mesenteriasird. Incre

concentrations of anandamide AEA were added 10-15 min before and during a bolus injection of the dose of noradrenaline that caused an increase ir

perfusion pressure of 60—80 mm Hg in mesenteric beds isolated from untfeated Panel ANAME treated ratd Panel)B . For details, see Fig. 1.
Endothelium was removed through a 45-s infusion with 0.1% saponin. Results are m&dad. (n=6-8 of the percent reductions of an initial
contraction to noradrenaline, performed 60 min after the perfusion with Krebs solution of the mesenteric beds with either intact en€lothelilsn contro
open circley or in endothelium-denuded preparations filled cixcles .
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Fig. 5. Effects of the soluble guanylate cyclase inhibitor ODQ on anandamide-induced inhibition of contractile responses to noradrenalinge in the ra
mesenteric bed. Increasing concentrations of anandamide) AEA were added 10—15 min before and during a bolus injection of the dose of noradrenaline
that caused an increase in perfusion pressure of 60—80 mm Hg in mesenteric beds isolated from (ntreatetl PanélAME&naeated rat{ Panel B .

For details, see Fig. 1. The guanylate cyclase inhibitprM ODQ was perfused 15 min before and simultaneously with the increasing concentrations of
anandamide. Results are meanS.E.M.(n = 6-8 of the percent reductions of an initial contraction to noradrenaline, performed 15 min after the onset of

the perfusion with JuM ODQ.

tractile responses to noradrenaline was potentiated, as ob- In order to test whether the effect of anandamide on
served with anandamide, after in vivo NOS inhibition. No noradrenaline-induced contractions could involve the par-
differences on the effects of forskolin were observed be- ticipation of the vascular endothelium, concentration—re-

tween the controls and theNAME treated group. sponse curves to the endocannabinoid were performed in
AM 630
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Fig. 6. Effects of the cannabinoid receptor antagonists AM 630 and AM 281 on the anandamide induced inhibition of contractile responses to
noradrenaline in the rat mesenteric bed. Increasing concentrations of ananamide AEA were added 10—15 min before and during a bolus injection of the
dose of noradrenaline that caused an increase in the perfusion pressure of 60—80 mm Hg in mesenteric beds isolated from untiéAtd& arshted

rats ( for details, see Fig.)1 . The cannabinoid receptor antagonistd BM630 (upper panel and LM AM281 (lower panel were perfused 15 min

before and simultaneously with the increasing concentrations of anandamide. Results are ®éaik (n = 6-8) of the percent reductions of an initial
contraction to noradrenaline, performed 15 min after the onset of the perfusion with ejihér/Avi630 or 1 .M AM281.
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Fig. 7. Effects of the vanilloid receptor antagonist capsazepine on the anandamide-induced inhibition of contractile responses to noradrengdine i
mesenteric bed. Increasing concentrations of anandamide) AEA were added 10—15 min before and during a bolus injection of the dose of noradrenaline
that caused an increase in the perfusion pressure of 60—80 mm Hg in mesenteric beds isolated from either(untreatdd RaNAIME treated rats

(Panel B . For details, see Fig. 1. The vanilloid receptor antagoni$f tapsazepine, was perfused 45 min before and simultaneously with the increasing
concentrations of anandamide. Results are meaB®<£.M.(n = 6—8 of the percent reductions of an initial contraction to noradrenaline, performed 15 min

after the onset of the perfusion withyM capsazepine: P < 0.05 when compared to the corresponding control values.

either mesenteric beds with intact endothelium or in en- reached a maximum at @M capsaicin. Different to that
dothelium-denuded preparations. Fig. 4 shows that en-observed for anandamide, the chronic treatment with
dothelium removal did not modify the anandamide-in- NAME did not modify the capsaicin-induced inhibition of
duced reductions of contractile responses to noradrenalinethe contractions elicited by noradrenaline compared to the
either in the untreated Pane) A or in the in viveNAME controls.
treated rat§ Panel)B . To test whether anandamide-induced responses could be
The effects of the soluble guanylate cyclase inhibitor mediated by the opening of Kchannel, the effects of the
ODQ on anandamide-induced inhibition of contractile re- non-selective K channel blocker tetraethylammonium
sponses were studied in mesenteric beds isolated from(TEA) were studied in mesenteric beds isolated from either
untreated as well as fromNAME treated rats. As shown untreated or-NAME treated rats. As shown in Fig. 9, the
in Fig. 5, the inhibition of the soluble guanylate cyclase
with ODQ did not modify the concentration—response
curves to anandamide either in the untredted Panel A or

in the in vivo L-NAME treated groug Panel)B . .§ 100

To study the possibility that the action of anandamide in &
the vasculature could be mediated by specific receptors, s 757
the effects of anandamide on the contractile responses to 2 c
noradrenaline were tested in the presence of cannabinoid §§ 50 -
as well as vanilloid receptor antagonists. As shown in Fig. ég
6, the cannabinoid receptor antagonists AM630 and AM281 £
were unable to modify concentration—response curves to £ 251
anandamide either in the untreated or in th&lAME g
treated group. On the contrary, the vanilloid receptor an- K 0 -
tagonist capsazepife Fig) 7 caused a significant reduction 2 0001001 04 1 10 100
of anandamide-induced responses in mesenteric beds iso- Capsaicin (M)
lated from both untreatefl Fig. 7, Panel A antNAME

—O— Untreated

treated rat§ Fig. 7, EaneDB . ' o iy ENAME trented

In.c.)rder ,to SIUdy if, as, O,bserved for anandamide, the Fig. 8. Effects of the vanilloid receptor agonist capsaicin on contractile
specific activation of vanilloid receptors was able to re- responses elicited by noradrenaline in the rat mesenteric bed. Increasing
duce noradrenaline-induced contractions, the effects of theconcentrations of capsaicin were perfused 10—15 min before and during a
VR1 receptor agonist capsaicin on noradrenaline responseg)olus injection of the dose of noradrenaline that caused an increase in the
were studied in the rat mesenteric bed. As shown in Fig. 8, perfusion pressure of 60—80 mm Hg, i.e. 10-30 nmol in the controls and
capsaicin induced a concentration-dependent inhibition of 3-10 nmol in the.-NAME treated rats. For details, see Fig. 1. Results

. .. L are means S.E.M.(n = 6) of the percent reductions of an initial contrac-

the contractile responses elicited by the bolus administra- on to noradrenaline that was performed in mesenteric beds isolated from

tion of noradrenaline, which started at 0.QIM and either controld open circlds arNAME treated ratg filled circles .
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Fig. 9. Effects of the non-selective 'K -channel blocker tetraethylammoniium )TEA on the anandamide-induced inhibition of contractile responses to
noradrenaline in the rat mesenteric bed. Increasing concentrations of ananamide AEA were added 10—15 min before and during a bolus injection of the
dose of noradrenaline that caused an increase in the perfusion pressure of 60—80 mm Hg in mesenteric beds isolated from eithér untreated Panel A ¢
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to noradrenaline, performed 30 min after the onset of the perfusion with 10 mM TEA.

non-selective K channel blocker 10 mM TEA signifi-  inhibitor of anandamide uptake AM404. As shown in Fig.
cantly attenuated the anandamide-induced inhibition of 10, the responses induced by methanadamide were signifi-
contractile responses to noradrenaline in mesenteric bedsantly higher than those induced by anandamide in mesen-
isolated from either untreatéd Fig. 9, Panel ALeNAME teric beds isolated from untreated réts Fig. 10, Panel A .
treated rat€ Fig. 9, PanelB . Unexpectedly, no differences were found between anan-
The effects of anandamide on noradrenaline-induced damide and methanandamide when these drugs were as-
vasoconstriction were compared with those obtained with sayed in mesenteric beds isolated freoeNAME treated
its non-metabolizable analogue methanandamide and alsaats( Fig. 10, Panel B . In addition, Fig. 11 shows that both
studied in the presence of either the non-specific inhibitor the non-specific inhibitor of endocannabinoid degradation,
of endocannabinoid degradation PMSF or the specific 200 uM PMSF, and the specific inhibitor of anandamide
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Fig. 11. Effects of the non-specific anandamide amidase inhibitor PMSF and of the specific anandamide uptake inhibitor AM404 on the anandamide-in-

duced inhibition of contractile responses to noradrenaline in the rat mesenteric bed. Increasing concentrations of anandamide were addelef6rel5 min

and during a bolus injection of the dose of noradrenaline that caused an increase in the perfusion pressure of 60—-80 mm Hg in mesenteric bexls. For detail
see Fig. 1. Both the non-specific anandamide amidase inhibitop20@®MSF (upper pangl and the specific anandamide uptake inhibjidviZAM404

(lower panel were perfused 15 min before and simultaneously with increasing concentrations of anandamide in mesenteric beds isolated from either
untreated oL-NAME treated rats. Results are mean$.E.M.(n = 6-8 of the percent reductions of an initial contraction to noradrenaline, performed 15

min after the onset of the perfusion with either 200 PMSF or 5u.M AM404. “ P < 0.05 when compared to the corresponding control values.

uptake, .M AMA404, significantly potentiated anan- 1997, the vasculature of the rat kidn€y Deutsch et al.,
damide-induced responses in mesenteric beds isolated fron1997), the bovine coronary artefy Pratt et al., 1998 and
untreated rats. The inhibitor of anandamide uptake causedthe guinea-pig isolated basilar artefy Zygmunt et al.,
that concentrations of anandamide as low as @Q.Blwere 2000 .
now effective to reduce, by about 40%, the noradrenaline- The present work shows that, in addition to the reduc-
induced vasoconstrictiod Fig. 11 . On the contrary, no tions reported for the vascular tone, the endocannabinoid
differences were observed when either the anandamideanandamide, as well as its non-metabolizable analogue
uptake blocker, AM404, or the endocannabinoid degrada- methanandamide, induce a concentration-dependent inhibi-
tion inhibitor, PMSF, were tested in mesenteric beds iso- tion of the transient contractions elicited by bolus injec-
lated fromL-NAME treated rat€ Fig. D1 . tions of noradrenaline in the rat mesenteric bed. This latter
finding would suggest that endocannabinoids could be of
physiological relevance not only in the local regulation of
4. Discussion basal tone but also in physiological situations in which
plasma concentrations of catecholamines are increased,
In the majority of previous studies, the effects of such as during an adrenergic discharge, or under pathologi-
cannabinoids in the vascular system were linked to an cal conditions in which sympathetic activity is enhanced,
inhibitory action not only in the release of noradrenaline such as in some types of human essential hypertension.
from sympathetic nerveé Ishac et al.,1996; Niederhoffer In addition, the present observation that the inhibitory
and Szabo, 1999 but also in the basal tone of vasculareffect of anandamide on noradrenaline-induced contrac-
preparations. Relaxations produced by cannabinoids weretions is potentiated after the long-term in vivo administra-
reported for sustained contractions induced by different tion of L-NAME could suggest a link between NO and
agents, administered as to mimic the mechanisms involvedcannabinoids. Nevertheless, the in vitro exposure to the
in tone maintenance, i.e. either as a constant infusion or atNOS inhibitor was unable to modify the anandamide-in-
a fixed concentration in the organ bath. Among the prepa- duced reductions of the contractile responses to noradrena-
rations whose vascular tone is reduced by cannabinoids ardine in the mesenteric bed, in spite of the fact that both in
the rat mesenteric bed Randall et al., 1996; Plane et al.,vivo and in vitro administration of -NAME are equally
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effective to inhibit NOS activity in this tissue Mendizabal with phenylephrine and Jarai et al. measured reductions in
et al., 2000 . Hence, the possibility exists that the enhance-vascular tone induced by anandamide in rat mesenteric
ment of anandamide-induced reductions of contractile re- beds perfused with phenylephrine, we studied the effects
sponses observed after the in vibWNAME treatment had  of anandamide on contractile responses elicited by bolus
been the consequence of an adaptive change resulting fromnjections of noradrenaline in the rat mesenteric bed.
the prolonged NOS inhibition. It has been suggested that anandamide could act as an
Since the chronic inhibition of NOS induces hyper- EDHF in the mesenteric bed Randall et al., 1996 . The
tension, it is highly possible that the potentiation of the fact that the reductions in contractile responses to nor-
effects of anandamide observed in mesenteric beds isolatecadrenaline induced by anandamide were significantly at-
from L-NAME treated rats could have been the conse- tenuated by the exposure to 10 mM of the non-specific K
guence of the increase in blood pressure produced by thechannel blocker, tetraethylammonium, is likely to support
treatment. Nevertheless, this latter possibility appears to bethe view that anandamide had acted in the rat mesenteric
unlikely on the basis that the inhibitory effects of anan- bed, at least partially, through the activation of Khan-
damide on noradrenaline-induced contractile responsesnels and the consequent hyperpolarization of the vascular
were not potentiated, and even reduced, in mesenteric bedsmooth muscle. This is in agreement with most of the
isolated from rats made hypertensive by aortic coarctation. results obtained when different*Kchannel blockers were
Moreover, the potentiation of the inhibitory effects of tested in mesenteric preparations; i.e. several authors have
anandamide on noradrenaline-induced contractions afterfound that anandamide-induced relaxations were abolished
the chronic in vivo administration aFNAME is not likely when apamin and caribdotoxin were employed either in
to be the consequence of an unspecific alteration of thethe perfused mesenteric béd Randall et al., 1996 or in
contractile machinery caused by the long-term inhibition segments of mesenteric arteries Plane et al.,, 1997 and
of NOS. This is because afta-NAME treatment, the = White and Hiley( 199Y reported that 10 mM TEA attenu-
inhibition of contractile responses was in fact reduced for ated anandamide-induced relaxations in the rat perfused
acetylcholine and isoprenaline, unmodified for forskolin mesenteric bed.
and enhanced for SNP. Furthermore, even in the latter Regarding the possible involvement of specific cannabi-
case, the mechanism involved is not likely to be the same noid CBL1 receptors, their participation is tentatively pre-
as that underlying anandamide effects; i.e. whereas thecluded by the observation that the cannabinoid receptor
relaxation caused by SNP is linked to cGMP production antagonists AM630 and AM281 did not antagonize the
and prevented by the guanylate cyclase inhibitor ODQ reductions of the noradrenaline-induced contractions caused
(Hwang et al., 1998; Garcia-Pascual et al., 1999, this by anandamide in the mesenteric bed. Although our results
latter drug was unable to modify anandamide inhibition of differ from the observation that the relaxant effects of
contractile responses either in the untreated or in the anandamide can be reduced, in the same preparation, by
L-NAME treated rats. CB1 receptor antagonist SR 141716 (A Randall et al.,
It is of interest to note that anandamide was able to 1996, this CB1 receptor antagonist was not tested by us
reduce contractions elicited by other contractile agents, because in our hands, it also reduced per se the noradrena-
such as KCI Mendizabal et al., unpublished observajions . line-induced contractions of the mesenteric led Mendi-
This finding precludes the possibility that the effects of zabal, unpublished observations . In addition, our results
anandamide had been the consequence of a functionabre in agreement with studies that reported the lack of
antagonism with adrenoceptors. inhibitory effect of CB1 antagonists on the actions of
On the other hand, the fact that anandamide-inducedanandamidé Chaytor et al., 1999; Jarai et al., 2999 .
inhibition of contractile responses to noradrenaline was  The lack of effect of the CB1 receptor antagonists on
unmodified after endothelial removal either in untreated or anandamide-induced relaxations could have resulted from
in L-NAME treated rats suggests that the inhibitory effect the long-lasting and poorly reversible nature of anan-
of this cannabinoid is independent not only of NO but also damide effects( Plane et al., 1997 . Nevertheless, this
of other endothelium-derived relaxing factors in the rat possibility is precluded by the finding that the VR1 recep-
mesenteric bed. Whereas this observation agrees with mostor antagonist capsazepine was indeed able to prevent the
of the studies performed in the rat mesenteric vasculature,inhibitory effects of anandamide on noradrenaline-induced
which show that anandamide-induced relaxations are notcontractions. This latter finding agrees with the observa-
endothelium-dependerit Randall et al., 1996; White and tions that anandamide elicits vasodilation of isolated hep-
Hiley, 1997, it differs from the results obtained by Chay- atic and mesenteric small arteries by activation of vanilloid
tor et al.( 1999 and Jarai et &l. 1999 , who found a small receptors( Zygmunt et al., 1999 . Moreover, its non-
endothelium-dependent component of the effect of anan-metabolizable analog methanandamide induces relaxation
damide. This discrepancy could be due to the different through vanilloid receptors on capsaicin-sensitive nerves in
experimental models employed. In this regard, whereasthe isolated mesenteric arterial bed and small mesenteric
Chaytor et al. tested the relaxant effects of anandamide inarteries( Ralevic et al., 2000 . Furthermore, anandamide
rings of rabbit superior mesenteric arteries precontractedand methanandamide were shown to be agonists at recom-
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binant rat VR1 receptot Zygmunt et al., 1999 and in the effects of anandamide in mesenteric beds isolated from
human VR1 cloné Smart et al., 2000 . L-NAME treated rats is likely to indicate that anandamide
Regarding the possible link between cannabinoids and metabolism as well as anandamide uptake are less active in
vanilloid receptors, positive interactions appears to arise hypertensiveL.-NAME treated than in control rats. In
both from the observation that the vanilloid receptor ago- further support of this view is the observation that
nist capsaicin was effective to reduce noradrenaline- methanadamide was equipotent to anandamide to reduce
induced contractions and that the vanilloid receptor anta- contractions to noradrenaline in mesenteric beds isolated
gonist capsazepine was able to inhibit the action of from L-NAME treated rats.
anandamide. Nevertheless, whereas the effective concen- In summary, although it has been previously reported
trations of anandamide that were antagonized by cap-that the hypotensive effects of anandamide on arterial
sazepine in the controls are within the affinity range blood pressure are higher in spontaneously hypertensive
reported for this cannabinoid, this was not the case for thethan in normotensive rats Lake et al., 1997 , the present
L-NAME treated group, in which the concentrations of work is, to our knowledge, the first study that provides
anandamide effective to reduce contractile responses toevidence that the vascular effects of endocannabinoids
noradrenalind 0.01-0.1M) were much below the affin-  might be potentiated in a model of hypertension caused by
ity constant. The latter finding suggests that VR1 receptor long-term suppression of NO synthesis. Whether or not an
could be supersensitive under pathophysiological condi- EDHF, anandamide is likely to play an important role in
tions such as.-NAME hypertension. Nevertheless, this the control of vascular function, as suggested also by the
latter possibility appears to be unlikely since no differ- observation that both endothelial cells and macrophages
ences were observed for the effects of capsaicin betweerrelease this and other endocannabinoid, 2-arachidonyl-
controls and.-NAME treated rats. Hence, the possibility glycerol (Deutsch et al., 1997; Di Marzo et al., 1999 .
exists that the inhibition of anandamide effects induced by Hence, although further studies are necessary to evaluate
capsazepine could very well be due to an action of cap-the physiological relevance of the present findings, they
sazepine unrelated to VR1 receptors or, alternatively, thatcould suggest a possible compensatory role for endo-
the effects of anandamide had resulted from the interactioncannabinoids in vascular function in situations in which
with a different subsite of the VR1 receptor than that NO synthesis is chronically impaired, such as in human
activated by capsacin. essential hypertensidn Forte et al., 1997 .
The fact that methanandamide was more potent than
anandamide to reduce noradrenaline-induced contractions,
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