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Effects of chronic nitric oxide synthase inhibition
on the cardiovascular responses to cannabinoids
in vivo and in vitro

AJ Wheal, T Bennett, MD Randall and SM Gardiner

Centre for Integrated Systems Biology & Medicine, School of Biomedical Sciences, University of Nottingham, Queen’s Medical Centre,
Nottingham, UK

Background and purpose: Since the vasorelaxant potency of the endocannabinoid anandamide is enhanced in perfused
mesenteric vascular beds from rats made hypertensive by chronic inhibition of NO synthase (L-NAME in drinking water), we
hypothesized that in vivo, anandamide-induced vasodilatation would be similarly enhanced in L-NAME-treated animals.
Experimental approach: Male Sprague-Dawley rats were given L-NAME in drinking water (7.5 mg kg�1 day�1) for 4 weeks.
Relaxant effects of anandamide were measured in perfused mesenteric vascular beds and in isolated small mesenteric arteries.
Renal, mesenteric and hindquarters haemodynamic responses to anandamide, methanandamide, the synthetic cannabinoid
agonist WIN-55212-2 and the cannabinoid receptor antagonist AM251 were assessed in conscious, chronically-instrumented
rats.
Key results: Vasorelaxant responses to anandamide were enhanced in the perfused mesentery but not in isolated mesenteric
resistance vessels. In vivo, anandamide caused vasodilatation only in the hindquarters vascular bed and only in control rats.
Methanandamide caused a late-onset (40 min after administration) tachycardia, mesenteric and hindquarters vasoconstriction,
and renal vasodilatation, which did not differ between control and L-NAME-treated rats. AM251 had no effect on resting blood
pressure in control or L-NAME-treated rats and WIN55212-2 caused pressor and renal and mesenteric vasoconstrictor
responses, with hindquarters vasodilatation in both groups of animals.
Conclusions and Implications: The results provide no in vivo evidence for enhanced vasodilator responses to cannabinoids, or
up-regulation of endocannabinoids or their receptor activity, following chronic NO synthase inhibition.
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dihydro-5-methyl-3-[(morphonolinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-yl)(1-napthalenyl)methanone
mesylate

Introduction

Currently, much interest surrounds the physiological and

pathophysiological cardiovascular actions of the endo-

genous cannabinoid (CB) system (see Randall et al., 2004

for a review). In vitro, anandamide-induced vasorelaxation

of mesenteric resistance vessels is well documented and

involves multiple mechanisms, including CB1 receptors,

vanilloid (TRPV1) receptors, and in some cases, endo-

thelium-derived hyperpolarizing factor (EDHF)-mediated

relaxations and nitric oxide (NO) production (Randall

et al., 1996; Deutsch et al., 1997; White and Hiley, 1997;

White and Hiley, 1998; Wagner et al., 1999; Zygmunt et al.,

1999; O’Sullivan et al., 2004). Other CB1 receptor-indepen-

dent actions include inhibition of L-type calcium channels

(Johnson et al., 1993; Jarrahian and Hillard, 1997), and

effects on gap junction function (Chaytor et al., 1999;

Howlett and Mukhopadhyay, 2000). Anandamide may also

act via an as yet unidentified, non-CB1/CB2, endothelial

‘anandamide receptor’ (Járai et al., 1999; Offertaler et al.,

2003; O’Sullivan et al., 2004). However, vasodilator effects of
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anandamide in vivo are difficult to demonstrate, and indeed,

the more recent literature indicates that in normotensive

animals, a major component of the hypotensive effect of

anandamide is due to decreased cardiac output rather than

reduced peripheral vascular resistance (Pacher et al., 2004).

There is in vitro evidence to suggest that the vascular

effects of anandamide may be augmented by inhibition of

nitric oxide synthase (NOS). Specifically, in isolated, perfused

mesenteric vascular beds, Mendizábal et al. (2001) demon-

strated that the anandamide-induced inhibition of noradre-

naline-evoked vasoconstriction was enhanced in vessels

from rats given the NOS inhibitor, NG-nitro-L-arginine

methyl ester (L-NAME), in the drinking water for 4 weeks.

On the basis of the results from a series of experiments,

Mendizábal et al. (2001) concluded that anandamide caused

mesenteric vasorelaxation via activation of potassium chan-

nels and TRPV1 receptors, an effect that was augmented by

chronic NOS inhibition, most likely via a downregulation of

anandamide metabolism and uptake, as methanandamide

was more potent than anandamide in controls, yet equipo-

tent in vessels from L-NAME-treated rats. However, to our

knowledge these findings have not been followed up in vivo.

Therefore, the first aim of the present study was to evaluate

the regional haemodynamic effects of anandamide in

conscious rats after a 4-week treatment with L-NAME in

drinking water compared to tap water-drinking, control

rats, to test the hypothesis that the vascular effects of

anandamide would be enhanced in L-NAME-treated rats.

In addition, in separate groups of L-NAME and control rats,

responses to methanandamide, the metabolically stable

analogue of anandamide, were compared.

Chronic administration of L-NAME causes hypertension,

and although the findings of Mendizábal et al. (2001) were

shown to be not related to the hypertensive state and not CB

receptor-mediated, others have shown enhanced CB1-recep-

tor-mediated cardiodepressor and vasodilator effects of

endocannabinoids in other models of hypertension (Bátkai

et al., 2004). Therefore, a second aim was to evaluate the

effects of the cannabinoid (CB1) receptor antagonist, AM251

(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-

4-methyl-1H-pyrazole-3-carboxamide), on baseline cardio-

vascular variables in L-NAME-treated and control rats, to test

the hypothesis that there is a compensatory role for

endocannabinoids in controlling vascular tone in hyperten-

sion induced by NOS inhibition, which would be manifest as

an exaggerated response to antagonism of the endogenous

ligand. In addition, the regional haemodynamic effects

of the synthetic CB-receptor agonist, WIN55212-2, were

compared in control and L-NAME-treated rats.

The dose of L-NAME administered (B10 mg kg�1 day�1 for

4 weeks) was chosen on the basis of the effects on blood

pressure measured by telemetry (Tep-Areenan et al., 2002)

and was less than that used by Mendizábal et al. (2001)

(70 mg kg�1 day�1 for 4 weeks). Therefore, before the in vivo

experiments began, in vitro experiments were performed in

perfused mesenteric vascular beds taken from rats treated

with L-NAME, to ascertain that augmented vasorelaxant

responses to anandamide were evident under those condi-

tions. In addition, some experiments were performed in

isolated third-order mesenteric arteries taken from control

and L-NAME-treated rats, to determine the extent to which

the results obtained in the isolated perfused vascular bed

were reflected in this preparation. Overall, this study has

provided no in vivo evidence for enhanced vasodilator

responses to cannabinoids, or upregulation of endocannabi-

noids or their receptor activity, following chronic NOS

inhibition, despite the in vitro evidence presented.

Methods

Animals

Male, Sprague–Dawley rats (Charles River, UK) were housed

in a temperature-controlled environment (20–221C) with a

12 h light/dark cycle (lights on at 0600). The rats were held

within the Biomedical Services Unit at the University of

Nottingham for at least a week before commencement of any

procedures. All procedures were approved by the University

of Nottingham Ethical Review Committee, and were per-

formed under UK Home Office Project and Personal Licence

Authority.

Animals used for in vitro studies (n¼46) were housed in

pairs, whereas those used in in vivo studies (n¼37) were

housed individually after surgery. In each study, half of the

group received tap water (control group) and the rest

received a 0.1 mg ml�1 solution of the NOS inhibitor,

L-NAME, to drink ad libitum. Fluid intake was measured over

4 weeks, with fresh water or L-NAME solution given every

2–3 days. On average, the fluid intake was B75 ml kg�1

giving an L-NAME intake of B7.5 mg kg�1 day�1. In vitro and

in vivo experiments were performed after rats had been

drinking L-NAME for 4 weeks.

Isolated perfused mesenteric arterial beds

Male, Sprague–Dawley rats (340–495 g) were stunned by

a blow to the back of the head and killed by cervical

dislocation. As previously described by Harris et al. (2002),

cannulation of the superior mesenteric artery was followed

by removal of the whole mesenteric bed, and its perfusion at

5 ml min�1 with either normal Krebs–Henseleit buffer (com-

position (mM): NaCl 118, KCl 4.7, MgSO4 1.2, KH2PO4 1.2,

NaHCO3 25, CaCl2 2, D-glucose 10) containing 3 mM

indomethacin (n¼6 controls), or with this buffer containing

3 mM indomethacin and 300mM L-NAME (n¼10 controls,

n¼9 L-NAME-treated rats).

Following a 30-min equilibration period at a basal tone

of approximately 40 mm Hg, the beds were contracted with

methoxamine (ca 5mM) to increase tone by around 80 mm

Hg. In the presence of L-NAME, preparations showed increa-

sed sensitivity to methoxamine; hence, a lower concentra-

tion of methoxamine was used (o1 mM). Once the tone

had stabilized, a cumulative concentration–response curve

to anandamide (1 nM–10mM) was constructed.

Wire myography of isolated mesenteric vessels

Male, Sprague–Dawley rats (300–450 g) were stunned by

a blow to the back of the head and killed by cervical

dislocation. The mesenteric arterial bed was removed
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immediately and transferred into cold Krebs–Henseleit buffer

containing 300 mM L-NAME as above. Segments of third-order

branches off the superior mesenteric artery (G3), 2 mm in

length, were dissected from the mesenteric bed and cleared

of connective and adipose tissue. The vessels were mounted

on tungsten wires (40 mM diameter) on a Mulvany–Halpern

myograph (Myo-Interface Model 410A, Danish Myo Tech-

nology, Denmark) (Mulvany and Halpern, 1977), kept at

371C in Krebs–Henseleit buffer, gassed with 5% CO2/95%

O2 and allowed to equilibrate under a tension of 5 mN

(O’Sullivan et al., 2004). Tension was measured and recorded

on a MacLab 4e recording system (ADInstruments, Oxford,

UK).

Vessels were considered viable if tension increased by

at least 5 mN in the presence of 60 mM KCl. If acceptable,

the vessels were washed and left to equilibrate at a tension

of 5 mN for 1 h. Following this, the vessels were washed

and contracted three times with 60 mM KCl, and washed

again to regain a basal tension of 5 mN. All vessels were

contracted using a combination of the alpha-adrenoceptor

agonist, methoxamine (5–30 mM), and the thromboxane-A2

analogue, U46619 (10–100 mM), to raise the tone by at least

5 mN. Once the contraction had stabilized, a cumulative

concentration-response curve to anandamide (10 nM–30 mM)

was constructed.

In vivo cardiovascular measurements

All surgery was carried out under general anaesthesia

(fentanyl and medetomidine, 300mg kg�1 of each, i.p.), which

was reversed by nalbuphine and atipamezole (1 mgkg�1 of

each, s.c.), with nalbuphine also providing analgesia. For

the experiments in animals that received methanandamide

and AM251, buprenorphine (0.02 mgkg�1 s.c.) was used in

place of nalbuphine as the latter was no longer available.

The first surgical procedure was the implantation of

miniaturized Doppler flow probes. This took place after

2 weeks of water/L-NAME-drinking. Probes were sutured

around the left renal and superior mesenteric arteries, and

around the distal abdominal aorta below the level of the

ileocaecal artery allowing hindquarters flow to be measured.

Following another 2 weeks of water/L-NAME-drinking,

the second stage of surgery, that is, catheterization, was con-

ducted, subject to the animals passing veterinarian checks.

This procedure used the same general anaesthesia as

for probe implantation. Under anaesthesia, the wires

attached to the Doppler flow probes were soldered into

a plug that was held in a harness worn by the rat. Catheters

were inserted into the distal abdominal aorta via the caudal

artery, allowing measurement of arterial blood pressure and

heart rate, and in the right jugular vein for drug adminis-

tration. Following surgery, anaesthesia was reversed and

analgesia provided as before. The animals were then left to

recover for 24 h to ensure they were fully conscious and

freely moving before commencement of experimentation.

The catheters were connected to fluid-filled, double-channel

swivels to allow overnight intra-arterial infusion of hepari-

nized (15 U ml�1, 0.4 ml h�1) saline to maintain catheter

patency, and intravenous (i.v.) infusion of saline (control

rats; 0.4 ml h�1) or L-NAME (7.5 mg kg�1 day�1). The latter

approach was taken to ensure constancy of L-NAME

administration in the first 24 h postsurgery, when fluid

intake would be expected to be lower than normal. There-

after, L-NAME or saline was infused i.v. for the rest of

the experimental period and all animals were given tap water

to drink. At the time of experimentation, animals weighed

400–500 g.

On the morning of each experimental day, the arterial

catheters were connected to a fluid-filled (degassed water)

pressure transducer (Gould, type 4-442, OH, USA) with a

modified, low volume-displacement dome. The pressure

signal was fed into a Gould transducer amplifier (model 13-

4615-50, OH, USA) and thence to a customized data capture

system (Haemodynamics Data Acquisition System (HDAS),

University of Limburg, Maastricht, Netherlands). The leads

from the Doppler flow probes were connected to a Doppler

flow meter (Crystal Biotech VF-1 Mainframe fitted with high

velocity (HVPD-20) modules, Holliston, USA). This informa-

tion was also recorded using HDAS. The system sampled the

data every 2 ms, averaged every cardiac cycle and then stored

to disc at 5 s intervals (or on a beat-by-beat basis for the first

minute of responses to anandamide and methanandamide),

enabling recording of heart rate, blood pressure and

processed Doppler shift signals.

In vivo cardiovascular responses to anandamide and WIN55212-2

In one group of animals (n¼9 controls, n¼9 L-NAME trea-

ted), a 0.12 ml i.v. bolus dose of vehicle (Tocrisolve) was

administered 1 h before four i.v. bolus doses of anandamide

(0.1, 0.3, 1 and 3 mg kg�1), which were given in ascending

order, separated by 60 min.

In the same animals, on the second experimental day,

a 0.12 ml i.v. bolus dose of vehicle was administered 1 h

before i.v. bolus doses of WIN55212-2 (50 and 150 mg kg�1),

which were given in ascending order, separated by 60 min.

In vivo cardiovascular responses to methanandamide and

AM251

In a separate group of animals (n¼10 controls, n¼8

L-NAME-treated), a 0.12 ml i.v. bolus dose of vehicle

(Tocrisolve) was administered followed by an i.v. bolus dose

of methanandamide (3 mg kg�1) 3 h later.

On the second experimental day, the same animals

were infused i.v. with the CB1 receptor antagonist AM251

(3 mg kg�1, infused 2 ml h�1 over 30 min).

Data analysis

In vitro studies. Vasorelaxation data were expressed as

concentration–response curves fitted by GraphPad Prism

(version 4.00 for Windows, GraphPad Software, San Diego,

CA, USA) using a sigmoidal logistic equation. In perfused

mesenteric beds, the negative log of the anandamide

concentration required to give a 50% relaxation of tone

(pEC50) was calculated. Statistical significance between

groups was calculated using a one-way analysis of variance

(ANOVA) followed by a Bonferroni post hoc test. For

myography experiments, sigmoidal curves fitted by Graph-

Pad Prism were used to calculate the negative log of the
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anandamide concentration that reduced tone by 50%

(pEC50%). This value was used because sigmoidal response

curves did not produce a plateau. Statistical significance

between these groups was calculated using two-tailed,

unpaired t-tests. All data were expressed as mean7s.e.m.

with n representing the number of animals in each group.

In vivo studies. All in vivo data were analysed offline using

Datview software (University of Limburg, Maastricht, Neth-

erlands), which interfaced with HDAS, allowing the analyst

to select and average data at chosen intervals during the

experiment. Values were then extracted into custom-

designed software (Biomed, University of Nottingham) to

enable statistical tests to be performed. The Friedman’s test

(non-parametric version of ANOVA allowing for multiple

comparisons) was used for within-group analysis and

Mann—Whitney U tests were used for between group

comparisons, where Pp0.05 was taken as significant.

Drugs

All drugs used in vitro were supplied by Sigma Chemical Co.

(UK), with the exception of anandamide and AM251, which

were from Tocris, UK. Anandamide was dissolved in ethanol

to 10 mM. AM251 was dissolved in dimethyl sulfoxide

(DMSO) to 10 mM. Stock solutions were further diluted with

distilled water.

For in vivo experimentation, fentanyl citrate was purchased

from Martindale; medetomidine hydrochloride (Domitor)

and atipamezole hydrochloride (Antisedan) were obtained

from Pfizer; Du Pont supplied nalbuphine hydrochloride

(Nubain). Buprenorphine (Vetergesic) was supplied by Alstoe

Animal Health (York, UK). Anandamide, Tocrisolve, metha-

nandamide, WIN-55212-2, ((R)-(þ )-[2,3-dihydro-5-methyl-

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

6-yl]-1-naphthalenylmethanone mesylate) and AM251 were

obtained from Tocris UK, with anandamide and methanan-

damide supplied dissolved in Tocrisolve. AM251 solutions

were made in saline with 5% propylene glycol (Sigma, Poole,

UK) and 2% Tween-80 (BDH, Poole, UK). AM251 was infused

(2 ml h�1) over 30 min, and all other drugs were administered

as bolus i.v. injections given in a volume of 0.12 ml.

Results

Vasorelaxant responses to anandamide in vitro

In isolated mesenteric beds, perfused at 5 ml min�1, the basal

perfusion pressure was measured as 40.872.3 mm Hg (n¼6)

for controls, 41.673.5 mm Hg (n¼10) for beds from control

rats with L-NAME in the perfusate and 53.479.1 mm Hg

(n¼9) for preparations from L-NAME-treated rats. Following

administration of the spasmogen methoxamine, the maxi-

mum perfusion pressures before adding anandamide were

147710, 12576 and 13277 mm Hg, respectively. These

values did not differ significantly.

Anandamide (1 nM–10mM) caused a concentration-depen-

dent relaxation (Rmax 10075% relaxation, pEC50¼6.507
0.07, n¼6) in control-isolated, perfused mesenteric vascular

beds (Figure 1). The presence of L-NAME (300 mM) in the

perfusate did not significantly affect the vasorelaxant res-

ponse to anandamide (Rmax 10973% relaxation, pEC50¼
6.6970.04, n¼10). However, the potency of anandamide

was significantly (Po0.01) enhanced compared to controls

(pEC50¼7.0570.11, n¼9) in preparations taken from rats

drinking L-NAME for 4 weeks, although reactivity was

unaffected (Rmax 10776% relaxation) (Figure 1).

Anandamide (10 nM–30 mM) caused a concentration-

dependent vasorelaxation in isolated third-order (G3) mesen-

teric arteries from control (pEC50%¼5.7370.25, n¼10) and

L-NAME-treated rats (pEC50%¼5.6070.26, n¼10), with no

difference in the effects of anandamide between preparations

from control and L-NAME-treated rats (Figure 2).

Cardiovascular responses to anandamide in conscious rats

(Experiment 1)

Resting cardiovascular variables prior to administration of

anandamide are shown in Table 1. In L-NAME-treated rats,

Figure 1 Concentration–response curves for the vasorelaxant
responses to anandamide in perfused mesenteric beds of chronic
L-NAME- and water-drinking rats, and control rats with L-NAME in
the Krebs’ solution. Values are mean and vertical bars show s.e.m.

Figure 2 Concentration–response curves for the vasorelaxant
effects of anandamide in third-order mesenteric vessels from chronic
L-NAME- and water-drinking rats. Values are mean and vertical bars
show s.e.m.
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resting mean arterial pressure was higher, and vascular

conductances were lower (Pp0.05, Mann–Whitney U-test)

than the corresponding values in control rats. Heart rate was

similar in controls and L-NAME-treated rats.

Tocrisolve, the vehicle in which anandamide was dis-

solved, did not cause any consistent cardiovascular changes

in either group, and at the lower doses (0.1 and 0.3 mg kg�1)

the cardiovascular effects of anandamide were inconsistent

in both groups of rats (data not shown).

In control rats, anandamide (1 mg kg�1) caused an initial

increase in blood pressure (10 s postdose), accompanied by

short-lived mesenteric vasoconstriction and hindquarters

vasodilatation without any consistent changes in the renal

vasculature (Figure 3a). In L-NAME-treated rats, anandamide

(1 mg kg�1) caused modest bradycardia and an initial rise in

blood pressure, which was followed by a small, but sustained,

fall in blood pressure (Figure 3a). There was an initial

constriction and subsequent vasodilatation in all three

vascular beds, although from 10 min after administration

of anandamide, when blood pressure remained low, there

was no significant vasodilatation in any vascular bed

(Figure 3a).

In control rats, anandamide (3 mg kg�1) caused a biphasic

cardiovascular response. Initially (Phase 1, 10 s postdose),

there was marked, transient bradycardia (�205742

beats min�1), which rapidly reversed, although the heart

rate generally remained below baseline for up to 20 min. The

initial, marked bradycardia was accompanied by a transient

depressor response (�15710 mm Hg) and reduced conduc-

tances in the mesenteric and hindquarters vascular beds

(Figure 3b). Following the acute depressor phase, there was

a short-lived pressor response (Phase 2, 1 min postdose),

accompanied by vasoconstriction in the renal and mesen-

teric vascular beds, but vasodilatation in the hindquarters.

Table 1 Basal cardiovascular variables

Experiment 1 Experiment 2 Experiment 3

Control L-NAME Control L-NAME Control L-NAME

Heart rate (beats min�1) 390713 365717 35278 359711 35177 346712
Systolic blood pressure (mm Hg) 15873 19976* 13873 17378* 15173 17673*
Mean arterial pressure (mm Hg) 12173 15376* 10772 13777* 11373 13373*
Diastolic blood pressure (mm Hg) 99.373.6 12675* 88.271.8 11476* 91.673.2 10773*
Renal VC ((kHz mm Hg�1)�103) 93.5713.3 66.375.9* 77.877.6 67.279.9 89.4710.3 71.574.2
Mesenteric VC ((kHz mm Hg�1)�103) 72.876.1 43.974.2* 62.076.0 56.675.7 83.274.5 57.776.0*
Hindquarters VC ((kHz mm Hg�1)�103) 36.971.7 26.671.6* 41.876.2 26.072.2* 39.271.6 29.871.9*

Abbreviations: L-NAME, NG-nitro-L-arginine methyl ester; VC¼ vascular conductance.

Basal cardiovascular variables (mean7s.e.m.) before administration of: anandamide (Experiment 1), methanandamide (Experiment 2) and WIN55212-2

(Experiment 3) in control and L-NAME-treated Sprague–Dawley rats.

*Significant difference (Po0.05) to corresponding control rats (Mann–Whitney U-test).

Figure 3 Cardiovascular changes elicited by anandamide (a, 1 mg kg�1; b, 3 mg kg�1) in the same conscious, control and L-NAME-treated,
Sprague–Dawley rats. Values are mean and vertical bars show s.e.m. *Significant change versus baseline, Pp0.05 (Friedman’s test).
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Thereafter, the mesenteric vascular bed remained constricted

while the other cardiovascular variables returned to baseline

values (Figure 3b). In rats treated with L-NAME, anandamide

(3 mg kg�1) also caused a biphasic cardiovascular response,

similar to that observed in controls, with Phase 1 bradycardia

(�217730 beats min�1) accompanied by a small depressor

response (�673 mm Hg, not significant) and reduced

conductances in the mesenteric and hindquarters vascular

beds (Figure 3b). During Phase 2, the changes in heart rate,

blood pressure and renal and mesenteric vascular conduc-

tances were not different from those in control rats, but there

was no hindquarters vasodilatation in L-NAME-treated rats

(Figure 3b).

Cardiovascular responses to methanandamide in conscious rats

(Experiment 2)

In L-NAME-treated rats, before methanandamide (3 mg kg�1)

administration, resting mean arterial pressure was higher,

and hindquarters vascular conductance was lower than in

control rats (Pp0.05, Mann–Whitney U-test), but there were

no differences between the heart rates, renal vascular

conductances or mesenteric vascular conductances (Table 1).

In the control animals, Tocrisolve caused a slight initial

increase in heart rate (þ28.278.8 beats min�1, at 20 s) and

a small fall in mesenteric vascular conductance (�8.472.6

(kHz mm Hg�1)� 103), but the changes were not sustained.

In control rats, methanandamide (3 mg kg�1) caused a

small initial (at 30 s) tachycardia (þ28.1710.2 beats min�1),

which was not different from the vehicle effect although

there was also a small rise in blood pressure (þ9.607
3.60 mm Hg), together with an increased hindquarters

vascular conductance (þ6.972.5 (kHz mm Hg�1)�103)

(Figure 4). Thereafter, starting at around 40 min after

administration of methanandamide, more marked changes

in the cardiovascular variables occurred, comprising tachy-

cardia (maximum at 50 min, þ103715 beats min�1), an

increase in renal vascular conductance (þ35.175.1% at

60 min), a decrease in mesenteric vascular conductance

(�25.176.2% at 70 min) and an increase (þ39.079.8%

at 60 min) followed by a decrease (�17.072.1% at 120 min)

in hindquarters vascular conductance.

In L-NAME-treated rats, the initial small response to

methanandamide was similar to that of the control rats,

and the subsequent responses were generally comparable,

except that the renal vasodilatation was more transient and

no delayed hindquarters vasoconstriction was observed

(Figure 4).

Cardiovascular responses to WIN55212-2 in conscious rats

(Experiment 3)

Before administration of WIN55212-2 (50 mg kg�1), mean

arterial pressure was higher, and mesenteric and hind-

quarters vascular conductances were lower (Pp0.05,

Mann–Whitney U-test) in L-NAME-treated rats than in

control rats, but heart rates and renal vascular conductances

were not significantly different (Table 1).

Following administration of WIN55212-2 (50 mg kg�1)

to control and L-NAME-treated rats, there was a pressor

response accompanied by a fall in mesenteric vascular

conductance lasting up to 20 min (Figure 5a). Although

the magnitude of the changes in heart rate were similar in

the two groups of rats, the changes were only significant

in the control rats (Figure 5a).

The high dose of WIN55212-2 (150 mg kg�1) caused an

increase in blood pressure, a fall in mesenteric and renal

vascular conductances, and an increase in hindquarters

vascular conductance in both groups of rats (Figure 5b).

The increase in blood pressure and decrease in mesenteric

vascular conductance in response to WIN55212-2 in the

L-NAME-treated rats were significantly greater (Mann–Whit-

ney U-test on integrated (0–10 min) responses, Pp0.05) than

in the control group. In the control group, there was an

initial transient tachycardia, whereas in the L-NAME-treated

group, bradycardia developed (Figure 5b). In L-NAME-treated

rats, there was a delayed hindquarters vasoconstriction

starting 20 min after administration of WIN55212-2, which

did not occur in the controls (Figure 5b).

Cardiovascular responses to AM251 in conscious animals

(Experiment 4)

Cardiovascular variables before and 60 min following

administration of AM251 in both groups of rats are shown

Figure 4 Cardiovascular changes elicited by methanandamide
(3 mg kg�1 i.v.) in conscious, control and L-NAME-treated, Sprague–
Dawley rats. Values are mean and vertical bars show s.e.m.
*Significant change versus baseline, Pp0.05 (Friedman’s test).
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in Table 2. In control rats there was a small, significant

increase in mesenteric vascular conductance, and in

L-NAME-treated rats there was a small, significant increase

in hindquarters vascular conductance, but otherwise there

were no significant effects of AM251.

Discussion and conclusions

Against the background of evidence showing enhanced

vasorelaxant responses to anandamide in isolated mesenteric

vascular beds following chronic NOS inhibition (Mendizábal

et al., 2001), together with reports of augmented endo-

cannabinoid activity in hypertensive conditions (Bátkai

et al., 2004), the present study was designed to test the hypo-

theses that: (1) in rats made hypertensive by chronic NOS

inhibition, upregulation of the endocannabinoid system

would appear as greater vasodilator responses to anandamide

in vivo and (2) upregulation of CB1 receptor-mediated events

would be evident as pressor and vasoconstrictor responses

to the CB1-receptor antagonist, AM251, and augmented

vasodilator responses to the synthetic CB receptor agonist,

WIN55212-2. Our in vivo results showed no augmentation

of any vasodilator effect of anandamide, no significant

pressor and/or vasoconstrictor effect of AM251 and no

enhancement of any vasodilator effect of WIN55212-2 in

L-NAME-treated rats and thus our hypotheses cannot be

accepted.

The dose of L-NAME used in this work was about 10-fold

less than that used by Mendizábal et al. (2001), but it was

clearly sufficient to substantiate their findings. Following our

original description of the oral activity of L-NAME (Gardiner

et al., 1990), two independent groups described long-term

effects of L-NAME drinking in rats, one of which used a dose

Figure 5 Cardiovascular changes elicited by WIN55212-2 (a, 50mg kg�1; b, 150mg kg�1 i.v.) in the same conscious, control and L-NAME-
treated, Sprague–Dawley rats. Values are mean and vertical bars show s.e.m. *Significant change versus baseline, Pp0.05 (Friedman’s test).

Table 2 Cardiovascular variables before and 60 min after administration of AM251 (3 mg kg�1) in control and L-NAME-treated Sprague–Dawley rats
(Experiment 4)

Control L-NAME

Basal 60 min Basal 60 min

Heart rate (beats min�1) 363711 360714 373714 39677#

Mean arterial pressure (mm Hg) 11272 11272 13779# 14978#

Renal VC ((kHz mm Hg�1)�103) 81.576.8 84.376.5 56.478.3# 59.679.6#

Mesenteric VC ((kHz mm Hg�1)�103) 62.477.8 68.778.2* 54.976.8 51.875.4
Hindquarters VC ((kHz mm Hg�1)�103) 47.775.1 47.273.2 28.072.3# 31.272.9* #

Abbreviations: L-NAME, NG-nitro-L-arginine methyl ester; VC, vascular conductance.

Values are mean7s.e.m.

*Pp0.05 versus basal within group (Friedman’s test).
#Po0.05 versus corresponding value in control group (Mann–Whitney U-test).
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of B5 mg kg�1 day�1 (Baylis et al., 1992), and the other

used a dose of B60 mg kg�1 day�1 (Ribeiro et al., 1992). As

discussed elsewhere (Dunn and Gardiner, 1995; Zatz and

Baylis, 1998; Gardiner et al., 1999), the mechanisms under-

lying the hypertension may become more complex with

higher doses of L-NAME, including activation of the renin–

angiotensin system. Therefore we reasoned that the dose we

used (B7.5 mg kg�1 day�1) was appropriate for studying a

putative effect of NOS inhibition. We had shown in a pilot

study, in which blood pressures were measured by radio-

telemetry, that it caused an increase of 1773 mm Hg after 28

days (Tep-Areenan et al., 2002), and in the present series of

experiments, L-NAME-treated rats were consistently hyper-

tensive and vascular conductances were generally reduced,

although the differences in vascular conductances between

the groups were not always significant. (It should be noted,

however, that vascular conductances are calculated from

the Doppler shift signal, and the latter depends not only on

blood flow velocity, but also the angle of the crystal in the

probes which varies to some extent. Hence, absolute values

should be used cautiously). Although we used a lower dose

of L-NAME than used by Mendizábal et al. (2001), and

the degree of hypertension was not as extreme as in, for

example, the SHRs used by Bátkai et al. (2004), we do not

believe that the level of hypertension can explain our

inability to measure enhanced vasorelaxant effects of the

cannabinoids in vivo, since scrutinising the within-group

data, it is clear that individual animals with the highest

mean arterial pressures (B155 mm Hg) did not show greater

vasorelaxant responses. Furthermore, we are confident that

there was a considerable degree of NOS inhibition in our

L-NAME-treated animals, since elsewhere (Wakefield et al.,

2003), we have shown that with the degree of L-NAME-

induced hypertension seen here, there is almost complete

inhibition of the vasodilator effect of acetylcholine in vivo.

The pilot study (Tep-Areenan et al., 2002) also showed

enhanced vasorelaxant responses to anandamide in perfused

mesenteric vascular beds from rats given this dose of L-NAME

for 28 days and this was confirmed here. Thus, the findings

of Mendizábal et al. (2001) can be extended to conditions

where the extent of NOS inhibition is likely to be less.

However, the present results with in vitro myography and the

in vivo observations indicate that the augmentation of the

vasorelaxant potency of anandamide observed in perfused

mesenteric vascular beds may not pertain to the resistance

vasculature.

In contrast to the findings in whole vascular beds, there

was no difference between the effects of anandamide in

isolated G3 mesenteric blood vessels from control and

L-NAME-treated rats. A reason for the clear differences

between the whole mesenteric arterial bed and the G3 small

mesenteric arteries could reflect the heterogeneity in the

action of anandamide throughout the vascular tree. Specifi-

cally, O’Sullivan et al. (2004) reported that anandamide acted

by a variety of mechanisms in G3 vessels (including vanilloid

receptors, CB1 receptors and an endothelial receptor

coupled EDHF release), while in the central mesenteric

artery vanilloid receptors appeared to play a greater role. It

is possible that L-NAME-induced hypertension may have

influenced sensory nerve activity or function in the larger

vessels, leading to enhanced relaxation, but in the smaller

vessels where vanilloid receptors may have less of a role, the

augmentation was not apparent.

The cardiovascular responses to anandamide in vivo are

complex. A triphasic blood pressure response to i.v. ananda-

mide has been described in vivo (Varga et al., 1995; Lake et al.,

1997; Malinowska et al., 2001). Phase 1 occurs soon after

administration and comprises a vagally-mediated bradycar-

dia associated with hypotension, which may involve TRPV1

receptors (Malinowska et al., 2001; Smith and McQueen,

2001; Pacher et al., 2004), and has been shown to be

accompanied by vasoconstriction (Gardiner et al., 2002a).

Thus, the lack of any augmentation of this phase in L-NAME-

treated rats is not surprising, although others have shown

greater blood pressure and heart rate responses in another

model of hypertension, that is, spontaneously hypertensive

rats (Li et al., 2003).

Phase 2 follows shortly after with hypertension (Varga

et al., 1995; Lake et al., 1997; Malinowska et al., 2001),

which may be centrally or peripherally mediated (Kwolek

et al., 2005), and we have previously shown this phase to

be associated with renal and mesenteric vasoconstriction,

and hindquarters vasodilatation that is b2-adrenoceptor

mediated (Gardiner et al., 2002a). The present results show

that the hindquarters vasodilatation is inhibited in L-NAME-

treated rats, which is consistent with evidence that indicates

that a large part of b2-adrenoceptor-mediated vasorelaxation

may be NO-dependent (Gardiner et al., 1991; MacDonald

et al., 1999; Ferro et al., 2004).

Phase 3 of the cardiovascular response to anandamide has

been shown to occur in anaesthetized, but not conscious,

normotensive rats (Varga et al., 1996) and in conscious,

hypertensive animals (Lake et al., 1997). It occurs approxi-

mately 5–10 min after administration, is characterized by

a delayed hypotension, and may be associated with vaso-

dilatation in some vascular beds (Kunos et al., 2000).

Anandamide-induced hypotension is absent in CB1 recep-

tor-knockout mice (Járai et al., 1999; Ledent et al., 1999) and

in the presence of SR141716A (Lake et al., 1997; Malinowska

et al., 2001). Wang et al. (2005) also proposed the involve-

ment of TRPV1 receptor-mediated CGRP release in the

associated vasodilatation. We predicted that Phase 3 would

occur in L-NAME-treated rats as in other hypertensive

animals. At 1 mg kg�1, anandamide did cause a small

delayed, prolonged fall in blood pressure in the L-NAME-

treated rats, but this was not associated with long-lasting

vasodilatation, and was not evident with the higher dose.

Since doses were given sequentially, receptor downregula-

tion could have occurred over time, but this is unlikely,

since Phase 3 remained absent when the highest dose of

anandamide (3 mg kg�1) was administered alone to some

naı̈ve rats (unpublished data).

Furthermore, to optimize the likelihood of eliciting

Phase 3, the present study also used the stable anandamide

analogue, methanandamide, in naı̈ve animals, but as with

anandamide, there was no evidence of enhanced vasodilator

responses or hypotension in the L-NAME-treated animals. To

our knowledge, this is the first description of the effects

of methanandamide in conscious animals with prolonged

cardiovascular monitoring postdosing. Malinowska et al.
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(2001) found that anandamide and methanandamide

both resulted in a triphasic response under anaesthesia,

but methanandamide was more potent. However, here

the immediate effects of methanandamide were smaller

than with the same dose of anandamide. Perhaps, this was

because methanandamide was administered to naı̈ve rats

whereas anandamide was given in increasing doses, but this

is unlikely since the effects of anandamide (3 mg kg�1) are

not different in naı̈ve rats compared to rats previously

exposed to anandamide (see above). Another difference

between the group of rats given anandamide and the group

given methanandamide was that the former was given

nalbuphine as an analgesic, whereas the latter was given

buprenorphine (see Methods). However, it is most unlikely

that this would have affected our results, as the analgesics

were given at least 24 h before the cannabinoids, and they

are both partial mixed opioid agonists. In the study of

Malinowska et al. (2001), anandamide was given in vehicle

used by us (Tocrisolve) whereas methanandamide was in

ethanol. As the vascular effect of anandamide can vary

depending on the vehicle used (Lopez-Miranda et al., 2004),

the potency of methanandamide is lower in Tocrisolve than

in ethanol in vitro (W-S V Ho, unpublished observations),

and the effect of methanandamide at TRPV1 receptors is

lower than anandamide (Ross et al., 2001), it is possible that

in our experiments using methanandamide in Tocrisolve, we

were below the threshold for activation of TRPV1 receptors.

Most unexpected in the present study was the delayed

response to methanandamide, which developed after

approximately 40 min, suggesting induction of some process

and/or effects of metabolites. There is evidence to suggest

that methanandamide induces expression of cyclo-oxyge-

nase (COX)-2, independent of CB1 and TRPV1 receptors

(Rösch et al., 2006), and that COX-derived eicosanoids

mediate a vasoconstrictor effect of anandamide in cirrhosis

(Yang et al., 2006). Thus, it is feasible that methanandamide-

induced COX-2 activity resulted in delayed, complex

haemodynamic effects via vasoconstrictor and vasodilator

prostanoids. This was not seen with anandamide because

it is quickly metabolized (Willoughby et al., 1997). The

underlying mechanisms for this response will be the subject

of further investigations but whatever the explanation,

it was clear that the effects were not different in L-NAME-

treated animals.

Administration of WIN55212-2 and AM251 allowed the

study of CB receptor-mediated cardiovascular responses

more directly. In contrast to findings by Bátkai et al.

(2004), where CB1 receptor antagonism resulted in a pressor

response in several models of hypertension, here, adminis-

tration of AM251 had no significant effect on blood pressure

in rats made hypertensive by L-NAME administration,

suggesting that there was no upregulation of endocannabi-

noids after chronic NOS-inhibition. Furthermore, there was

no enhancement of vasodilator effects of WIN55212-2 in

L-NAME-treated rats.

The cardiovascular responses to WIN55212-2 described

here are consistent with those reported previously by

Gardiner et al. (2002b). In that study, the WIN55212-2-

induced hindquarters vasodilatation was b2-adrenoceptor-

mediated; therefore, it was anticipated that it would be

inhibited in L-NAME-treated animals, as with anandamide

(see above). However, this was not the case. Currently, we

have no clear explanation for this, although it is notable

that the pressor and mesenteric vasoconstrictor effects of

WIN55212-2 were enhanced in the L-NAME-treated animals

and were accompanied by bradycardia. The bradycardia was

possibly a baroreceptor-mediated reflex, which, if it involved

withdrawal of sympathetic tone, may have contributed

to the hindquarters vasodilatation. As the pressor and

vasoconstrictor effects of WIN55212-2 have been found

to be sympathetically-mediated (Gardiner et al., 2002b),

amplification of these responses in L-NAME-treated rats is

consistent with evidence for augmented sympathetic activity

in this model (Scrogin et al., 1998; Souza et al., 2001).

In summary, despite the in vitro evidence from perfused

mesenteric vascular beds that anandamide is a more potent

vasorelaxant after chronic NOS inhibition, our current

myographic study showed that this did not pertain to the

resistance vasculature. Furthermore, the in vivo results

provide no evidence for upregulation of endogenous canna-

binoids or their receptors in this hypertensive model.
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