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Regional haemodynamic responses to the cannabinoid agonist,
WIN 55212-2, in conscious, normotensive rats, and in hypertensive,

transgenic rats
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1 Regional haemodynamic

responses to the cannabinoid agonist,

WIN 55212-2 (5-

250 ug kg~ '1i.v.) were assessed in conscious, normotensive, Hannover, Sprague-Dawley (HSD) rats,
and in hypertensive, transgenic ((mRen-2)27) (abbreviated to TG) rats.

2 In HSD rats, WIN 55212-2 caused pressor, and renal and mesenteric vasoconstrictor effects, with
a hindquarters vasodilator effect occurring only at the highest dose. In TG rats, the effects of the
cannabinoid agonist were qualitatively similar to those seen in HSD rats, except there was no
hindquarters vasodilatation.

3 In both strains of rat, in the presence of losartan, pentolinium and a vasopressin (V,-receptor)
antagonist, the pressor and vasoconstrictor effects of WIN 55212-2 were abolished, but the
hindquarters vasodilator response was enhanced (HSD rats) or was seen only in that circumstance
(TG rats). Under these conditions, both strains of rat showed a modest fall in blood pressure,
together with mesenteric vasodilatation.

4 In additional experiments in normotensive SD rats from Charles River (CRSD), it was shown
that, in the presence of the V;-receptor antagonist alone, or losartan alone, or the two antagonists
together, the cardiovascular effects of WIN 55212-2 (50 or 150 ug kg~') were not attenuated. Hence,
the effects described above were likely due to pentolinium.

5 There were no consistent differences between HSD and TG rats in their haemodynamic responses
to methoxamine or noradrenaline, indicating the two strains were not likely to differ markedly in
their responsiveness to any putative sympathetic activation induced by WIN 55212-2.

6 Collectively, the results indicate that the predominant cardiovascular effects of WIN 55212-2 in
conscious HSD and TG rats (i.e., pressor and vasoconstrictor actions) can be attributed largely to
indirect, pentolinium-sensitive mechanisms, which appear to differ little in the normotensive and
hypertensive state, at least in conscious animals. Under the conditions of our experiments, signs of
cannabinoid-induced vasodilatation were modest.
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Introduction

The discovery of the existence of endogenous cannabinoids
(see Mechoulam er al., 1994; 1998 for review), and specific
receptors for them (see Pertwee, 1997 for review), has
stimulated renewed interest in the possible biological role,
and therapeutic potential, of drugs derived from these
compounds. However, the literature to date amply illustrates
the complexity of this area of research, particularly in the
context of cardiovascular function (see Compton et al., 1996
for review). For example, the effects of the cannabinoids may
be influenced by the nature of the experiment (in vitro vs in
vivo), the type of in vitro preparation (e.g., isolated mesenteric
vessel vs perfused mesenteric vascular bed), and, for in vivo
studies, the state of the experimental animals (pithed,
anaesthetized, or conscious), their strain, and the route of
administration (central vs peripheral) of the compounds.

*Author for correspondence.

Further complexity is added by recent observations indicating
that endogenous cannabinoids, such as anandamide, may
exert effects by interacting, not only with cannabinoid
receptors, but also with vanilloid receptors (Zygmunt et al.,
1999; see Szallasi & Di Marzo, 2000 for review). Thus, some
of the reported differences between anandamide and other
cannabinoids could be due to such additional actions of
anandamide. However, even synthetic cannabinoids, such as
WIN 55212-2 (an aminoalkylindole with affinity for CB; and
CB, receptors (see Pertwee, 1997)), have complex influences
on cardiovascular function. In that context, a recent, elegant
study by Niederhoffer & Szabo (1999), identified at least four
cardiovascular regulatory mechanisms influenced by WIN
55212-2 in rabbits, namely: prejunctional inhibition of
noradrenaline release from postganglionic sympathetic neu-
rones (pithed animals), central sympathoexcitation, and vagal
cardiac efferent activation (both at the level of the brain stem
following central administration to conscious rabbits), and
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central sympathoinhibition (following high systemic doses in
conscious rabbits). Interestingly, Niederhoffer & Szabo (1999)
could find no evidence for cannabinoid-mediated vasodilata-
tion (Randall er al., 1996), as judged by a lack of depressor
effect of WIN 55212-2 in pithed, noradrenaline-supported,
rabbits, although no direct measures of vascular tone were
made in any of their experiments. Furthermore, the question
of whether or not cannabinoids have vasodilator actions in
other species in vivo is unresolved.

With these various observations as a backdrop, our present
objectives were to evaluate the regional haemodynamic
actions of a range of systemic doses of WIN 55212-2 in
conscious rats. We studied normotensive, Hannover Sprague-
Dawley (HSD) rats, and transgenic ((mRen-2)-27) hyperten-
sive (TG) rats (Mullins et al., 1990), our hypothesis being
that the altered sympathetic control mechanisms in the latter
(Averill et al., 1996) might influence the cardiovascular
responses to WIN 55212-2. This seemed feasible, since Lake
et al. (1997b) have reported that the cardiovascular effects of
anandamide in conscious spontaneously hypertensive rats
(SHRs) differed from those seen in the normotensive control
rats, and they attributed the difference to the level of pre-
existing sympathetic tone. Our experiments were performed
before and after inhibition of the major neurohumoral
vasoconstrictor systems (sympathoadrenal, renin-angiotensin
and vasopressin), using ganglion blockade, and angiotensin
(AT,), and vasopressin (V) receptor antagonism. We did this
in an attempt to determine whether or not, in the absence of
the major pressor systems, vasodilator effects of the
cannabinoid could be demonstrated. Since we observed some
differences between the responses to WIN 55212-2 in the
HSD and TG rats in the intact state, in a final experiment we
compared regional haemodynamic responses to noradrenaline
and methoxamine, to discern whether or not the differential
effects of WIN 55212-2 might be attributable to differences in
responsiveness to sympathoexcitation in the two strains of
rat.

Some of the results have been presented to the British
Pharmacological Society (Gardiner et al., 1999a; 2000a).

Methods

Experiments were carried out on male, inbred, Hannover,
Sprague-Dawley rats (abbreviated to SD rats), or male,
age-matched, heterozygous, transgenic ((mRen-2)-27) rats
(abbreviated to TG rats), bred in Nottingham from animals
originally supplied by Professor J.J. Mullins (University of
Edinburgh). The heterozygous, TG rats were produced by
mating homozygous, male, TG rats with female HSD rats.
Homozygous TG rats were maintained on chronic captopril
treatment (50 mg I=' in the drinking water (Mullins et al.,
1990)), but the heterozygous animals used in the experi-
ments were untreated; all animals were 3—4 months old at
the time of study. Some additional experiments were
performed in normotensive SD rats obtained from Charles
River (CRSD).

Surgical preparation and cardiovascular recordings

For the instrumentation of HSD and TG rats surgery was
performed in two stages, under sodium methohexitone

anaesthesia (Brietal, Lily, 40—60 mg kg~ i.p., supplemented
as required) with post-operative analgesia (buprenorphine
hydrochloride, Vetergesic, Reckitt & Colman,
10 pug kg~ i.m.). Initially, miniaturized pulsed Doppler flow
probes were implanted around the left renal and superior
mesenteric arteries and the distal abdominal aorta (to
monitor hindquarters flow), as described previously (Gardi-
ner et al., 1995; 2000c). Subsequently, and at least 14 days
after probe placement, catheters were implanted in the distal
abdominal aorta (via the caudal artery) to monitor arterial
blood pressure and heart rate, and in the right jugular vein
for drug administrations. Experiments began 24 h after
catheterization, when the animals were fully conscious and
freely-moving. Food and water were available ad [libitum
throughout the experiments.

Blood pressures were measured using a fluid-filled pressure
transducer (Bell & Howell, type 4-442) with a modified, low
volume displacement dome (Ardill et al., 1968), connected via
a Gould transducer amplifier (model 13-4615-50) to a
custom-designed, computer based system (Haemodynamics
Data Acquisition System (HDAS), University of Limburg,
Maastrict, The Netherlands). The characteristics of the
catheter-transducer and recording system were such that it
was capable of faithfully following frequencies of up to 40 Hz
(Gardiner & Bennett, 1980) and was, therefore, suitable for
accurate arterial pressure recording in rats (Geddes, 1970).
The data acquisition system also derived instantaneous heart
rate and processed the Doppler shift signals. Raw data were
sampled by HDAS every 2 ms, averaged every cardiac cycle,
and stored to disc at S5s intervals. Off-line, data were
analysed using customized data-analysis software (Datview,
University of Limburn, Maastrict, The Netherlands), which
interfaced with HDAS.

Cardiovascular responses to WIN 55212-2 in HSD and
TG rats

On the first experimental day, nine HSD rats and nine TG
rats were given i.v. bolus doses of WIN 55212-2 (5, 50 and
250 ug kg=") in ascending order, separated by at least
60 min. A bolus injection of vehicle (0.1 ml of 20% 2-
hydroxypropyl-f-cyclodextrin in 5% sterile dextrose) was
given either before or after the doses of WIN 55212-2.

On the second experimental day, the same animals were
given an angiotensin (AT;) receptor antagonist (losartan,
10 mg kg~'; Batin et al., 1991a,b) followed, 60 min later, by
a ganglion blocker (pentolinium, 5 mg kg='; Smg kg ' h™;
Gardiner & Bennett, 1985) and, after a further 30 min, a
vasopressin (V) receptor antagonist (d(CH,)s-O-Me-Tyr-
AVP (abbreviated to AVPX) 10 ug kg™'; 10 ug kg ' h=";
Gardiner & Bennett, 1985). Starting 30 min after the onset
of administration of the Vi-receptor antagonist, bolus doses
of WIN 55212-2 and vehicle were administered, as above.
There is good evidence that the antagonists employed are
highly selective (see Gardiner & Bennett, 1985; Batin et al.,
1991b).

Since the protocol above did not allow us to determine if
losartan alone, or the Vj-receptor antagonist alone, or the
two drugs together, influenced responses to WIN 55212-2, we
carried out additional experiments to address this point in
normotensive CRSD rats. Due to the unavailability of
sodium methohexitone, these animals were anaesthetized
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with fentanyl and meditomidine (300 ug kg=' of each, i.p.)
reversed with nalbuphine and atipamezole (1 mg kg=' of
each, s.c.). Instrumentation for regional haemodynamic
monitoring was as described above. Experiments were
performed on four consecutive days. On day 1, animals were
given the Vj-receptor antagonist (dose as above; n=7) or
vehicle (sterile saline; n=7) and, 30 min later, WIN 55212-2
was administered at a dose of 50 ug kg~'; after a further
60 min, WIN 55212-2 was given at a dose of 150 ug kg='. On
the second experimental day, the animals that had received
the Vi-receptor antagonist on day 1 were given losartan (dose
as above) and were challenged with WIN 55212-2 at doses of
50 and 150 ug kg=' 30 min and 90 min later, respectively.
Prior to the administration of losartan, two of these animals
were challenged with AVP (7.5 ng rat™') to ensure their
responses to the peptide had returned to normal. The animals
that had received vehicle on the first day were given vehicle
again on the second day and were re-challenged with WIN
55212-2 (as above). On day 3, the animals that had had
active treatment were given the V,-receptor antagonist and
losartan together (doses as above) before being given WIN
55212-2 (as above). The vehicle group were also re-challenged
with WIN 55212-2 (as above). On the fourth experimental
day the animals receiving active treatment were given the
combination of Vi-receptor antagonist, losartan and pento-
linlum (as above) and were subsequently challenged with
WIN 55212-2 (as above). The vehicle-treated animals were re-
challenged with WIN 55212 in the presence of vehicle once
again.

Cardiovascular responses to noradrenaline or
methoxamine in HSD and TG rats

In separate groups of animals, bolus i.v. doses of noradrena-
line (75, 250 and 750 ng kg~") and methoxamine (6, 20 and
60 ug kg~"), were administered in ascending order, alter-
nately, at 15 min intervals. Ten rats of each strain received
noradrenaline, but, due to problems with achieving the
appropriate doses of methoxamine, only six rats of each
strain received the chosen doses of this agonist.

Data analysis

Elsewhere (Gardiner et al., 1999b), we have discussed the
problems associated with interpreting data, of the sort dealt
with here, when baseline conditions differ between the strains
of rat studied. In that paper, we argued the case for
presenting the haemodynamic data in terms of vascular
conductance (rather than resistance), and expressing any
changes both in absolute and percentage terms (Gardiner et
al., 1999b); for the reasons given previously we have used the
same mode of data presentation here.

Within-group analysis of data was by Friedman’s test
(Theodorsson-Norheim, 1987). Between-group comparisons
were made using the Mann—Whitney U-test or Kruskal—
Wallis test, as appropriate, applied to integrated responses
(areas under or over curves) for experiments involving WIN
55212-2, or to values measured at the peak of the pressor
responses (15s) to noradrenaline or methoxamine. A P
value <0.05 was taken as significant, with the raw P values
being adjusted by the Holm-—Bonferroni procedure (Lud-
brook, 1998).

Materials

When available, sodium methohexitone was obtained from
Eli Lilly. Fentanyl citrate was obtained from Martindale;
meditomidine hydrochloride (Domitor) and atipamezole
hydrochloride (Antisedan) were obtained from Pfizer;
nalbuphine hydrochloride (Nubain) was obtained from Du
Pont; WIN 55212-2 (R(+)-[2,3-dihydro-5-methyl-30-[(mor-
pholinyl) methyl] pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-naph-
thalenyl) methanone mesylate) was obtained from RBI
(Sigma, U.K.); noradrenaline bitartrate, methoxamine hydro-
chloride and pentolinium tartrate were obtained from Sigma
(U.K.); losartan was a gift from Dr R.D. Smith (DuPont,
U.S.A.), and (+)-(CH,)5-O-Me-Tyr-AVP was obtained from
Bachem (U.K.). Drugs were prepared fresh daily and
dissolved in sterile saline, with the exception of WIN
55212-2, which was solubilized in 20% 2-hydroxypropyl-f-
cyclodextrin in 5% sterile dextrose. Bolus injections were
given in a volume of 0.1 ml, and infusions were at a rate of
0.4 mlh "

Results

Resting cardiovascular variables

Prior to administration of WIN 55212-2 on the first
experimental day, TG rats had significantly (P<0.05) higher
mean arterial blood pressures (166+3 vs 107+2 mmHg),
lower heart rates (34748 vs 3824 14 beats min~'), and lower
conductances in all three vascular beds (renal 50 +6 vs 88+ 5,
mesenteric 37+3 vs 96+5, hindquarters 26+3 vs 4642
(kHz mmHg~'] 10°) than HSD rats.

Cardiovascular responses to WIN 55212-2 in HSD and
TG rats in the absence of losartan, pentolinium and
AVPX

In HSD rats, following vehicle administration, there were no
changes in blood pressure, heart rate or hindquarters vascular
conductance, but there were significant (P<0.05) falls in
vascular conductance in the renal and mesenteric vascular
beds (Figure 1). The cardiovascular effects of the lowest dose
of WIN 55212-2 (5 ug kg=") in HSD rats did not differ from
those of the vehicle (Figure 1). Higher doses of WIN 55212-2
caused increases in blood pressure, and significantly
(P<0.05) greater renal and mesenteric vasoconstrictions than
vehicle (Figure 1). The middle dose of WIN 55212-2
(50 ug kg=") did not affect hindquarters vascular conduc-
tance, but the highest dose (250 ug kg=") caused significant
(P <0.05) vasodilatation (Figure 1). The highest dose of WIN
55212-2 also caused bradycardia; a reduction in heart rate
was not seen at any other dose (Figure 1).

In TG rats, vehicle administration, and the lowest dose of
WIN 55212-2 (5 ug kg™"), had effects qualitatively similar to
those seen in HSD rats (Figure 1), although the percentage
falls in renal vascular conductances were greater. The effects
of the middle dose of WIN 55212-2 (50 ug kg~"') were also
qualitatively similar in TG and HSD rats (Figure 1), but the
former showed significantly (P <0.05) greater percentage falls
in renal, and in mesenteric vascular conductances (Figure 1).
The highest dose of WIN 55212-2 caused a significantly
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Figure 1 Integrated (areas under or over curves 0—5 min) cardio-

vascular changes (absolute values and percentages) in HSD rats
(n=9) and TG rats (n=9) in response to vehicle (V) or increasing
bolus, i.v. doses of WIN 55212-2. For clarity, the statistics relating to
the effects of these interventions are given in the text, and only the
between-strain differences are indicated. Values are mean, and
vertical bars show s.e.mean; *P<0.05 for change in HSD rats vs
TG rats (Mann—Whitney U-test).

(P<0.05) greater absolute pressor response, and greater
percentage falls in renal and mesenteric vascular conduc-
tances, in TG rats than in HSD rats (Figure 1). Most
notably, there was no hindquarters vasodilatation following
administration of WIN 55212-2 in TG rats, which differed
significantly (P<0.05) from the response seen in the HSD
rats (Figure 1). The changes in heart rate following WIN
55212-2 were similar in TG and HSD rats (Figure 1).

Cardiovascular effects of losartan, pentolinium and
AVPX in HSD and TG rats

At the start of the second experimental day, as on the first
day, TG rats had higher resting arterial blood pressures,
lower heart rates, and lower vascular conductances than HSD
rats (Figure 2). Sixty minutes following administration of
losartan, there was a fall in blood pressure in TG rats, but
not in HSD rats, although there was tachycardia and renal
vasodilatation in both strains (Figure 2). Pentolinium caused
a marked fall in blood pressure in HSD and TG rats,
associated with vasodilatation in the renal and hindquarters
vascular beds, but only in the TG rats did pentolinium cause
sustained mesenteric vasodilatation (Figure 2). The hypoten-

® HSD rats
O TGrats
425 - . . *  Heart rate

400 - #,
375 - 0

350 { + % *3
325 -

175 -
150 -+
125
100 -

e

beats min

mmHg
S N oa=
g B 3a
;

o~
(=T & ]
L L

100 -
75 1
50 -
25 -
75 1
50 -
25 -

Vascular conductance ([kHz mmHg'1]103)

0 30 60 90 120 (min)

?

Losartan Pentolinium AVPX

Figure 2 Cardiovascular variables in HSD rats (n=9) and TG rats
(n=9) under resting conditions, and following sequential adminis-
tration of losartan (10 mg kg=' bolus), pentolinium (5 mg kg™'
bolus, Smgkg~'h~! infusion) and a vasopressin, V;-receptor
antagonist (AVPX) (10 ug kg=' h~! infusion). Values are mean
and vertical bars show s.e.mean; + P<0.05 for differences between
resting values in HSD rats and TG rats (Mann—Whitney U-test);
*P<0.05 for differences from original baseline (Friedman’s test);
#P <0.05 for initial response to pentolinium or AVPX (Friedman’s
test).

sive and vasodilator effects recorded 30 min after adminis-
tration of pentolinium were significantly greater in TG than
in HSD rats (Figure 2). Administration of AVPX caused
further falls in blood pressure in both strains, associated with
mesenteric and hindquarters vasodilatation (Figure 2). In the
presence of pentolinium, losartan and AVPX together, resting
arterial blood pressures, and renal and hindquarters vascular
conductances were similar in the two strains of rat, but
mesenteric vascular conductance was still significantly lower
in TG, than in HSD, rats (Figure 2).

Cardiovascular responses to WIN 55212-2 in HSD and
TG rats in the presence of losartan pentolinium and
AVPX

In HSD and TG rats, in the presence of losartan,
pentolinium and AVPX, the pressor and renal and mesenteric
vasoconstrictor responses to all three doses of WIN 55212-2
were not significantly different from those seen following
administration of vehicle (Figure 3). However, unlike the
vehicle, the highest dose of WIN 55212-2 (250 ug kg™")
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caused hindquarters vasodilatation in both strains of rat
(Figure 3). In HSD rats, the hindquarters vasodilator
response to WIN 55212-2 (250 ug kg~") in the presence of
losartan, pentolinium and AVPX was significantly (P <0.05)
greater than that seen in the absence of those drugs (Figures
1 and 3) whereas in TG rats, a hindquarters vasodilator
response was observed only under those conditions (Figure
3). In both strains of rat, the bradycardic response to the
highest dose of WIN 55212-2 in the presence of losartan,
pentolinium and AVPX was significantly smaller than in the
absence of the antagonists (Figures 1 and 3).

Following the two lower doses of WIN 55212-2,
cardiovascular variables had generally returned to baseline
after 5 min (data not shown). However, between 5 and
10 min after the highest dose of WIN 55212-2, in the
presence of losartan, pentolinium and AVPX, there were
modest falls in blood pressure in both strains (—6+2 mmHg
in HSD rats, —10+2 mmHg in TG rats after 10 min),
associated with increases in mesenteric vascular conductance
+114+4 [kHzmmHg™ 'l 10° in HSD rats, +134+4
[kHz mmHg~'] 10° in TG rats after 10 min). These changes
were significantly different from the increases in blood
pressure (+10+2 mmHg in HSD rats, +194+3 mmHg in
TG rats) and reductions in mesenteric vascular conductance
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Figure 3 Integrated (areas under or over curves 0—5 min) cardio-
vascular changes (absolute values and percentages) in HSD rats
(n=9) and TG rats (n=9) in response to vehicle (V) or increasing
bolus, i.v. doses of WIN 55212-2 in the presence of losartan,
pentolinium and a V,-receptor antagonist. For clarity, the statistics
relating to the effects of these interventions are given in the text, and
only the between-strain differences are indicated. Values are mean,
and vertical bars show s.e.mean; *P<0.05 for change in HSD rats vs
TG rats (Mann—Whitney U-test).

[-174+4 (kHz mmHg™")] 10° in HSD rats, —12+1
[kHz mmHg~'] 10° in TG rats), measured 10 min following
the highest dose of WIN 55212-2 in the absence of the
losartan, pentolinium and AVPX.

Cardiovascular responses to WIN 55212-2 in CRSD rats
in the presence of AVPX alone, or losartan alone, or
AVPX and losartan together, or AVPX, losartan and
pentolinium

Resting haemodynamic variables and responses to WIN
55212-2 (150 pug kg™") in the animals given active treatment
or vehicle are summarized in Table 1. For the sake of clarity
the data for WIN 55212-2 at a dose of 50 ug kg=' have
been omitted. Resting cardiovascular status and responses to
WIN 55212-2 showed no significant differences across the
four experimental days in the animals given vehicle (Table
D).

In the presence of AVPX, or of losartan, or of both
antagonists together, neither resting cardiovascular status nor
responses to WIN 55212-2 were different from the corre-
sponding values in the vehicle treated group (Table 1). It was
only when pentolinium was added to the latter combination
that the pressor and vasoconstrictor responses to WIN
55212-2 were abolished (Table 1). The hindquarters vasodi-
lator effect of WIN 55212-2 was enhanced in the presence of
all three antagonists (Table 1), as in the HSD and TG rats
(see above), but the depressor effect was already apparent
within the first 5 min (Table 1).

Cardiovascular responses to noradrenaline and
methoxamine in HSD and TG rats

In both strains of rat, i.v. administration of noradrenaline
(Figure 4) caused dose-dependent increases in blood
pressure and vasoconstrictions in renal, mesenteric and
hindquarters vascular beds. Responses to noradrenaline
were associated with bradycardia in HSD rats, but not in
TG rats (Figure 4). The absolute pressor response to the
highest dose of noradrenaline was significantly (P<0.05)
greater in TG than in HSD rats, but when expressed as
percentage changes, the pressor responses were smaller in
the former strain (significant (P<0.05) at the middle dose
only). The renal and mesenteric vasoconstrictor responses
to noradrenaline in TG rats were significantly (P <0.05) less
than those in HSD rats in absolute, but not in percentage,
terms, whereas the hindquarters vasoconstrictor responses
were generally reduced, both in absolute and percentage
terms (Figure 4).

Methoxamine caused dose-dependent increases in blood
pressure and vasoconstriction in all three vascular beds in
both strains of rat (Figure 5). There was a bradycardic
response to methoxamine in both strains of rat, but, at the
highest dose tested, the fall in heart rate was significantly
(P<0.05) smaller in TG, than in HSD, rats (Figure 5).
Absolute pressor responses to the two higher doses of
methoxamine were greater in TG rats than in HSD rats,
and the associated renal and mesenteric vasoconstrictions
were smaller. However, these differences were not seen when
the data were expressed in percentage terms (Figure 5).
Hindquarters vasoconstrictor responses to methoxamine were
not different in TG and HSD rats (Figure 5).
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Table 1 Resting cardiovascular variables and responses to WIN 55212-2 (150 ug kg~'; 0—5 min areas) in conscious CRSD rats (n=7
in each group)

Day 1 Day 2 Day 3 Day 4
Losartan+ AVPX
Saline AVPX Saline  Losartan  Saline Losartan+ AVPX  Saline + Pentolinium
Mean arterial pressure (mmHg)
Rest 106+5 10642 101+4 9142 10344 89+3 102+4 64 +4*
WIN 55215-2 +66+11 +88+15 +914+7 +134+13 +98+10 +122+8 +96+10 —33+7*
Renal vascular conductance
((kHz mmHg ~'110%)
Rest 112410  86+5 98+10 10547 99410 103410 96 +8 116 +11
WIN 55215-2 —89+19 —80+18 —974+20 —171+20 —110+12 —172421 —102+17 —16+8*
Mesenteric vascular conductance
([kHz mmHg~']10%)
Rest 116+9 92+12 103+4 101+13 106+38 108+ 15 114+11 126+17
WIN 55212-2 — 157417 —162+29 —1504+9 —210434 —162+21 —226+32 — 178425 —1745*
Hindquarters vascular conductance
([kHz mmHg~']10%)
Rest 44+4 4243 40+2 43+4 40+3 4443 3843 844 7*
WIN 55212-2 +434+6 +54+15 +524+16 +46+11 +45+17 +5549 +45+11 +98+21%*

WIN 55212-2 was administered in the presence of saline on four consecutive days, or in the presence of a vaopressin (V) receptor
antagonist (AVPX) on Day 1, an angiotensin (AT;) receptor antagonist (losartan), on Day 2, AVPX plus losartan on Day 3, or AVPX
plus losartan plus a ganglion blocker (pentolinium) on Day 4. Values are mean+s.e.mean; *P<0.05 vs corresponding values in the

saline group (Kruskal—Wallis test).
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Discussion

The aim of the present study was to profile the regional
haemodynamic effects of a range of doses of the cannabinoid,
WIN 55212-2, in conscious rats. Since Niederhoffer & Szabo
(1999; 2000) had provided convincing evidence for an element
of sympathoexcitation in the responses to WIN 55212-2 in
rabbits, we speculated that inhibition of the major neurohu-
moral vasoconstrictor systems (Gardiner & Bennett, 1985)
might optimise our chances of seeing vasodilator responses to
the cannabinoid. Studies were performed in normotensive
rats, and in hypertensive transgenic ((mRen-2)-27) rats, to
determine whether or not the altered sympathetic control
mechanisms in the latter (Averill et al., 1996), influenced
cardiovascular responses to the cannabinoid. In the light of
some of our findings, additional experiments were designed
so as to give us information about any putative contribution
from vasopressin and/or angiotensin II to the effects of WIN
55212-2 in normotensive rats.

Collectively, our results show that, in intact HSD and TG
rats, the predominant effect of WIN 55212-2 was to cause a
rise in systemic arterial blood pressure and vasoconstriction
in the renal and mesenteric vascular beds. Interestingly, there
was a vasodilatation only in the hindquarters vascular bed
which, in the intact state, occurred only in the HSD rats. This
hindquarters vasodilatation was enhanced in the presence of
neurohumoral blockade. Furthermore, in the TG rats it was
only in the latter condition that a hindquarters vasodilator
response to WIN 55212-2 was observed. In addition,
inhibition of the major vasoconstrictor systems revealed a
modest hypotensive and mesenteric vasodilator effect of WIN
55212-2 in both strains of rat. Some possible mechanisms
underlying these events are discussed below.

In contrast to our present results, Lake er al. (1997a)
reported only dose-dependent depressor effects of WIN
55212-2 in urethane-anaesthetized normotensive rats, with
no pressor effect under any circumstance. Those studies did
not include measurements of vascular tone, and thus, the
cause of the fall in blood pressure was not determined.
However, it has been shown that the cardiovascular effects of
the endocannabinoid, anandamide, are different in anaesthe-
tized and conscious normotensive rats, with the slower-onset,
secondary depressor response being absent in the conscious
state (Lake et al., 1997b), or only apparent at a particular
dose of anandamide (i.e., not dose-related (Stein et al., 1996)).
Our present results indicate that the cardiovascular effects of
the synthetic cannabinoid, WIN 55212-2, may also differ
between anaesthetized and conscious rats, although it is
notable that this compound caused bradycardia in our
conscious rats, as in the experiments of Lake et al. (1997a)
and Niederhoffer & Szabo (1999). The clear dissociation
between the effects of WIN 55212-2 on arterial blood pressure
and heart rate are consistent with the bradycardia being
centrally-mediated (Niederhoffer & Szabo, 2000).

The pressor and vasoconstrictor effects of WIN 55212-2 in
HSD and TG rats were abolished by neurohumoral blockade.
Clearly, our experimental protocol in HSD and TG rats did
not permit us to ascertain which of the vasoconstrictor
systems was responsible, but, on the basis of the findings of
Niederhoffer & Szabo (1999; 2000), and the results of our
additional experiments in CRSD rats, it is most likely that
sympathoexcitation was involved.

Thus, in CRSD rats, we found no attenuation of the
pressor or vasoconstrictor effects of WIN 55212-2 in the
presence of AVPX or losartan, alone, or in combination. It
was only in the additional presence of ganglion blockade that
those effects of WIN 55212-2 were abolished. Interestingly,
Niederhoffer & Szabo (1999) recorded an increase in renal
sympathetic nerve activity following i.v. administration of
WIN 55212-2 to conscious rabbits. However, from our
results, it appears that such an effect, if present in rats, does
not result in an involvement of the renin-angiotensin system
in the cardiovascular effects of WIN 55212-2.

We found greater pressor effects of WIN 55212-2 in TG
than in HSD rats, but only when the data were expressed in
absolute terms. Similar results were obtained with noradrena-
line and methoxamine, for which any apparent greater
pressor sensitivity in TG rats was not seen when the data
were normalized (see later). Similarly, there were no
consistent differences in the renal or mesenteric vasoconstric-
tor responses to WIN 55212-2, noradrenaline, or methox-
amine between HSD and TG rats. However, a clear strain
difference in the regional haemodynamic responses to the
highest dose of WIN 55212-2 was apparent in that
hindquarters vasodilatation occurred in HSD (and CRSD),
but not in TG, rats in the unblocked state. Whether or not
the vasodilatation was cannabinoid receptor-mediated cannot
be determined from this study, but since it occurred to a
greater, rather than a lesser, extent in the presence of
ganglion blockade, we clearly cannot invoke sympathetically-
mediated adrenal medullary adrenaline release as a mechan-
ism (Gardiner et al., 1988). The possible involvement of
cannabinoid receptor-mediated adrenaline release from
chromaffin cells, for example, requires further investigation.

We studied the effects of WIN 55212-2 in conscious
hypertensive TG rats to test the hypothesis that elevated
sympathetic tone in these animals (Averill ez al., 1996) might
unmask a delayed hypotensive response to the cannabinoid,
as seen in conscious SHRs when challenged with anandamide
(Lake et al., 1997b). The explanation offered by Lake er al.
(1997b) was that this hypotensive response was due to
withdrawal of sympathetic tone, which was higher in
anaesthetized compared to conscious normotensive rats, and
higher in SHR compared to normotensive (SD) rats. Our
finding that the hindquarters vasodilator effects of WIN
55212-2 were enhanced under conditions of ganglion
blockade rules out sympathetic withdrawal as a possible
mechanism. It is feasible that WIN 55212-2 exerts direct and/
or endothelial-mediated vasodilator effects (e.g., Randall et
al., 1996), although it is surprising that any such effects were
not seen in all vascular beds, and were more apparent in the
hindquarters than in the mesenteric vascular bed, since, in
experiments assessing regional haemodynamic effects of NO
donors in conscious rats, the mesenteric vascular bed usually
shows the most marked vasodilator response (e.g., Gardiner
et al., 1990; 1991).

The inclusion of an assessment of regional haemodynamic
responses to noradrenaline and methoxamine in our study
allowed us, incidentally, to show that the only apparent
differences between the responses in HSD and TG rats were
that the bradycardic effect associated with administration of
noradrenaline or methoxamine was absent or diminished,
respectively, in TG compared to HSD rats, and the
hindquarters vasoconstrictor response to noradrenaline in
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TG rats was generally smaller than in HSD rats. These
findings are consistent with those of Jacinto ef al. (1999), who
reported similar blood pressure and renal vascular responses
to i.v. administration of noradrenaline in anaesthetized TG
and HSD rats, although they showed reduced renal vascular
responses to intrarenal arterial administration of the
catecholamine, possibly due to desensitization of the o-
adrenoceptor signal transduction pathway in TG rats
(Schnabel et al., 1997). If such an abnormality has functional
significance, however, it is difficult to explain why systemic
responses to 1i.v. administration of the «-adrenoceptor
agonist, methoxamine, were not affected in our study.

The occurrence of a bradycardic, rather than a tachycardic,
response to noradrenaline indicates that the baroreflex over-
rides any direct positive chronotropic effects of the
catecholamine. Elsewhere (Gardiner et al., 2000c), we have
reported diminished baroreflex sensitivities in TG, compared
to HSD, rats, particularly in response to rises in blood
pressure. Thus, the smaller bradycardic responses to nora-
drenaline and methoxamine reported here, in TG rats, are
consistent with that finding. For a given change in blood
pressure, the bradycardic response was larger to methox-
amine than to noradrenaline in HSD rats, probably because
the bradycardia was being opposed by a direct positive
chronotropic effect of noradrenaline. The absence of any
significant heart rate change in TG rats in response to
noradrenaline might be explained by a combination of
cardiac f-adrenoceptor downregulation (Béhm et al., 1994)
together with a diminished cardiac baroreflex response to the
noradrenaline-induced rise in blood pressure (Gardiner et al.,
2000c¢).

Here we confirmed the marked, acute antihypertensive
action of i.v. losartan in conscious TG rats (Gardiner et al.,
1995), and extended those results by showing that subsequent
treatment with pentolinium caused a greater fall in blood
pressure in TG than in HSD rats. It could be argued that the
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