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Nitric oxide-dependent vasodilatation of rabbit femoral artery by
p-adrenergic stimulation or cyclic AMP elevation in vivo
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1 Some studies suggest that f-adrenoceptor-mediated vasorelaxation is in part mediated through
nitric oxide (NO) release. We wished to determine the contribution of the r-arginine / NO system to
vasodilatation in response to f-adrenoceptor stimulation with isoprenaline or cyclic adenosine-3',5'-
monophosphate (cyclic AMP) elevation with forskolin and dibutyryl cyclic AMP in vivo, using a
rabbit femoral artery constant perfusion model.

2 Baseline femoral artery pressure was similar in rabbits receiving isoprenaline, forskolin or
dibutyryl cyclic AMP. Isoprenaline, forskolin and dibutyryl cyclic AMP each decreased femoral
artery pressure in a dose-dependent manner. The doses (mol kg~!) of isoprenaline, forskolin and
dibutyryl cyclic AMP which decreased pressure by 10% from baseline, expressed as a negative
logarithm (—log ED,y) were: 10.0+0.2, 9.54+0.1 and 4.9+0.1 respectively (P <0.0001 for each). Use
of f-adrenoceptor subtype-selective antagonists showed that the vascular response to isoprenaline
was purely due to stimulation of the f5,-adrenoceptor subtype.

3 Injection of 1 umol kg~! NC-nitro-L-arginine methyl ester (L-NAME) did not alter baseline
pressure. However, it abolished the pressure response to isoprenaline (P<0.0001), and significantly
attenuated the pressure responses to forskolin and dibutyryl cyclic AMP: —log ED,, values for
forskolin and dibutyryl cyclic AMP, in the presence of L-NAME, were 7.9+0.1 and 3.5+0.3
respectively (P<0.0001 for each, as compared with values in the absence of L-NAME).

4 These results indicate that f,-adrenergic stimulation and cylic AMP elevation activate the L-
arginine/NO system in rabbit femoral artery in vivo, and that NO generation contributes importantly
to the changes in vascular tone induced by agents which modulate f-adrenoceptors or cyclic AMP.
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Introduction

Stimulation of f-adrenoceptors on vascular smooth muscle
results in vasorelaxation, through activation of adenylyl
cyclase and a consequent increase in cyclic adenosine-3',5'-
monophosphate (cyclic AMP) intracellularly (Kuriyama et al.,
1982). Vascular endothelial cells may also express f-
adrenoceptors (Steinberg et al., 1984; Buxton et al., 1987;
Summers et al., 1987; Howell et al., 1988; Molenaar et al.,
1988; Lefroy et al., 1993), and there is increasing evidence that
these may contribute to f-adrenergic vasorelaxation, although
the relative contributions of endothelial and smooth muscle f-
adrenoceptors to vasodilatation may vary between different
vascular beds and also between different species (Rubanyi &
Vanhoutte, 1985; Kamata et al., 1989; Gardiner et al., 1991;
Gray & Marshall, 1992; Blankesteijn & Thien, 1993; Graves &
Poston, 1993; Parent et al., 1993; Rebich et al., 1995; Dawes et
al., 1997; Priest et al., 1997). We have recently demonstrated,
in cultured human umbilical vein endothelial cells, that
stimulation of f-adrenoceptors with isoprenaline increases
uptake of L-arginine, the precursor for nitric oxide (NO)
generation, and activates NO synthase (NOS) activity;
furthermore, forskolin (a direct activator of adenylyl cyclase)
and dibutyryl cyclic AMP (a non-hydrolysable membrane-
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permeable analogue of cyclic AMP) also increase L-arginine
uptake and NOS activity in these cells (Ferro et al., 1999).
However, the relevance of these findings to vasodilatation in
vivo remains unclear.

We therefore investigated the effects on vascular tone of
local infusion of isoprenaline, forskolin and dibutyryl cyclic
AMP in the rabbit femoral artery in vivo, with and without
inhibition of NOS using the L-arginine analogue N®-nitro-L-
arginine methyl ester (L-NAME). To date, there are no
published studies describing the contribution of the L-
arginine/NO system to vasodilatation induced by f-adreno-
ceptor stimulation or cyclic AMP elevation in this vessel.

Methods
Materials

CGP 20712A was graciously provided by Ciba-Geigy Ltd
(Basel, Switzerland), and ICI 118551 by Zeneca Pharmaceu-
ticals (Macclesfield, Cheshire, U.K.). All other drugs and
chemicals were from Sigma-Aldrich Company Ltd (Poole,
Dorset, U.K). They were prepared on the day of study in
normal saline, and kept at 4°C until use, at which time they
were re-warmed to 37°C. New Zealand White rabbits were
from the Nanjing Experimental Animals Centre of China.
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Protocol

Rabbits were anaesthetized with intraperitoneal sodium
pentobarbitone 25 mg kg~!, following which both femoral
arteries were dissected from the inguinal ligament to the distal
1/3 of the leg. One femoral artery was cannulated with a
catheter connected to a pressure transducer (Gould Ps), for
monitoring of systemic blood pressure. Following administra-
tion of heparin 600 IU kg~', the femoral artery on the
contralateral side was ligated 0.5 cm below the inguinal
ligament, and a catheter was inserted into a branch of the
medial saphenous artery on this side, which was connected to
another pressure transducer for monitoring of intra-arterial
pressure. Two further catheters (of internal diameter 2 mm)
were introduced into this femoral artery, one proximal to the
ligature and one distal to it; the two catheters were connected
to the import and export tubes of a constant infusion rate
pump respectively, which was used to regulate the flow of
blood from the proximal to the distal parts of the femoral
artery. Drugs were infused through the import tube by means
of a Y-connector. The intra-arterial pressure on the ligated side
was adjusted to the mean systemic blood pressure by
regulating the flow rate, which was kept constant for a further
30 min prior to all experiments.

Integrity of endothelium-dependent responses

In order to confirm that the cannulation procedure did not
abolish endothelium-dependent vasorelaxation, an initial set of
experiments (n=7) was performed to examine changes in
vascular tone in response to shear stress. For this purpose, on
the ligated side, flow rate was abruptly increased to 140% of
the baseline value, following which intra-arterial pressure was
monitored for a further 20 min. Endothelial integrity was
confirmed by a sudden increase in measured pressure, followed
by a gradual drift back to baseline (due to shear stress-induced
endothelial NO release) which was inhibited by prior bolus
administration of 1 ymol kg~' L-NAME.

p-adrenoceptor- and cyclic AM P-mediated responses

The femoral artery on the ligated side was injected with
incremental doses of isoprenaline (10~'2—~10"7 mol kg™ "),
forskolin (10~''—10"" mol kg=") or dibutyryl cyclic AMP
(1077-10"*mol kg~"), or with equal volumes of saline.
Femoral intra-arterial pressure and systemic blood pressure
responses were monitored throughout. All drugs were
administered in 0.5 ml boluses; repeated bolus doses of 0.5 ml
saline were found not to alter perfusion pressure (data not
shown). Following washout and return of haemodynamic
indices to baseline, experiments were repeated 5 min following
intrafemoral bolus injection of 1 umol kg=' L-NAME.
Experiments were also performed to ascertain the subtype
selectivity of the f-adrenergic responses to isoprenaline. For
this purpose, CGP 20712A, a f;-adrenoceptor selective
antagonist (Kaumann, 1986), and ICI 118551, a f,-adreno-
ceptor selective antagonist (Bilski et al., 1983; Lemoine et al.,
1985), were used. Following injections of isoprenaline and
subsequent washout, repeat injections of bolus doses of
isoprenaline were performed as before, this time 5 min
following intrafemoral bolus injection of either 30 nmol kg™
CGP 20712A or 10 nmol kg=' ICI 118551 (three rabbits
received CGP 20712A and three received ICI 118551), and
intra-arterial pressure was monitored. Following repeat
washout and return of pressure to baseline, further injections
of isoprenaline were administered, in the presence of the other

subtype-selective antagonist, and intra-arterial pressure mea-
sured once again. Repeat administrations of isoprenaline alone
were not associated with tachyphylaxis, and the order of
administration of the p-adrenoceptor subtype-selective an-
tagonists did not affect the results obtained.

Statistical analysis

Changes in intra-arterial pressure in response to shear stress,
isoprenaline, forskolin and dibutyryl cyclic AMP, in the
absence or presence of L-NAME or f-adrenoceptor subtype
antagonists, were analysed by two-way ANOVA. Log ED,
values in the absence or presence of L-NAME were compared
by paired Student’s ¢-test. Statistical significance was taken in
all cases as P<0.05 (two-sided). All data are expressed as
mean + s.e.mean.

Results

In order to confirm that endothelium-dependent vasodilatory
responses were intact, the effect of increased shear stress on
vascular tone was investigated in rabbit femoral arteries (n=7
rabbits), since shear stress is known to activate endothelial NO
generation (Rubanyi et al., 1986; Cooke et al., 1991; Kuchan &
Frangos, 1994). To achieve this, the rate of blood flow was
increased abruptly by 40% above baseline, and the consequent
change in intra-arterial pressure recorded. In all femoral
arteries tested, this caused a transient sudden increase in
measured pressure, followed by a slow gradual decline of
pressure back to baseline over the succeeding 20 min (Figure
1). The decline in pressure was due to a sustained release of NO
secondary to an increase in wall stress in the vessel, as
evidenced by the inhibition of this decline when 1 ymol kg™
L-NAME was co-administered (Figure 1). Thus, we confirmed
that femoral artery ligation and cannulation did not abolish
endothelium- and NO-dependent vasorelaxation in our model.

Incremental doses of isoprenaline, forskolin or dibutyryl
cyclic AMP were administered into the perfusate (n= 6 rabbits
for each drug), each dose being administered in 0.5 ml saline.
All rabbits received one of these agents only. Each of these
drugs induced a dose-dependent decrease in intra-arterial
pressure, indicating vasodilatation (Figure 2). The change in
pressure induced by isoprenaline was abolished (Figure 2a),
and that induced by either forskolin or dibutyryl cyclic AMP

was significantly inhibited (Figure 2b,c), by prior administra-
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Figure 1 Percentage changes in rabbit femoral artery pressure
(mean +s.e.mean) from baseline, as a function of time following an
abrupt increase in perfusion rate to 140% of baseline (n=7). Pressure
responses are shown before and after treatment with 1 ymol kg~' L-
NAME. The initial rise in pressure was the same in the absence or
presence of L-NAME; however, L-NAME abolished the subsequent
slow decline in pressure (P<0.0001).
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NAME alone caused no change in measured pressure at
baseline (70.5+4.4 mmHg before vs 71.2+5.5 mmHg after
administration of L-NAME, P>0.05), suggesting no (or very
little) basal NO generation in this vessel in our system. The
doses of isoprenaline, forskolin and dibutyryl cyclic AMP
required to decrease intra-arterial pressure by 10% (ED,o), in
the absence or presence of 1 umol kg=! L-NAME, are
displayed in Table 1. The observed abolition in isoprenaline
responses following administration of L-NAME could not be
explained by tachyphylaxis to the drug, since repeated
administration of isoprenaline alone into rabbit femoral artery
(n=06 rabbits) did not give rise to a measurable change in
vascular responsiveness (Figure 3).

In a single separate experiment, we also examined the effect
of another NOS inhibitor, N°-monomethyl-L-arginine (L-
NMMA), on femoral artery pressure responses to isoprenaline.
In this experiment, isoprenaline again elicited a dose-
dependent decrease in intra-arterial pressure, and following
injection of L-NMMA 100 nmol kg=' the isoprenaline
response was once again abolished (Figure 4), in agreement
with our findings using L-NAME.

In order to determine the f-adrenoceptor subtype(s)
involved in the response to isoprenaline, experiments were
also performed with the selective ;- and f,-adrenoceptor
antagonists CGP 20712A and ICI 118551 respectively. In
initial experiments, injection of CGP 20712A in increasing
doses (10—90 nmol kg~") had no effect on vascular responses
to isoprenaline (Figure 5a), until at the highest dose used
(120 nmol kg~") cardiac asystole occurred due to excessive f3-
blockade (presumably f, in type). By contrast, injection of ICI
118551 in increasing doses (2.5—10 nmol kg~") caused a
progressive inhibition of vascular isoprenaline responses
(Figure 5b), and at the highest dose used (20 nmol kg~')
systemic blood pressure began to increase. We therefore chose
to use concentrations of 30 nmol kg~' for CGP 20712A and
10 nmol kg=' for ICI 118551 in further experiments to
examine the subtype selectivity of femoral artery f-adrenergic
responses to isoprenaline.

Pressure changes in response to isoprenaline were un-
changed following the administration of CGP 20712A
30 nmol kg=' (n=6). However, isoprenaline pressure re-
sponses were abolished by ICI 118551 10 nmol kg~! (n=16),
indicating that the responses to isoprenaline were mediated
solely through stimulation of f,-adrenoceptors (Figure 6).
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Discussion

Previous studies have shown that f-adrenoceptor-mediated
vasorelaxation may have an endothelium-dependent compo-
nent in several species (Graves & Poston, 1993; Rubanyi &
Vanhoutte, 1985; Kamata et al., 1989; Gardiner et al., 1991;
Gray & Marshall, 1992; Blankesteijn & Thien, 1993; Parent et
al., 1993; Rebich et al., 1995; Priest et al., 1997). However, few
of these studies have looked at endothelial p-adrenergic
function in vivo, and none have examined the possible role of
the endothelial adenylyl cyclase/cyclic AMP system in
inducing vasodilatation through NO generation in vivo. We

Table 1 Dose of isoprenaline, forskolin and dibutyryl cylic
AMP required to decrease rabbit femoral artery pressure by
10% (EDjg)

—log EDyp (M)
L-NAME absent L-NAME present

Isoprenaline (n=06) 10.0+0.2 — HEX
Forskolin (n=16) 9.5+0.1 7.940.1%%*
Dibutyryl cylic AMP (n=6) 4.9+0.1 3.540.3%%*

Results are shown in the absence or presence of L-NAME
1 umol kg~', and are expressed as mean+s.e.mean of —log
(EDyy), calculated by linear interpolation. ***P<0.001 as
compared with values in the absence of L-NAME.
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Figure 3 Percentage changes in rabbit femoral artery pressure
(mean +s.e.mean) from baseline, in response to increasing doses of
isoprenaline, when re-tested three successive times in the same vessel
(dose-responses 1, 2 and 3 respectively). No tachyphylaxis was
observed in pressure responses to isoprenaline (7= 06).
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Figure 2 Percentage changes in rabbit femoral artery pressure (mean +s.e.mean) from baseline, in response to increasing doses of
injected (a) isoprenaline, (b) forskolin or (c) dibutyryl cyclic AMP. In each case, dose-response curves are displayed before and after

treatment with 1 pmol kg ™'

L-NAME (n=6 for each). Treatment with L-NAME significantly blunted the reduction in measured

intra-arterial pressure in response to each drug (P<0.0001 in each case).
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Figure 4 Percentage changes in rabbit femoral artery pressure from
baseline, in response to increasing doses of injected isoprenaline,
before and after treatment with 100 nmol kg~ L-NMMA (one
experiment).
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Figure 5 Percentage changes in rabbit femoral artery pressure from
baseline, in response to increasing doses of injected isoprenaline,
following treatment with different doses of f-adrenoceptor subtype-
selective antagonists (n=1 in each case). (a) Dose-response curves to
isoprenaline following administration of CGP 20712A (a f;-
adrenoceptor-selective blocker) 0, 10, 30 and 90 nmol kg~'. (b)
Dose-response curves to isoprenaline following administration of ICI
118551 (a pr-adrenoceptor-selective blocker) 0, 2.5, 5 and
10 nmol kg~ ".

have previously demonstrated that f-adrenoceptor stimulation
activates adenylyl cyclase and cyclic AMP formation in
cultured human umbilical vein endothelial cells in vitro, and
that forskolin and dibutyryl cyclic AMP (which both increase
intracellular cyclic AMP) activate the L-arginine / NO system
in these cells (Ferro et al., 1999). The present results suggest
that f-adrenoceptor stimulation or cyclic AMP elevation by
other means induce vasodilatation in rabbit femoral artery in
vivo, and that such vasodilatation is largely dependent on NO
generation, presumably from the vascular endothelium. In the
case of isoprenaline, vascular responses are abolished by co-
administration of L-NAME, suggesting that, at least in this
vessel, f-adrenergic vasodilatation is entirely due to NO
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Figure 6 Percentage changes in rabbit femoral artery pressure
(mean +s.e.mean) from baseline, in response to increasing doses of
injected isoprenaline, before and after administration of
30 nmol kg =" CGP 20712A or 10 nmol kg~! ICI 118551. Isoprena-
line responses were unaffected by CGP 20712A, but were abolished
by ICI 118551 (P<0.0001).

release. By contrast, responses to forskolin or dibutyryl cyclic
AMP are incompletely inhibited by L-NAME at the same dose
(1 umol kg—"). This is consistent with an endothelium-
dependent component to vasorelaxation, caused by activation
of the L-arginine/NO system in response to cyclic AMP
elevation, although it is likely that there is also a substantial
endothelium-independent component caused by direct eleva-
tion of cyclic AMP in vascular smooth muscle.

Our finding that the isoprenaline-induced decrease in
femoral arterial tone is abolished by NOS inhibition is
consistent with data derived from certain other blood vessels.
Endothelial denudation has been found to abolish vasorelaxa-
tion of rat thoracic aortic rings to isoprenaline or to
salbutamol (Gray & Marshall, 1992). Furthermore, we have
recently demonstrated that isoprenaline-induced vasorelaxa-
tion is abolished, and forskolin- or dibutyryl cyclic AMP-
induced vasorelaxation is diminished, by NOS inhibition in
human umbilical vein in vitro (Ferro et al., 1999).

Use of the subtype-selective antagonists CGP 20712A and
ICI 118551 enabled us also to determine the subtype selectivity
of the f-adrenergic responses to isoprenaline. Our results
indicate that isoprenaline-induced changes in vascular tone are
mediated solely through stimulation of f,-adrenoceptors, in
rabbit femoral artery in vivo.

Since L-NAME inhibits endogenous NO production, one
would predict that its administration would cause vasocon-
striction, if there is a substantial basal production of NO.
Indeed, there is evidence that arterial endothelium can produce
significant amounts of NO basally (Liischer, 1991). Therefore,
our finding of a blunted pressure decrease to isoprenaline,
forskolin and dibutyryl cyclic AMP might be explained by a
direct vasoconstrictive effect opposing the vasodilator effect of
these compounds, irrespective of any putative inhibition of
their NO-generating effects. However, this is unlikely, since L-
NAME had no effect on measured intra-arterial pressure in the
absence of these drugs, in our system.

In general, NOS inhibition in vivo constricts arteries but not
veins, indicating that arteries generate important amounts of
NO in the basal state. This is believed to occur through the
physical activation of endothelial cells by pulsatile flow, and
shear stress may also play a role (Moncada & Higgs, 1993). In
our experimental model, pulsatile flow is abolished by ligation
of the femoral artery. This may explain the lack of observed
effect of L-NAME on basal intra-arterial pressure.

Graier et al. (1992) examined the possible role of cyclic
AMP in NO formation in cultured porcine aortic endothelial
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cells; they found that, whilst forskolin, adenosine or isoprena-
line (all of which stimulate cyclic AMP formation) alone did
not increase NO synthesis, they amplified the formation of NO
in response to bradykinin or ATP. This accords with the
known ability of cyclic AMP to increase cyclic guanosine-3',5'-
monophosphate levels. By contrast, we have previously
demonstrated that f-adrenoceptor stimulation with isoprena-
line, or direct cyclic AMP elevation with either forskolin or
dibutyryl cyclic AMP, activate NOS activity in human
umbilical vein endothelial cells (Ferro et al., 1999). Our
present findings indicate that NO generation is similarly
increased by f-adrenergic stimulation or cyclic AMP elevation
in rabbit femoral artery in vivo.

However, it is likely that these findings cannot be
generalized to all blood vessels and all species. For example,
Moncada et al. (1991) have found no evidence of endothelium
dependence on isoprenaline-induced vasorelaxation in rat
aorta in vitro or in the rat circulation in vivo, and two
independent studies of isolated canine coronary arteries have
also suggested that f-adrenoceptor-mediated vasorelaxation is
endothelium-independent (Macdonald et al., 1987; Béa et al.,
1994).
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In conclusion, we have shown that f-adrenoceptor
activation or cyclic AMP clevation by other means

stimulates NO production in rabbit femoral artery in vivo,
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are at present unknown, but it is possible that this process
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to occur solely through direct relaxation of wvascular
smooth muscle. Our study lends support to the increasing
body of evidence that f-adrenoceptors and the adenylyl
cyclase /cyclic AMP system can contribute to vasorelaxa-
tion, specifically through the generation of NO.
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