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Regional and cardiac haemodynamic responses to glyceryl
trinitrate, acetylcholine, bradykinin and endothelin- in
conscious rats: effects of NG-nitro-L-arginine methyl ester

1S.M. Gardiner, A.M. Compton, P.A. Kemp & T. Bennett

Department of Physiology and Pharmacology, Medical School, Queen's Medical Centre, Nottingham NG7 2UH

1 Conscious Long Evans rats, chronically instrumented for cardiovascular measurements, were chal-
lenged with i.v. bolus doses of glyceryl trinitrate (40 nmol kg- 1), acetylcholine (1.2 nmol kg- 1), bradykinin
(3.2 nmol kg-1), or endothelin-1 (0.25 nmol kg '). Under control conditions these doses produced similar
falls in mean arterial blood pressure (glyceryl trinitrate, -20 + 3 mmHg; acetylcholine, -24 + 2 mmHg;
bradykinin, -21 + 3 mmHg; endothelin-1, -25 + 3 mmHg), associated with renal, mesenteric and hind-
quarters vasodilatations (except for endothelin-1 which caused mesenteric vasoconstriction).
2 In the presence of NG-nitro-L-arginine methyl ester (L-NAME, 10mg kg- 1), a potent inhibitor of nitric
oxide biosynthesis and endothelium-dependent vasorelaxation in vitro, the hypotensive responses to glyc-
eryl trinitrate, acetylcholine, and endothelin-1 were increased, although that to bradykinin was not.
However, comparing the differences between the response to glyceryl trinitrate and that to any other
agonist in the absence and presence of L-NAME showed that there were relative attenuations of the
hypotensive responses to bradykinin and endothelin-1, but not to acetylcholine, in the presence of
L-NAME.

3 This comparative analysis showed that the renal and hindquarters vasodilator responses to bradykinin
and endothelin-1 were attenuated in the presence of L-NAME, but the renal, mesenteric and hindquarters
vasodilator responses to acetylcholine were not. However, when L-NAME was administered in the pre-

sence of pentolinium, captopril and the vasopressin Vj-receptor antagonist, d(CH2)5[Tyr-(Et)]DAVP, (to
abolish baroreflex and neurohumoral mechanisms), there was attenuation of the renal and mesenteric
vasodilator effects of acetylcholine relative to those seen with glyceryl trinitrate. Under those conditions
only the renal vasodilator effects of bradykinin and endothelin-1 were attenuated.
4 In separate experiments in conscious Long Evans rats, direct measurement of cardiac haemodynamics
showed that the hypotensive responses to glyceryl trinitrate, acetylcholine, bradykinin and endothelin-l
were entirely attributable to rises in total peripheral conductance since both in the absence and presence
of L-NAME there were no reductions in cardiac index in response to these substances.
5 The results indicate that measurement of systemic arterial blood pressure alone in conscious rats does
not permit reliable quantitation of the influence of L-NAME on regional vasodilator responses to glyceryl
trinitrate, acetylcholine, bradykinin or endothelin-1. Furthermore, these substances exert effects in differ-
ent vascular beds that may be differentially influenced by baroreflex mechanisms, neurohumoral mecha-
nisms, or both. Moreover, except in the case of the renal vasodilator response to endothelin-1 (which was

abolished in the presence of L-NAME), even when L-NAME caused attenuation of the vasodilator effects
of acetylcholine or bradykinin (relative to glyceryl trinitrate), substantial responses remained. It is feasible
that such responses in vivo are nitric oxide-independent.

Introduction

Nitric oxide synthesized from L-arginine appears to be the
major mediator of endothelium-dependent vasorelaxation in
vitro (Palmer et al., 1987; 1988a,b; Moncada et al., 1988;
1989; Rees et al., 1989ab). The biosynthesis of nitric oxide is
antagonised by N0-monomethyl-L-arginine (L-NMMA; see
Moncada et al., 1989) a compound which causes widespread
regional vasoconstrictions when administered to conscious
rats (Gardiner et al., 1989c,d; 1990c,d,f).

Whittle et al. (1989) reported that L-NMMA produced sub-
stantial inhibition of the falls in diastolic blood pressure
induced by acetylcholine, bradykinin, substance P and
endothelin-1 in pentobarbitone-anaesthetized Wistar rats,
which is consistent with the hypotension being due to
endothelium-derived nitric oxide causing vasodilatation.
However, with endothelin-1 we had found, in conscious rats,
that the initial hypotensive response was enhanced in the pre-

' Author for correspondence.

sence of L-NMMA and the associated hindquarters vasodila-
tation was not attenuated (Gardiner et al., 1989d). In addition,
Aisaka et al. (1989) reported that L-NMMA did not change
the magnitude of the hypotensive response to acetylcholine in
pentobarbitone-anaesthetized guinea-pigs.

It is known now that NG-nitro-L-arginine is a more potent
inhibitor than L-NMMA of endothelium-dependent
vasorelaxation in vitro (Moore et al., 1990), and this effect is
associated with marked inhibition of nitric oxide production
(Ishii et al., 1990; Mulsch & Busse, 1990). Furthermore, oral
or intravenous administration of N0-nitro-L-arginine methyl
ester (L-NAME) in conscious rats causes marked hypertension
and regional vasoconstrictions (Gardiner et al., 1990e,fh), the
patterns of which resemble those following L-NMMA, albeit
given at a higher dose (Gardiner et al., 1989c,d; 1990c,d,f).
Therefore, in the present work we investigated regional hae-
modynamic responses to glyceryl trinitrate, acetylcholine,
bradykinin and endothelin-1 in the absence and presence of
L-NAME. Furthermore, in order to preclude any possible
contributions from baroreflex, or neurohumoral mechanisms,
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or both, to the responses seen, the same experiments were per-

formed in a second group of animals in the absence and pre-

sence of autonomic and neurohumoral blockade (achieved
with pentolinium, captopril and an antagonist of the
V,-receptor-mediated actions of vasopressin).

In order to determine the possible contributions of changes
in cardiac haemodynamics to the depressor effects of glyceryl
trinitrate, acetylcholine, bradykinin and endothelin-1 in the
presence and absence of L-NAME, these experiments were

also performed in animals chronically instrumented for the
measurement of cardiac function.

Methods

The majority of experiments were carried out on male Long
Evans rats (3-4 months old; bred in Nottingham). Animals
were anaesthetized (sodium methohexitone, 60mg kg-I, i.p.
supplemented as required) and had pulsed Doppler probes
(Haywood et al., 1981) sutured around the left renal and
superior mesenteric arteries and the distal abdominal aorta
below the level of the ileocaecal artery (to monitor flow to the
hindquarters) (Gardiner et al., 1990a). Separate animals had
electromagnetic flow probes (Skalar, Delft) implanted around
the ascending aorta via a transthoracic approach (Smith &
Hutchins, 1979; Smits et al., 1982; Gardiner et al., 1990g,h).
Animals were given ampicillin (7mg kg- 1, i.m.; Penbritin,
Beechams) and left to recover for 7-14 days. Then, under brief
anaesthesia (sodium methohexitone, 40mgkg-', i.p.), intra-
arterial (distal abdominal aorta via the ventral caudal artery)
and intravenous (right jugular vein) catheters were implanted.
In the case of animals with thoracic aortic flow probes, one of
the intravenous catheters was constructed from a 3 cm length
of small bore (intravascular) catheter (i.d. 0.28mm), heat-
sealed to a 150cm length of more rigid, wider bore (i.d.
0.58 mm) nylon tubing. The tip of this catheter was positioned
close to the right atrial orifice for recording central venous

pressure (Gardiner et al., 1990g,h).
Animals were left to recover in their home cages overnight

and experiments were begun the next day, at least 24 h after
anaesthesia and catheterization.

Regional haemodynamic effects ofglyceryl trinitrate,
acetylcholine, bradykinin and endothelin-J

In preliminary experiments based on the data of Whittle et al.
(1989), we determined that glyceryl trinitrate (40 nmol kg-1),
acetylcholine (1.2nmolkg-1), bradykinin (3.2nmolkg-1) and
endothelin-1 (0.25 nmol kg- 1) caused comparable falls in
mean blood pressure. These doses were then used in the
definitive experiments. It should be noted that the results
obtained were similar whether measurements were made of
changes in diastolic or in mean blood pressures. Animals
received glyceryl trinitrate, acetylcholine, and bradykinin in
random order, but received endothelin-1 last because of the
prolonged secondary pressor effect of this peptide. All sub-
stances were administered at least 10 min apart.

In one group of Long Evans rats (n = 8) glyceryl trinitrate,
acetylcholine, bradykinin and endothelin-1 were administered
and, at least 90min after endothelin-1, L-NAME (lOmgkg-1,
i.v.) was given. Elsewhere (Gardiner et al., 1990h) we have
shown there is a relatively stable haemodynamic profile for at
least 60min after this dose of L-NAME. Therefore, starting
10min after injection of L-NAME, animals were re-challenged
at 10min intervals with glyceryl trinitrate, acetylcholine,
bradykinin (randomized) and, finally, endothelin-1 (i.e. about
40 min after L-NAME injection).

In another group (n = 8) of Long Evans rats, glyceryl tri-

nitrate, acetylcholine, bradykinin and endothelin-1 were

administered in the absence and in the presence of pentolin-
ium (5mgkg-' bolus followed by 5mgkg-1h-1 infusion),
captopril (2mg kg-1 bolus followed by 1 mg kg-1 h'
infusion), [(1-fl-mercapto-fl, f-cyclopentamethylenepropionic

acid), 2-(0-ethyl)tyrosine, 8-D-arginine]vasopressin (abbrevi-
ated to d(CH2)5[Tyr-(Et)]DAVP; lOpgkg-1 bolus followed
by 10 ugkg-'h'- infusion) and L-NAME (10mgkg-1
bolus). Elsewhere we have shown the combination of
these doses of pentolinium, captopril and d(CH2)5[Tyr-
(Et)]DAVP blocks all endogenous factors contributing
to blood pressure recovery in conscious, Long Evans rats
(Tomlinson et al., 1990). Hence, these experiments were
designed to abolish any possible contributions of baroreflex
on neurohumoral mechanisms to the responses evoked by
glyceryl trinitrate, acetylcholine, bradykinin and endothelin-1.
In order to simulate the experiments carried out by Whittle

et al. (1989) we also investigated the effects on blood pressure
of glyceryl trinitrate, acetylcholine, bradykinin and
endothelin-1 in pentobarbitone-anaesthetized Long Evans
(n = 2) and Wistar (n = 3) rats in the absence and presence of
L-NAME (l0mgkg-') or L-NMMA (50mgkg- ), respec-
tively.

Cardiac haemodynamic effects of glyceryl trinitrate,
acetylcholine, bradykinin and endothelin-J

Long Evans rats (n = 8) with thoracic aortic flow probes were
connected to a Skalar MDL 1401 flowmeter and data were
digitized on-line with a haemodynamics microprocessor
(Schoemaker, 1989; Gardiner et al., 1990gh). This system pro-
vided values for cardiac index, peak aortic flow, maximum
positive slope of aortic flow (+dF/dtmax), total peripheral con-
ductance, stroke index, mean central venous pressure, heart
rate and mean arterial blood pressure. Changes in these vari-
ables were measured in response to administration of glyceryl
trinitrate, acetylcholine, bradykinin, and endothelin-1 in the
absence and in the presence of L-NAME (lOmgkg-1) as
above.

Data analysis

The profiles of change in mean blood pressure and regional
haemodynamics differed following administration of glyceryl
trinitrate, acetylcholine, bradykinin and endothelin-1,
although the nadirs in blood pressure were similar under
control conditions. Furthermore the time courses of the
changes in regional flows varied under the different experi-
mental conditions, and so, for each substance in each condi-
tion, measurements were made at time points selected to
represent the full profile of effect on all variables. Since
L-NAME caused substantial haemodynamic changes the
responses to glyceryl trinitrate were used as an internal stan-
dard and all other responses were compared to them. Thus,
for example, the difference between the hypotensive response
to glyceryl trinitrate and endothelin-1 in the absence of
L-NAME was compared to that in the presence of L-NAME
as a means of assessing the extent to which the latter caused a
relative attenuation of the hypotensive effect of endothelin-1.
In the results the effects of substances relative to glyceryl tri-
nitrate are given also as ratios to facilitate comparisons but
statistical procedures were carried out on the raw data.
Results were analysed by the Kruskal-Wallis test, Mann-
Whitney U test or Wilcoxon's ranks sums test, as appropriate;
P < 0.05 was taken as indicating statistical significance.

Drugs

Acetylcholine chloride (Sigma), NG-nitro-L-arginine methyl
ester hydrochloride (Sigma), NG-monomethyl-L-arginine
acetate (Wellcome Research Laboratories), glyceryl trinitrate
(Tridil; Du Pont, U.K.), pentolinium tartrate (Sigma), capto-
pril (Squibb, U.K.), d(CH2)5[Tyr-(Et)]DAVP (Bachem U.K.),
bradykinin (Bachem U.K.) and endothelin-1 (Peptide Insti-
tute, Japan) were dissolved in isotonic saline. In the case of the
latter peptides, the saline contained 1% bovine serum
albumin. All i.v. injections were given as l0p0ul boluses which
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were flushed in with 100jul isotonic saline (the dead spaces of
the catheters).

Results

Regional haemodynamic effects of glyceryl trinitrate,
acetylcholine, bradykinin and endothelin-J before and
after administration ofL-NAME

Blood pressures In the first group of animals (n = 8), under
control conditions, the falls in arterial blood pressure elicited
by glyceryl trinitrate (-20 + 3 mmHg), acetylcholine
(-24 + 2 mmHg), bradykinin (-21 + 3 mmHg) and
endothelin-1 (25 + 3 mmHg) were not different. L-NAME
increased mean arterial blood pressure from 110 + 2 to
153 + 2mmHg and then the falls in arterial blood pressure
elicited by glyceryl trinitrate (-49 + 3 mmHg), acetylcholine
(-48 ± 2mmHg), and endothelin-1 (-38 ± 2mmHg) were
significantly larger than in the absence of L-NAME, but the
response to bradykinin (-29 4mmHg) was not. When con-
sidered relative to glyceryl trinitrate, the depressor effects of
bradykinin and endothelin-1 were attenuated in the presence
of L-NAME, whereas the hypotensive response to acetyl-
choline was not (Figure 1 and Table 1).

In the second group of animals (n = 8), the depressor
responses to glyceryl trinitrate, acetylcholine, bradykinin and
endothelin-1 under control conditions were similar to those
seen in the first group (Figure 1 and Table 2). During com-
bined administration of pentolinium, captopril and
d(CH2),[Tyr(Et)]DAVP, mean arterial blood pressure was
47 + 3 mmHg; 10 min after additional administration of
L-NAME blood pressure had risen to 84 + 6mmHg. Under
those circumstances the absolute hypotensive responses to
glyceryl trinitrate (-29 ± 4 mmHg), and acetylcholine
(-28 + 5 mmHg), were not different from those under control
conditions. However, the depressor effect of bradykinin
(-39 ± 4mmHg) was enhanced, whereas the response to
endothelin-1 (-19 ± 2mmHg) was reduced. Thus, when con-
sidered relative to glyceryl trinitrate, the depressor effects of
acetylcholine and endothelin-1 were attenuated whereas the
response to bradykinin was augmented (Figure 1 and Table 2).
In addition, the later pressor effect of endothelin-1 was
enhanced although the absolute pressure level reached was
not increased (Figure 1).

In anaesthetized, Long Evans rats (n = 2) or anaesthetized,
Wistar rats (n = 3) treatment with L-NAME (10mgkg-1) or
L-NMMA (SOmgkg-1), respectively, augmented hypotensive
responses. For example in anaesthetized Wistar rats in the
absence of L-NMMA the falls in mean arterial blood pressure
evoked by glyceryl trinitrate, acetylcholine, bradykinin and
endothelin-1 were -14 + 2, -25 + 1, -11 + 3 and
-16 + 3 mmHg, respectively. The corresponding values in the
presence of L-NMMA were -47 + 10, -49 + 8, -27 + 5
and -46 + 12mmHg, respectively (Figure 2).
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Figure 1 Regional haemodynamic responses to i.v. bolus doses of
glyceryl trinitrate (GTN, 40nmolkg- 1), acetylcholine (ACh,
1.2 nmol kg- 1), bradykinin (BK, 3.2 nmolkg 1) or endothelin-1 (ET-1,
0.25 nmol kg-) in conscious Long Evans rats. Left hand panels show
responses in two separate groups (0, A), n = 8 in each) under control
conditions. Right hand panels show responses in the same animals
either in the presence of N0-nitro-L-arginine methyl ester (L-NAME,
lOmgkg- 1) alone (A) or after administration of L-NAME in the pre-
sence of pentolinium (5 mgkg-1 bolus, 5 mgkg 1 h- 1 infusion), cap-
topril (2mgkg-1 bolus, lmgkg-lh-1 infusion) and d(CH2)5[Tyr-
(Et)]DAVP (lOpgkg-1 bolus, lOpgkg-1h-1 infusion) (0). Values
are the mean and the vertical lines show the s.e.mean.

Renal vascular conductances In the first group of animals,
under control conditions, all 4 substances caused initial
increases in renal vascular conductance (Figure 1 and Table
1). L-NAME (10mgkg-1) decreased renal vascular conduc-
tance from 952 + 62 to 583 + 77 units. Following adminis-
tration of L-NAME, the increases in renal vascular
conductance elicited by glyceryl trinitrate (352 + 24 units) and
acetylcholine (300 + 18 units) were significantly larger than in
the absence of L-NAME (188 + 34 and 208 + 21 units,
respectively), but the renal vasodilator response to bradykinin

Table 1 Ratios between the depressor and the vasodilator responses to acetylcholine, to bradykinin or to endothelin-l and those to
glyceryl trinitrate in the absence of NG-nitro-L-arginine methyl ester (control) or in its presence (+ L-NAME)

Acetylcholine Bradykinin Endothelin-l

Mean blood pressure

Renal conductance

Mesenteric conductance

Hindquarters conductance

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

1.20
0.98
1.11
0.85
0.49
0.51
1.17
1.08

1.05
0.59
1.21
0.57
0.96
0.86
2.08
0.43

1.25
0.78
0.77
0.10
*

2.48
1.43

* Endothelin-1 caused mesenteric vasoconstriction only.
Doses as in Figure 1; ratios were derived from the results shown in Figure 1.
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Figure 2 Recordings of blood pressure and heart rate in a Wistar rat anaesthetized with sodium pentobarbitone. The upper traces
show the responses to glyceryl trinitrate (GTN, 40nmol kg- ), acetylcholine (ACh, 1.2 nmol kg- 1), bradykinin (BK, 3.2 nmol kg- 1)
and endothelin-1 (ET-1, 0.25rnmolkg-'). The lower traces show responses to the same 4 substances in the same animal following
injection of NG-monomethyl-L-arginine (50 mg kg- 1).

(control, 227 + 31; plus L-NAME, 199 + 31 units) was not;
there was no significant renal vasodilatation following
endothelin-1 in the presence of L-NAME (Figure 1). When
considered relative to glyceryl trinitrate, the renal vasodilator
effects of bradykinin and endothelin-1 were attenuated in the
presence of L-NAME, whereas the response to acetylcholine
was not (Figure 1 and Table 1).

In the second group of animals, under control conditions,
all 4 substances caused initial increases in renal vascular con-
ductance, similar to those seen in the first group (Figure 1 and
Table 2). During combined administration of pentolinium,
captopril and d(CH2)5[Tyr-(Et)]DAVP, renal vascular con-
ductance was 1618 + 190 units but 10min after additional
administration of L-NAME, renal vascular conductance was
990 + 16 units. Under these conditions the increases in renal
vascular conductance in response to glyceryl trinitrate
(327 + 63 units) and bradykinin (135 + 84 units) were not sig-
nificantly different from the responses under control condi-
tions (glyceryl trinitrate, 225 + 8; bradykinin, 243 + 29 units).
However, the increase in renal vascular conductance in
response to acetylcholine (189 + 68 units) was attenuated
(control, 342 + 55 units) and the renal vasodilatation follow-
ing endothelin-1 was abolished (Figure 1). Relative to the
response to glyceryl trinitrate, the renal vasodilator responses
to acetylcholine and bradykinin were both attenuated (Figure
1 and Table 2).

Mesenteric vascular conductances In the first group of
animals under control conditions, glyceryl trinitrate,
acetylcholine and bradykinin increased mesenteric vascular
conductance, whereas endothelin-1 caused mesenteric vaso-
constriction (Figure 1).

L-NAME (10mgkg-1) decreased mesenteric vascular con-
ductance (from 615 + 76 to 233 + 35 units) but in the pre-
sence of L-NAME, the increases in response to glyceryl
trinitrate (309 + 32 units), acetylcholine (152 + 17 units) and
bradykinin (258 + 34 units) were not significantly different
from those under control conditions (glyceryl trinitrate,
261 + 63; acetylcholine, 127 + 51; bradykinin, 250 + 82 units;
Figure 1). Furthermore, relative to glyceryl trinitrate, there
was no change in the mesenteric vasodilator responses to
acetylcholine or bradykinin (Figure 1 and Table 1).

In the second group of rats the patterns of mesenteric vaso-
dilator responses to glyceryl trinitrate, acetylcholine and
bradykinin were similar to those in the first group under
control conditions (Figure 1 and Table 2).

During combined administration of pentolinium, captopril
and d(CH2)5[Tyr-(Et)]DAVP, mesenteric vascular conduc-
tance was 1222 + 199 units but, 10min after the additional
administration of L-NAME, mesenteric conductance was
431 + 68 units (Figure 1). Under those conditions the
increases in conductance in response to glyceryl trinitrate
(472 + 98 units) and bradykinin (357 + 86 units) were not sig-
nificantly different from those under control conditions
(glyceryl trinitrate, 341 + 32; bradykinin, 285 + 65 units), but
the response to acetylcholine (101 + 49 units) was reduced
(control, 285 + 57 units). Relative to glyceryl trinitrate, only
the response to acetylcholine was attenuated (Figure 1 and
Table 2).

Hindquarters vascular conductances In the first group of
animals under control conditions all 4 substances caused
increases in vascular conductance, although the patterns of
change differed, with bradykinin causing a delayed vasodilata-
tion (Figure 1).

Table 2 Ratios between the depressor and the vasodilator responses to acetylcholine, to bradykinin or to endothelin-l and those to
glyceryl trinitrate in the absence of N0-nitro-L-arginine methyl ester (control) or in the presence of pentolinium, captopril, d(CH2)5I[Tyr-
(Et)]DAVP and N0-nitro-L-arginine (+ PCA, + L-NAME)

Acetylcholine Bradykinin Endothelin-l

Mean blood pressure

Renal conductance

Mesenteric conductance

Hindquarters conductance

Control
+ PCA + L-NAME
Control
+ PCA + L-NAME
Control
+ PCA + L-NAME
Control
+ PCA + L-NAME

* No vasodilator responses to endothelin-1.

1.52
0.97
1.52
0.58
0.83
0.21
1.61
1.77

0.86
1.34
1.08
0.41
0.84
0.76
3.31
2.87

1.33
0.66
0.55
*

*

3.72
3.57
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L-NAME (10mgkg- 1) decreased hindquarters vascular
conductance from 387 + 27 to 185 + 13 units. In the presence
of L-NAME the increases in vascular conductance in response
to glyceryl trinitrate (180 + 30 units), acetylcholine (195 + 19
units) and endothelin-1 (257 + 21 units) were not significantly
different from those under control conditions (glyceryl tri-
nitrate, 122 + 22 units; acetylcholine, 143 + 21 units;
endothelin-1, 346 + 38 units), but the increase following
bradykinin (77 + 16 units) was significantly less than the
control response (254 + 33 units). Relative to the glyceryl tri-
nitrate response, the hindquarters vasodilator effects of brady-
kinin and endothelin-1 were attenuated but the response to
acetylcholine was not (Figure 1 and Table 1).
The hindquarters vasodilator responses to glyceryl tri-

nitrate, acetylcholine, bradykinin and endothelin-1 in the
second experimental group were indistinguishable from those
in the first, under control conditions (Figure 1). In the pre-
sence of pentolinium, captopril and d(CH2)5[Tyr-(Et)]DAVP,
hindquarters vascular conductance was 843 + 126 units, bUL it
fell to 438 + 67 units 10min after the additional adminis-
tration of L-NAME. Under those conditions the increases in
hindquarters vascular conductance to glyceryl trinitrate
(116 + 39 units), acetylcholine (205 + 57 units), bradykinin
(333 + 71 units) and endothelin-1 (414 + 67 units) were not
different from those under control conditions (100 + 28,
161 + 39, 331 + 61, 372 + 49 units respectively), although the
peak response to bradykinin occurred sooner (Figure 1).
There were no significant changes in the hindquarters vasodil-
ator responses to acetylcholine, bradykinin or endothelin-1
relative to glyceryl trinitrate (Figure 1 and Table 2).

Cardiac haemodynamic effects ofglyceryl trinitrate,
acetylcholine, bradykinin and endothelin-J before and
after administration ofL-NAME

Under control conditions the hypotensive responses to glyc-
eryl trinitrate (-23 + 3 mmHg), acetylcholine (-23 + 3
mmHg), bradykinin (-21 + 2mmHg) and endothelin-1
(-21 + 3 mmHg) were due entirely to reductions in total per-
ipheral conductance since cardiac index did not fall (Figure 3).
Indeed, there were significant rises in cardiac index following
administration of bradykinin and endothelin-1 (Figure 3). In
the presence of L-NAME there were marked reductions in all
indices of cardiac function in association with a substantial
increase in mean blood pressure and a fall in total peripheral
conductance (Figure 3). Under these conditions the hypo-
tensive responses to glyceryl trinitrate (-48 + 3 mmHg),
acetylcholine (-45 + 4 mmHg), bradykinin (-35 + 3 mmHg)
and endothelin-1 (-37 + 3 mmHg) were enhanced compared
to the responses in the absence of L-NAME (Figure 3).
However, relative to the response to glyceryl trinitrate the
hypotensive effect of bradykinin was attenuated, but those of
acetylcholine and endothelin-1 were not (the latter was on the
borderline of significance (Figure 3 and Table 3)).
The rises in total peripheral conductance elicited by brady-

kinin and endothelin-1 (relative to glyceryl trinitrate) were
reduced in the presence of L-NAME, but the relative vasodila-
tor effect of acetylcholine was not (Figure 3 and Table 3).
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Figure 3 Cardiac haemodynamic responses to i.v. bolus doses of
glyceryl trinitrate (GTN, 40 nmol kg- 1), acetylcholine (ACh,
1.2 nmol kg 1), bradykinin (BK, 3.2 nmolkg 1) or endothelin-1 (ET-1,
0.25 nmolkg -) in conscious Long Evans rats (n = 8) in the absence
(left hand panels) or in the presence (right hand panels) of N0-nitro-L-
arginine methyl ester (L-NAME, lOmgkg-1). The steady state
changes in cardiovascular variables elicited by L-NAME are shown by
the dotted lines in the middle of the figure. The points plotted rep-
resent those at the nadir of the hypotensive responses. Values are the
mean and the vertical lines show the s.e.mean.

Table 3 Ratios between the depressor and the vasodilator responses to acetylcholine, to bradykinin or to endothelin-1 and those to
glyceryl trinitrate in the absence of NG-nitro-L-arginine methyl ester (control) or in its presence (+ L-NAME)

Acetylcholine Bradykinin Endothelin-l

Mean blood pressure Control
+ L-NAME

Total peripheral conductance Control
+ L-NAME

1.0
0.94
1.21
0.82

0.91
0.73
1.40
0.73

0.91
0.77
1.60
0.76

Doses as in Figure 1; ratios were derived from the results shown in Figure 3.
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Discussion

The primary objective of the present work was to delineate
the effects of L-NAME on the hypotensive and vasodilator
effects of acetylcholine, bradykinin and endothelin-1 in con-
scious rats. Since acetylcholine and bradykinin are considered
to be 'classical' endothelium-dependent vasodilators
(Furchgott, 1983), and since nitric oxide produced by endothe-
lial cells mediates vasodilatation (Palmer et al., 1987;
Moncada et al., 1989; Rees et al., 1989a,b), we reasoned that
inhibition of nitric oxide biosynthesis with L-NAME (Moore
et al., 1990) ought to affect responses to acetylcholine and
bradykinin and, possibly, those to endothelin-1 (Whittle et al.,
1989). However, administration of L-NAME had substantial
effects on cardiovascular status (see also Gardiner et al.,
1990h), so it was necessary to assess the responses to acetyl-
choline, bradykinin and endothelin-1 relative to a stimulus
that acted via the same final common pathway (i.e. cyclic
GMP), but not through the production of nitric oxide from
L-arginine (Moncada et al., 1988). We chose glyceryl trinitrate
for this purpose, matched to give the same hypotensive effects
as acetylcholine, bradykinin and endothelin-1 under control
conditions in conscious Long Evans rats.
The hypotensive effect of the dose of glyceryl trinitrate used

was associated with renal, mesenteric and hindquarters vaso-
dilatations (the effect being most marked in the mesenteric
vascular bed). L-NAME caused hypertension and regional
vasoconstrictions (Gardiner et al., 1990h) and, under these cir-
cumstances, the hypotensive and renal vasodilator effects of
glyceryl trinitrate were augmented but the mesenteric and
hindquarters vasodilator responses were not changed signifi-
cantly. In experiments in which L-NAME was administered in
the presence of pentolinium, captopril and d(CH2)5[Tyr-
(Et)]DAVP, animals were not hypertensive, and the hypo-
tensive and regional vasodilator effects of glyceryl trinitrate
were not augmented, although they were prolonged (Figure 1).
These findings indicate that baroreflex and neurohumoral
mechanisms may oppose the cardiovascular effects of glyceryl
trinitrate under normal conditions. From these results it was
clear that the responses to acetylcholine, bradykinin and
endothelin-l could only be considered relative to those of
glyceryl trinitrate.

Responses to acetylcholine

Only in the presence of pentolinium, captopril, d(CH2)5[Tyr-
(Et)]DAVP and L-NAME was there any attenuation of the
hypotensive and vasodilator (renal and mesenteric) responses
to acetylcholine relative to the effects of glyceryl trinitrate.
While these results indicate a component of the control
response to acetylcholine was probably due to nitric oxide-
mediated mechanisms, substantial responses remained under
these conditions, and, in particular, the hindquarters vasodila-
tor response was not different from normal. There are several
possible explanations for these findings, including: (1) the
responses were due to a mechanism not involving nitric oxide
(see Long & Berkowitz, 1989); (2) the responses were due to
release of nitric oxide from a preformed pool (see Aisaka et al.,
1989); (3) the responses were due to nitric oxide, but relatively
unaffected by L-NAME due to efficient receptor-effector coup-
ling (Giles et al., 1990). Considering this last possibility we
have carried out preliminary experiments to assess the effect of
atropine on the sensitivity of acetylcholine-induced vasodila-
tor responses to L-NAME (Giles et al., 1990). However, we
have not been able to render the hypotensive or regional vaso-
dilator responses to acetylcholine more sensitive to L-NAME
by this intervention (Gardiner, Compton & Bennett unpub-
lished observations).

As indicated above, our present findings do not preclude
the possibility that preformed nitric oxide was responsible for
the effects of acetylcholine, but they do demonstrate marked
differences between in vitro (e.g. Moore et al., 1990) and in vivo
findings. Furthermore, they corroborate previous observations

(Gardiner et al., 1989d) showing a basic difference between
our results and those of Whittle et al. (1989). Thus, under no
conditions did we find that the absolute falls in mean (or
diastolic) arterial blood pressure elicited by acetylcholine were
attenuated in the presence of L-NAME. This result was not
peculiar to our main experimental protocol since we obtained
similar effects both in anaesthetized rats (Long Evans and
Wistar) and when we used L-NMMA rather than L-NAME. It
has been suggested (Aisaka et al., 1989) that it is the duration
rather than magnitude of hypotensive response to acetyl-
choline which is affected by inhibiting nitric oxide synthesis,
but that did not apply to our results since there was an
increase in both the magnitude and duration of the fall in
blood pressure following acetylcholine in the presence of
L-NAME (Figures 1 and 3).

Initially we thought that the hypotensive responses to glyc-
eryl trinitrate, acetylcholine, bradykinin and endothelin-I
might have been contributed to by differential changes in
cardiac function under the different experimental conditions.
However, direct measurement showed there was an enhanced
increase in cardiac index following administration of all four
substances in the presence of L-NAME (Figure 3), and for
acetylcholine there was no significant attenuation of the rise in
total peripheral conductance (relative to that seen with glyc-
eryl trinitrate) under these conditions. Whatever the explana-
tion of the present findings it is clear that administration of
L-NAME (or L-NMMA) in vivo does not provide a simple
means of quantifying the involvement of nitric oxide in the
cardiovascular responses to acetylcholine.

Responses to bradykinin

The comments made above about acetylcholine-mediated
responses also pertain, in some respects, to bradykinin,
although the detailed picture differed. Thus, there was a rela-
tive attenuation of the hypotensive effects of bradykinin in the
presence of L-NAME alone. This was associated with renal
and hindquarters vasodilatations that were reduced relative to
the responses to glyceryl trinitrate, as was the rise in total
peripheral conductance in the animals instrumented for mea-
surement of cardiac haemodynamics. However, when
L-NAME was administered in the presence of pentolinium,
captopril and d(CH2)5[Tyr-(Et)]DAVP, the hypotensive
response to bradykinin was enhanced relative to glyceryl tri-
nitrate and there was no attenuation of the hindquarters vaso-
dilator responses to bradykinin under these conditions
(probably due to inhibition of bradykinin catabolism by
captopril). These findings indicate that baroreflex or neuro-
humoral mechanisms, or both, could influence the hindquar-
ters vasodilator responses to bradykinin selectively, since the
renal vasodilator effects of bradykinin (relative to glyceryl
trinitrate) were attenuated under all experimental conditions,
while the peak mesenteric vasodilator effects of bradykinin
were not reduced under any conditions (although the profile
of change was affected). These results also raise the possibility
that nitric oxide-dependent and nitric oxide-independent
vasodilator responses to agonists such as bradykinin may be
differentially expressed in different vascular beds in vivo.

Responses to endothelin-l

The hypotensive effect of endothelin-1 relative to glyceryl tri-
nitrate was attenuated in the presence of L-NAME and the
early renal vasodilator effects of endothelin-1 were abolished.
In animals in which cardiac haemodynamics were measured
there was attenuation of the rise in total peripheral conduc-
tance elicted by endothelin-1 relative to glyceryl trinitrate
under these conditions. However, the attenuation of the rela-
tive hindquarters vasodilator effect of endothelin-1 seen in the
presence of L-NAME was not apparent when pentolinium,
captopril and d(CH2)5[Tyr-(Et)]DAVP were also adminis-
tered, indicating that in the presence of L-NAME alone the
hindquarters vasodilator effect of endothelin-1 was probably
offset by either baroreflex or neurohumoral mechanisms, or
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both. Using a different experimental protocol with a lower
dose of endothelin-1, we concluded previously that L-NMMA
did not attenuate the hindquarters vasodilator response to
this peptide (Gardiner et al., 1989d).

It is of interest that under no conditions did endothelin-1
cause mesenteric vasodilatation, in spite of the finding that
release of nitric oxide and cyclo-oxygenase products can cause
mesenteric vasodilatation in response to endothelins in vitro
(De Nucci et al., 1988; Warner et al., 1989ab; Randall et al.,
1989). The present results indicate that our previous observa-
tions on the mesenteric haemodynamic effects of endothelin-1
in vivo (Gardiner et al., 1989ad; 1990ab) were not due to a
selective effect in this vascular bed of whatever mechanisms
(baroreflex, neurohumoral, or both) activated by the fall in
arterial blood pressure.

Conclusions

It appears that in in vivo experiments involving L-NAME (or
L-NMMA) to determine the possible involvement of nitric

oxide in the hypotensive and vasodilator responses to acetyl-
choline, bradykinin and endothelin-1 an internal standard is
required, such as the responses to glyceryl trinitrate, in order
to control for the change in cardiovascular variables. Further-
more, it seems that even under those conditions the results
obtained may be influenced by baroreflex or neurohumoral
mechanisms, or both, in different ways in different vascular
beds. In addition, it is likely that the vasodilator responses are
contributed to by autoregulatory mechanisms to different
extents in different vascular beds, judging by the differential
flow patterns seen (Gardiner et al., 1989b; Bennett et al.,
1989). One intriguing possibility that arises from the present
work is that, in vivo, substantial components of some of the
active vasodilator responses to acetylcholine, bradykinin and
endothelin-1 are nitric oxide-independent, and that this phe-
nomenon is less apparent in studies in vitro.

We are grateful to Drs Salvador Moncada and Richard Palmer for
useful discussion and suggestions during this study, and also for gifts
of L-NMMA.
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