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Failure of nitric oxide donors to alter arrhythmias induced by
acute myocardial ischaemia or reperfusion in anaesthetized rats

'Christopher S. Barnes & 2Susan J. Coker

Department of Pharmacology and Therapeutics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX

1 The aim of the present studies was to examine the effects of nitric oxide donors on arrhythmias
induced by coronary artery occlusion and reperfusion, and on cardiac cyclic nucleotides. Experiments
were performed in pentobarbitone-anaesthetized rats prepared for occlusion of the left coronary

artery.
2 Sodium nitroprusside (0.1, 0.3 and I jg kg-' minm) had no significant effects on the incidence of
ventricular tachycardia, total ventricular fibrillation or the mortality resulting from 25 min of acute
myocardial ischaemia when compared with values in controls. In addition, there was no alteration in the
number of ventricular premature beats that occurred in survivors.
3 3-Morpholinosydnonimine-N-ethylcarbamide (SIN-1, 10, 20 and 40 jig kg-' min-') caused marked
hypotension but did not alter the incidence or severity of ischaemia-induced arrhythmias. In rats subject
to abrupt reperfusion after 5 min of myocardial ischaemia, lower doses of SIN-I (1, 3 and
O jig kg- min-') still caused significant reductions in systolic and diastolic blood pressure but were

devoid of antiarrhythmic activity.
4 In separate experiments in sham-operated rats, sodium nitroprusside (1lag kg-' min-'), isosorbide
dinitrate (30 and 60 tg kg' min-') and SIN-1 (20 and 40 fg kg' min') had no significant effects on

cardiac cyclic GMP content.
5 These results indicate that nitric oxide donors do not alter arrhythmias induced by acute coronary

artery occlusion or reperfusion in anaesthetized rats. Although increases in total cardiac cyclic GMP
could not be detected, the results suggest that, at least in the rat, cyclic GMP does not influence these
arrhythmias.
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Introduction

Nitric oxide has two effects which may be of particular
importance in the setting of acute myocardial ischaemia.
Firstly, it is a potent vasodilator, an activity that has been
recognised since the discovery of endothelium-derived relax-
ing factor (Furchgott & Zawadzki, 1980) and its subsequent
identification as nitric oxide (Palmer et al., 1987). Secondly,
nitric oxide prevents platelet adhesion and aggregation (Fur-
long et al., 1987; Radomski et al., 1987). Both antiplatelet
actions and vasodilatation may reduce the severity of myo-
cardial ischaemia and could therefore reduce the number or
severity of arrhythmias associated with myocardial ischaemia.
Prior to the recognition of the importance of endothelium-
derived relaxing factor, there were reports that glyceryl trinit-
rate had antiarrhythmic activity in anaesthetized dogs subject
to acute myocardial ischaemia (Borer et al., 1974; Kent et al.,
1974; Stockman et al., 1975). More recently, evidence has
emerged which suggests that at least part of the antiarrhyth-
mic benefit derived from ischaemic preconditioning is depen-
dent on the release of endogenous nitric oxide (Vegh et al.,
1992). However, the studies with glyceryl trinitrate examined
only single doses under particular experimental conditibis.
Little information is available about the effects of other nitric
oxide donors or on dose-dependency in relation to effects on
ischaemia-induced or reperfusion-induced arrhythmias.
Another reason for our interest in the possible effects of

nitric oxide donors on arrhythmias associated with myocar-
dial ischaemia is because these drugs increase guanosine 3':5'-
cyclic monophosphate (cyclic GMP) (Kukovetz et al., 1979).
Previously, one conclusion that was drawn from studies with
certain phosphodiesterase inhibitors was that increasing car-

diac cyclic GMP may be antiarrhythmic (Holbrook & Coker,
1989). Although we have performed further studies with
phosphodiesterase inhibitors, no firm conclusions about the
possible influence of cyclic GMP on arrhythmias could be
drawn from these experiments because we could not detect
selective increases in cardiac cyclic GMP without con-
comitant increases in adenosine 3':5'-cyclic monophosphate
(cyclic AMP) (Barnes, 1993). Thus, instead of using drugs to
prevent the metabolism of cyclic GMP we decided to inves-
tigate the effects of alternative means of increasing cyclic
GMP. One other pharmacological way to elevate cyclic GMP
is to use nitrovasodilator drugs which release nitric oxide,
which in turn stimulates soluble guanylyl cyclase to increase
cyclic GMP production (Katsuki et al., 1977). Thus, the aim
of the present work was to examine the effects of nitric oxide
donors on ischaemia-induced and reperfusion-induced arrhy-
thmias and to measure the effects of nitric oxide donors on
cardiac cyclic nucleotides. Studies on arrhythmias and
cardiac cyclic nucleotides were performed with sodium
nitroprusside and 3-morpholinosydnonimine-N-ethylcarbamide
(SIN-1), a metabolite of molsidomine (Noack & Feelisch,
1989) and in addition the effects of isosorbide dinitrate on
cyclic nucleotides were also determined. Some of these results
have been published in abstract form after presentation to
the British Pharmacological Society (Coker & Barnes,
1993).

Methods

Animal preparation

Experiments were performed on male Wistar rats (250 to
355 g) supplied by the departmental animal unit. These
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animals had been housed in small groups in a room main-
tained at 20°C on a 12 h light/dark cycle with food (Labsure
CRM diet) and water available ad libitum. Rats were anaes-
thetized with sodium pentobarbitone, 60 mg kg-', i.p., and
prepared for coronary artery occlusion by the methods of
Clark et al. (1980) using equipment described in detail
previously (Coker & Ellis, 1987).
The trachea, a carotid artery and a femoral vein were

cannulated, to allow artificial respiration, measurement of
arterial blood pressure and drug administration respectively.
A left thoracotomy was performed as follows. An incision
was made in the skin approximately 3 mm to the left of the
midline, from the level of the xiphisternum up to the level of
the clavicle. The underlying muscle layer (fibres running
diagonally from the sternum up towards the foreleg) was cut
along the same line as the skin incision, with any bleeding
being controlled by gentle pressure with a gauze swab. The
connective tissue between the next major muscle layer (fibres
running longitudinally) and the ribs was cleared and the
muscle layer eased back to reveal the ribs. An initial incision
in the thoracic wall was made in the sixth intercostal space
and extended along between the sixth and seventh ribs. Ribs
six, five and four were then sectioned approximately 2 mm
from the sternum, taking care to avoid the sternal arteries.
These ribs were held back while the pericardium was incised
and cleared from the heart. The heart was then exteriorised
briefly while a fine silk ligature attached to a reverse cutting
needle (Mersilk, W812; Ethicon) was placed around the left
coronary artery close to its origin. Whilst the heart was
exteriorised the left atrial appendage was allowed to fall back
away from the ventricular surface. The needle was inserted
into the ventricular wall at a point which normally lies just
under the middle of the tip of the left atrial appendage. The
needle was then manoeuvred so that it exited on the other
side of the left coronary artery (which runs alongside the
visible vein) level with the edge of the left atrial appendage
alongside the pulmonary cone.
As soon as the initial incision in the thoracic wall was

made, the rats were ventilated with room air at a rate of 54
strokes min-', a stroke volume of 1 to 1.5 ml 100 g'
(adjusted to maintain an arterial P02 above 70 mmHg) and a
positive end-expiratory pressure of 0.5 to 1 cmH2O. Care was
taken to ensure that the lungs were reinflated after the heart
had been exteriorised briefly for placement of the ligature
around the coronary artery. Rectal temperature was monitor-
ed with a thermometer and the anaesthetized rats were main-
tained at a temperature of 37 to 38°C by means of a heated
table. A Lead I ECG was monitored along with arterial
blood pressure, and drug or vehicle was infused at a rate of
0.05 ml min'l (Harvard Apparatus Syringe Infusion Pump
22, Edenbridge, Kent) via the venous cannula.

Ischaemia-induced arrhythmias
After preparation and a 10 min stabilization period, drug or
vehicle administration commenced and 10 min later the cor-
onary artery was occluded to induce myocardial ischaemia.
The arrhythmias that occurred during the first 25 min of
myocardial ischaemia were identified in accordance with the
definitions described in the Lambeth Conventions (Walker et
al., 1988). In survivors the total number of ventricular pre-
mature beats, including singles, bigeminy, salvos and ventri-
cular tachycardia (defined as four or more consecutive vent-
ricular premature beats) was counted. The incidence and
duration of ventricular tachycardia and ventricular fibrilla-
tion were also recorded along with the mortality (due to
sustained ventricular fibrillation, defined as continuous
ventricular fibrillation persisting for at least 3 min).

Rats were excluded from the final analysis if any of the
following occurred: arrhythmias prior to coronary artery occ-
lusion; cardiac failure (defined as a profound reduction in
arterial pressure, approaching zero within the first 5 min
following coronary occlusion, usually accompanied by A-V

block, which is probably due to the ligature being placed too
deeply such that the septal branch of the left coronary artery
is also occluded); no evidence of ischaemia after tying the
ligature (changes in ST-segment or R wave amplitude, arr-
hythmias); mean blood pressure <60 mmHg prior to drug or
vehicle administration. Any rats which were excluded were
replaced immediately.

Reperfusion-induced arrhythmias

Reperfusion-induced arrhythmias were examined in separate
groups of rats. Animals were prepared for coronary artery
occlusion as described above. Instead of tying the ligature
around the coronary artery permanently, both ends of the
ligature were passed through a small plastic button and
coronary artery occlusion was induced by applying tension to
the ligature and clamping it with a small pair of rubber-
sheathed Dieffenbach forceps. After 5 min of myocardial
ischaemia the tension on the ligature was released to allow
reperfusion. The resulting reperfusion-induced arrhythmias
were monitored for 10 min. The exclusion criteria were the
same as those defined above for the experiments on
ischaemia-induced arrhythmias. In addition, rats were also
excluded if severe arrhythmias (ventricular tachycardia or
ventricular fibrillation) were occurring at the time ( + 10 s)
when reperfusion should have occurred, or if there was no
evidence that release of the ligature had resulted in reper-
fusion (i.e. no prevention or reversal of ischaemia-induced
ST-segment changes).

Protocols for arrhythmia experiments

Two studies on ischaemia-induced arrhythmias and one on
reperfusion-induced arrhythmias were performed. In each
arrhythmia study there were 4 groups; three doses of drug
and a contemporary vehicle control group. The first study on
ischaemia-induced arrhythmias examined the effects of
sodium nitroprusside (0.1, 0.3 and 1 ,ug kg-' min- ') and the
second study looked at the effects of SIN-1 (10, 20 and
40pgkg- min-'). The effects of SIN-1 on reperfusion-
induced arrhythmias were also investigated but in this study
the doses of SIN-1 were 1, 3 and lOgig kg-' min-i. Within
each study, rats were allocated to individual drug or control
groups in a random manner, with 12 rats in each group.
Intravenous drug or vehicle infusion commenced 10 min
before coronary artery occlusion and was maintained for the
duration of the experiment.

Cyclic nucleotide experiments

Separate groups of sham-operated rats (n = 5 per group) were
used to determine the effects of sodium nitroprusside (1 tLg
kg- min-'), isosorbide dinitrate (30 and 60 jig kg-' min-')
and SIN-1 (20 and 40 gig kg min-') on cardiac cyclic nucleo-
tide contents. These rats were prepared in exactly the same
manner as those used for the arrhythmia experiments but the
ligature placed around the coronary artery was not tied. At
15 min after starting drug or vehicle administration (equiva-
lent to 5 min post-occlusion in the arrhythmia experiments,
the time at which ectopic activity most often starts to occur)
the heart was exteriorized, by pulling on the ligature around
the coronary artery, and the heart was freeze-clamped in
Wollenberger tongs (Biomedix, Pinner, Middlesex), which
had been pre-cooled in liquid nitrogen. The frozen tissue was
then stored at -80°C until assayed for cyclic nucleotides.

Frozen hearts were broken up under liquid nitrogen with a
stainless steel PM3 pestle and mortar (Biomedix, Pinner,
Middlesex)- and pieces of ventricular tissue were weighed
quickly. Two samples of approximately 100 mg each were
taken for cyclic GMP determination and four samples,
approximately 25 mg each, were taken for cyclic AMP deter-
mination. Each frozen sample was placed in a plastic vial
containing 1 ml of ice-cold 6% w/v trichloroacetic acid
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(TCA) and homogenized for 90 s (9 x 1Os bursts) in an
Ultra Turrax homogenizer fitted with an 8N shaft. The
homogenizer shaft was then rinsed with a further 0.5 ml
TCA. The samples were centrifuged at 8000g and 40C for
15 min in an MSE 18 centrifuge after which the supernatant
of each sample was removed and placed in a 10 ml glass test
tube and capped. The TCA was extracted from each sample
4 times with 5 volumes of water-saturated diethyl ether. After
the final extraction the samples were dried at 40 to 50C for
5 min to evaporate any residual traces of ether and then
stored at - 20OC until assay.

Prior to assaying for cyclic nucleotides, the samples were
concentrated by being freeze-dried overnight then reconsti-
tuted in 400 jd of assay buffer. Aliquots (100 fLI for cyclic
GMP and 50;p1 for cyclic AMP) were assayed in duplicate
with commercially available kits (TRK 500 and TRK 432
respectively, Amersham, UK). The detection limits, arbitrar-
ily defined as the amount of unlabelled nucleotide necessary
to reduce the binding of tritiated nucleotide by 15% com-
pared with the zero standard were 0.16 pmol/tube for cyclic
GMP and 0.24 pmol/tube for cyclic AMP. Taking into
account the amount of tissue homogenized and the dilution
factors, these values are equivalent to 6.4 and 76.8 pmol g-'
of heart for cyclic GMP and cyclic AMP respectively. For
samples falling within the linear portions of the standard
curves the intra-assay coefficient of variation for cyclic GMP
was approximately 8% and that for cyclic AMP was
<5%.

(this animal had a few ectopic beats then went straight into
terminal ventricular fibrillation). All of the rats in the control
group for this particular study had ventricular fibrillation but
this was only sustained, resulting in death, in 6 of the 12 rats.
At least 75% of the rats in each group receiving sodium
nitroprusside (0.1, 0.3 or 1 tg kg- 'min-') also had vent-
ricular fibrillation and in at least half the animals in each of
these drug groups this ventricular fibrillation was sustained.
Thus administration of these doses of sodium nitroprusside
did not significantly alter the total incidence of ventricular
fibrillation or the mortality (Figure 1). There was also no
significant difference in the total number of ventricular
premature beats (including those occurring as ventricular
tachycardia) that occurred in rats which survived the 25 min
period of ischaemia between any of the groups receiving
sodium nitroprusside and the controls (Figure 2).

Heart rate was not altered by infusion of sodium nitro-
prusside. Before and during drug infusion there were no
significant differences between the values in the control group
and the values at corresponding time points in any of the
groups receiving sodium nitroprusside (Figure 3). In contrast,
sodium nitroprusside did cause some reduction in systolic
and diastolic arterial blood pressure. The values measured 5
and 10 min after commencing infusion of the highest dose of
sodium nitroprusside (1 fg kg-' min ') were significantly
lower than those measured at the same time points in the
control group (Figure 3).

Drugs

SIN-I (3-morpholinosydnonimine-N-ethylcarbamide) was a
generous gift from Cassella AG, Frankfurt am Main, Ger-
many, isosorbide dinitrate solution (Isoket 0.1%) was
purchased from the Royal Liverpool University Hospital
Pharmacy and sodium nitroprusside was purchased from
Sigma, Poole. SIN-1 and sodium nitroprusside were made up
as stock solutions of 1 mg ml-' in normal saline, divided into
aliquots and stored at -20°C until required. Further dilu-
tions of all the nitric oxide donors were made in saline
immediately prior to use and care was taken to ensure that
all solutions of nitric oxide donors were protected from light.
Diethyl ether and trichloroacetic acid (TCA) were obtained
from FSA Laboratory Supplies, Loughborough, and sodium
pentobarbitone from RMB Animal Health Ltd, Dagen-
ham.

Statistics

Where appropriate, values have been expressed as the
mean ± s.e.mean or the geometric mean (with 95% confid-
ence limits) of n experiments. Haemodynamic data were sub-
ject to analysis of variance with significance levels determined
by modified t tests with Bonferroni correction. Cyclic nucleo-
tide data and the numbers of ventricular premature beats
were compared with Mann-Whitney U tests and the inci-
dence of arrhythmias subject to x2 analysis (Fisher's exact
test). A probability value of P<0.05 was considered to be
significant.

Results

Effects ofsodium nitroprusside on ischaemia-induced
arrhythmias

In control rats the induction of acute myocardial ischaemia
by coronary artery occlusion caused arrhythmias which
varied in severity from single ventricular premature beats to
terminal ventricular fibrillation. The majority of the arrhyth-
mias occurred between 5 and 15 min post-occlusion. Ventric-
ular tachycardia occurred in all the rats in this study, except
one which received the middle dose of sodium nitroprusside

Effects of SIN-I on ischaemia-induced arrhythmias

Similar experiments were performed with another nitric oxide
donor, SIN-1. Infusion of 10, 20 or 40figkg-'min-' of
SIN-1, commencing 10 min before coronary artery occlusion
did not alter the incidence of ventricular tachycardia (100%
in each group), ischaemia-induced ventricular fibrillation or
the mortality (Figure 4). Similarly, the number of ventricular
premature beats that occurred in survivors was not changed
by administration of SIN-i (Figure 5). Although SIN-I had
no significant effects on the number or severity of the
ischaemia-induced arrhythmias the doses used here did have
profound haemodynamic actions. Figure 6 illustrates clearly
that SIN-i caused marked reductions in systolic and diastolic
arterial pressure. In addition a significant bradycardia was
also observed with all three doses of SIN-I (Figure 6).
The severity of ischaemia-induced arrhythmias did not

seem to be related to the degree of hypotension resulting
from infusion of SIN-1. The haemodynamic values, measured
10min after starting drug infusion, in all the rats which

Total VF Mortality
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Figure 1 The effects of sodium nitroprusside 0.1 ;Lg kg- min-i
(light cross-hatched columns), 0.3 ptg kg- min' (medium cross-
hatched columns) and 1 lfg kg- min'1 (dense cross-hatched col-
umns) compared with saline controls (open columns) on the total
incidence of ventricular fibrillation (VF) and the mortality due to
sustained VF that occurred during the first 25 min of acutc myocar-
dial ischaemia. n = 12 per group.
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received SIN-I were pooled and subdivided into survivors
and non-survivors. Heart rate (370 ± 10 and 375 ± 11 beats
min-1), systolic blood pressure (65 ± 3 and 69 ± 3 mmHg)
and diastolic blood pressure (43 ± 3 and 42 ± 2 mmHg) in
survivors (n = 23) and non-survivors (n = 13) respectively,
were not significantly different.

Effects of SIN-I on reperfusion-induced arrhythmias

Further experiments were performed to investigate whether
SIN-1 could alter the incidence or severity of reperfusion-

induced arrhythmias. To avoid the profound hypotension
observed previously, lower doses of SIN-1 were used in these
studies. As anticipated, SIN-1 caused dose-dependent reduc-
tions in arterial blood pressure but of lesser magnitude than
observed with the higher dose-range used in the study on
ischaemia-induced arrhythmias. With the lowest dose of SIN-
1 (1 Lg kg-' min-1) the hypotension reached statistical signi-
ficance only after 10min of drug infusion. With the two
higher doses the reductions in systolic and diastolic arterial
blood pressure were significant 5min after starting drug
infusion (Figure 7). The effects on heart rate in this study are
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Figure 4 The effects of SIN-i, 10Ifg kg- I min1 (diagonally hatch-
ed columns), 2Org kg-min-1 (horizontally hatched columns) and
40 tLg kg- min- (solid columns) compared with saline controls
(open columns) on the total incidence of ventricular fibrillation (VF)
and the mortality due to sustained VF that occurred during the first
25 min of acute myocardial ischaemia. n = 12 per group.
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Figure 2 The effects of sodium nitroprusside 0.1, 0.3 and 1 tLg kg'-I
minm on the number of ventricular premature beats that occurred in
anaesthetized rats which survived the first 25 min of acute myocar-
dial ischaemia (expressed as the total and as those occurring as
ventricular tachycardia). Open symbols indicate values in individual
animals; closed symbols indicate the geometric mean with the vertical
bars indicating the 95% confidence limits.
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Figure 3 Heart rate, systolic (A) and diastolic (V) blood pressure
measured min before and 5 and 10 min after commencing infusion
of saline or sodium nitroprusside at 0.1, 0.3 or 1 jig kg' min- 'in
the anaesthetized rats used to study ischaemia-induced arrhythmias.
Each value is the mean ± s.e. mean, n = 12 per group. *P<0.0l
compared with the same time point in the control group, analysis of
variance and modified t test (Bonferroni correction).

Figure 5 The effects of SIN-i, 10, 20 and 40 jig kg-I min-I on the
number of ventricular premature beats that occurred in anaesthetized
rats which survived the first 25 min of acute myocardial ischaemia
(expressed as the total and as those occurring as ventricular tachy-
cardia). Open symbols indicate values in individual animals; the solid
symbols indicate the geometric mean with the vertical bars indicating
the 95% confidence limits.
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Figure 6 Heart rate, systolic (A) and diastolic (V) blood pressure
measured 1 min before and 5 and 10 min after commencing infusion
of saline or SIN-I 10, 20 or 40 gig kg' min' in the anaesthetized
rats used to study ischaemia-induced arrhythmias. Each value is the
mean ± s.e. mean, n = 12 per group. "P<0.001 compared with the
same time point in the control group, analysis of variance and
modified t test (Bonferroni correction).
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Figure 7 Heart rate, systolic (A) and diastolic (V) blood pressure
measured 1 min before and 5 and 1O min after commencing infusion
of saline or SIN-I 1, 3 or 10 gig kg- I min1i in the anaesthetized rats
used to study reperfusion-induced arrhythmias. Each value is the
mean ± s.e. mean, n = 12 per group. P<0.01, **P<0.001 compared
with the same time point in the control group, analysis of variance
and modified t test (Bonferroni correction).

more difficult to interpret. Figure 7 illustrates an apparent
reduction in heart rate with SIN-i but since heart rate also
tended to decline in the control group no firm conclusion
should be drawn from these data.
Abrupt reperfusion after 5 min of acute myocardial ischae-

mia usually causes severe arrhythmias which are rapid in
onset but of brief duration compared to ischaemia-induced
arrhythmias. In the control group for this particular study 8
out of 12 rats had reperfusion-induced ventricular fibrillation
which was sustained resulting in death in all of these animals.
None of the doses of SIN-i significantly altered either the
total incidence of reperfusion-induced ventricular fibrillation
or the mortality (Figure 8). All of the rats had reperfusion-
induced ventricular tachycardia. The arrhythmias started
7.3 ± 2.2 s after reperfusion in the controls and at 15.2 + 3.7,
10.4 ± 2.9 and 7.6 ± 1.8 s in the rats which were receiving 1,
3 and 10 jig kg-' min'l SIN- I respectively. None of the latter
values were significantly different from the value in the con-
trol group (Mann-Whitney U test). Similarly there were no

significant differences in the duration of the reperfusion-
induced arrhythmias in the survivors; the values were
179 + 64, 152 ± 18, 190 ± 46 and 176 ± 42 s in the control, 1,
3 and gkg- min'1 SIN-1 groups respectively. Thus,
infusion of these doses of SIN-I did not cause any significant
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.ri

Figure 8 The effects of SIN-i, 1 ig kg- l min1l (diagonally hatched
columns), 3 gig kg- l min'i (horizontally hatched columns) and 1O jig
kg- I min-' (solid columns) compared with saline controls (open
columns) on the total incidence of ventricular fibrillation (VF) and
the mortality due to sustained VF induced by reperfusion following
5 min of coronary artery occlusion. n = 12 per group.
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Figure 9 Cardiac cyclic nucleotide levels in anaesthetized rats which
had received sodium nitroprusside (SNP), 1 gig kg- min , isosor-
bide dinitrate (ISDN), 30 or 60pgkg1 min-', or SIN-i, 20 or
40ig kg- min-1 for 15 min prior to freeze-clamping of the heart.
n = 5 per group. 'P<0.05 compared with control group, Mann-
Whitney U test.

alterations in the incidence or severity of reperfusion-induced
arrhythmias.

Effects of nitric oxide donors on cardiac cyclic
nucleotides

Additional experiments were carried out to determine the
effects of the nitric oxide donors, sodium nitroprusside,
isosorbide dinitrate and SIN-1 on cardiac cyclic AMP and
cyclic GMP contents. None of these nitric oxide donors
caused any significant alteration in the value for cardiac
cyclic GMP measured 15 min after starting drug infusion in
anaesthetized rats prepared for coronary artery occlusion
(Figure 9). The values for cardiac cyclic AMP in rats which
had been receiving isosorbide dinitrate or SIN-i were not
different from the value in the control group. However,
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sodium nitroprusside significantly increased cardiac cyclic
AMP (Figure 9).

In these studies on cardiac cyclic nucleotides, the haemo-
dynamic effects of sodium nitroprusside and SIN- 1 were
similar to those measured in the arrhythmia studies. Isosor-
bide dinitrate also tended to reduce blood pressure; e.g. the
values measured 1 min before and 5 and 10 min after com-
mencing infusion of 60 jig kg-i min'l were115 ± 10/89 ±1 1,
101 ±11/77± 13, and 104±11/84±12mmHg respectively
(n = 5).

Discussion

The data presented above indicate clearly that in the anaes-
thetized rat, nitric oxide donors do not alter arrhythmias
associated with acute myocardial ischaemia. Despite using
two different nitric oxide donors and a wide range of doses
giving haemodynamic responses varying from very mild to
marked hypotension, there were no changes in the incidence
or severity of either ischaemia-induced or reperfusion-
induced arrhythmias. These results contradict previous
reports of antiarrhythmic activity observed with either
glyceryl trinitrate (Borer et al., 1974; Kent et al., 1974;
Stockman et al., 1975) or molsidomine (Martorana et al.,
1983; Cano et al., 1986).

Interpretation of the results of the studies with glyceryl
trinitrate on ischaemia- and reperfusion-induced arrhythmias
(Borer et al., 1974; Stockman et al., 1979) is complicated by
the fact that there was concomitant administration of an
a-adrenoceptor agonist (methoxamine or phenylephrine).
However, when ventricular fibrillation thresholds were
studied rather than ventricular fibrillation induced by cor-
onary artery occlusion or reperfusion, glyceryl trinitrate
alone did increase fibrillation thresholds during both
ischaemia (Kent et al., 1974) and reperfusion (Stockman et
al., 1979). Since the drug-induced changes in ventricular
fibrillation thresholds were confined to the area made
ischaemic by coronary artery occlusion it was concluded that
they were related to the influence of the drug on ischaemia
rather than a non-specific cardiac membrane stabilizing
effect. In the studies with molsidomine, both Martorana et al.
(1983) and Cano et al. (1986) concluded that the beneficial
effects of this drug were due to its ability to improve blood
flow to the ischaemic area.
The evidence suggesting that nitric oxide can reduce arr-

hythmias comes from experiments in dogs. In anaesthetized
rats, a single dose of glyceryl trinitrate (15 fig kg- min-') did
not alter reperfusion-induced ventricular fibrillation or
mortality (Kane et al., 1984). Coronary collateral flow is
relatively high in dogs but low in rats (Maxwell et al., 1987).
It is possible that nitric oxide may only be able to reduce
arrhythmias in species where it can increase flow through
collateral vessels to the ischaemic area, i.e. the antiarrhythmic
effect is a consequence of a reduction in the severity of
myocardial ischaemia. In contrast, however, it has been
shown recently that pirsidomine reduced the number of isch-
aemia-induced ventricular premature beats in anaesthetized
pigs (Wainwright & Martorana, 1993), a species with vir-
tually no collateral flow (Maxwell et al., 1987). Although
ventricular premature beats were reduced in pigs, pirsidomine
had no effect on the incidence of ventricular fibrillation
(Wainwright & Martorana, 1993). Thus it seems that nitric
oxide donors may reduce ventricular fibrillation only in
species with good collateral flow.
A recent abstract provides further evidence which supports

our present findings that nitric oxide donors do not influence
ischaemia-induced arrhythmias in anaesthetized rats. In a
similar model, C87-3754, an active metabolite of a novel
sydnonimine (Bohn et al., 1991), did not alter arrhythmias
and the nitric oxide synthase inhibitor NGnitro-L-arginine
methyl ester (L-NAME 100mgkg-') also had no significant
effects (Sun et al., 1994). In addition, a recent study in our

laboratory has also shown that administrationof L-NAME
(3, 10 or 30mgkg-', i.v.), which caused significant dose-
dependent increases in arterial blood pressure, had no effect
on arrhythmias in anaesthetized rats subject to acute myocar-
dial ischaemia (Aitchison & Coker, 1994). It is interesting to
note that Sun et al. (1994) also found that L-NAME did not
alter the marked antiarrhythmic effect of preconditioning in
anaesthetized rats, whereas nitric oxide does appear to be
involved in the antiarrhythmic effect of preconditioning in
dogs (Vegh et al., 1992). Thus it appears that neither endo-
genous nor exogenous nitric oxide influences arrhythmias
associated with acute myocardial ischaemia in anaesthetized
rats. Whether the failure of nitric oxide to have any
antiarrhythmic activity in our experiments is related to the
low collateral flow in the rat or some other feature unique to
this particular species remains to be determined.
The results of the cyclic nucleotide assays indicate that

administration of nitric oxide donors does not cause detect-
able increases in cardiac cyclic GMP. With the higher doses
of SIN-1 marked reductions in arterial blood pressure were
observed, which suggests that increases in vascular cyclic
GMP did occur. The cardiac content of cyclic GMP is
considerably lower than that of cyclic AMP. Our data
indicate that there is approximately 25 fold less cardiac cyclic
GMP than cyclic AMP and ratios indicating differences of up
to 20 fold have been reported for rat heart by others (Kane
et al., 1985; Jones et al., 1993). In vascular tissue there is
much less difference between the levels of cyclic GMP and
cyclic AMP. For example, in rat isolated aorta with endo-
thelium, there is only 3 to 5 fold more cyclic AMP than
cyclic GMP (Martin et al., 1986). In addition, the amount of
cyclic GMP in blood vessels is greater than in the whole
heart. It is likely, therefore, that in the heart most of the
cyclic GMP is in blood vessels (in endothelial cells, smooth
muscle cells or platelets trapped in the coronary circulation
as the heart was freeze-clamped) rather than in cardiac myo-
cytes. Since the coronary vasculature represents a relatively
small proportion of the heart, increases in coronary vascular
cyclic GMP may have to be many times higher to be detected
as increases in total cardiac cyclic GMP. We have confirmed
that we could detect increases in cyclic GMP in rat isolated
aortae incubated in vitro with sodium nitroprusside or SIN-1
(Barnes, 1993).

It is interesting to note that in the latter experiment,
sodium nitroprusside increased both cyclic GMP and cyclic
AMP (Barnes, 1993). Sodium nitroprusside was chosen for
the first experiments on ischaemia-induced arrhythmias
because it is inexpensive and readily available. At first we
were puzzled by the results of the assays for cardiac cyclic
nucleotides which showed that the highest dose of sodium
nitroprusside used in the arrhythmia experiments did not
alter cardiac cyclic GMP but did increase cyclic AMP
significantly. However, it has been reported that there is a
poor correlation between the vasodilator actions of sodium
nitroprusside and its ability to increase vascular cyclic GMP
and it has been suggested that sodium nitroprusside may
have additional vasodilator activity (Feelisch, 1991). The
elevation in cardiac cyclic AMP which we report here, sup-
ports the suggestion that sodium nitroprusside may indeed
have additional actions. Whether these are a consequence of
nitric oxide release from sodium nitroprusside or due to an
independent mechanism cannot be determined from the pres-
ent results. However, our data do suggest that sodium nit-
roprusside is not an ideal nitric oxide donor.
Having obtained the above results with sodium nitroprus-

side, we then decided to use an alternative nitric oxide donor
and chose isosorbide dinitrate. The effects of this drug on
cardiac cyclic nucleotides were examined first. Although this
compound did not increase cyclic AMP it also failed to
increase cardiac cyclic GMP and so was not used for arrhy-
thmia experiments. Some recent reports contain evidence
supporting our finding that isosorbide dinitrate did not in-
crease cardiac cyclic GMP. No increases in plasma cyclic
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GMP were detected in patients who had received isosorbide
dinitrate orally, although significant reductions in blood pres-
sure were observed (Shotan et al., 1993). Similarly, neither
oral nor i.v. administration of isosorbide dinitrate altered
plasma cyclic GMP in rats (Kita et al., 1994a,b).
We then examined the effects of SIN-1 since this com-

pound does not need to interact with thiols to release nitric
oxide (Feelisch, 1991). Again, and in this case, despite caus-
ing marked hypotension, cardiac cyclic GMP was not elevat-
ed. It was at this point that we reached the conclusion
detailed above, that the drugs had not necessarily failed to
increase cyclic GMP, but that any increase in vascular cyclic
GMP which may have occurred could not be detected by
measuring total cardiac cyclic GMP. SIN-1 was then used for
the further arrhythmia studies.
The depressor responses to SIN-1 were greater than had

been anticipated from preliminary pilot studies in closed
chest rats. Comparison of the effects of SIN-1 on blood
pressure in the ischaemia-induced and reperfusion-induced
arrhythmia studies suggests that the responses obtained in
the former experiments, although still dose-dependent were
approaching maximum. It could be argued therefore that the
degree of hypotension resulting from administration of these
doses may have compromised myocardial perfusion. This
could be expected to exacerbate arrhythmias, but SIN-1 also
reduced heart rate, an effect which could be antiarrhythmic.
There does not seem to be any obvious explanation for the
bradycardia induced by SIN-1 in our experiments. In other

species, SIN-1, or other sydnonimines, either caused
tachycardia or had no effect on heart rate (Cano et al., 1986;
Groves et al., 1993; Wainwright & Martorana, 1993). How-
ever, in the present study, the severity of arrhythmias did not
appear to be related to the dose of SIN-1. In addition,
subdivision of the rats into those which survived and those
which died during the ischaemic period did not reveal any
differences in blood pressure or heart rate. Thus it is unlikely
that the haemodynamic effects of SIN-1 had a major
influence on arrhythmias. Assuming that the hypotensive
responses to SIN-1 indicate that elevations in cyclic GMP did
occur in some areas (e.g. blood vessels), the lack of effect of
SIN-1 on ischaemia-induced or reperfusion-induced arrhyth-
mias suggests that cyclic GMP is not an important
modulator of these events.
Thus to summarise, these studies have shown that nitric

oxide donors do not alter arrhythmias induced by acute
coronary artery occlusion or reperfusion in anaesthetized rats
and suggest that, at least in the rat, cyclic GMP does not
influence these arrhythmias. Further experiments are required
to determine whether these results were obtained because of a
particular feature found in the rat, such as low coronary
collateral flow, or because nitric oxide is just not important
in the rat coronary circulation.
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