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1 Cardiac pacing, in anaesthetized dogs, protects against ischaemia and reperfusion-induced
ventricular arrhythmias when this is initiated 24 h after the pacing stimulus. Now we have examined
whether this delayed cardioprotection a�orded by cardiac pacing is mediated through nitric oxide.

2 Twenty-two dogs were paced (465 min periods at 220 beats min71) by way of the right
ventricle, 24 h prior to a 25 min period of coronary artery occlusion. Nine of these dogs were given
the inhibitor of induced nitric oxide synthase, aminoguanidine (50 mg kg71 i.v.), 0.5 h prior to
coronary artery occlusion. Sham-operated non-paced dogs with and without aminoguanidine
treatment served as controls.

3 Pacing markedly (P50.05) reduced arrhythmia severity (ventricular ®brillation, VF, during
occlusion 15%; survival from the combined ischaemia-reperfusion insult 62%) compared to control,
sham-operated, unpaced dogs (VF during occlusion 58%; survival 17%). This protection was
attenuated by the administration of aminoguanidine prior to coronary artery occlusion (survival
from the combined ischaemia-reperfusion insult 11%, which was signi®cantly (P50.05) less than in
the paced dogs not given aminoguanidine and similar to the controls). Aminoguanidine had no
signi®cant e�ects on coronary artery occlusion when given to dogs that had not been paced. In the
dose used aminoguanadine transiently elevated systemic arterial pressure by a mean of 20 mmHg
and reduced heart rate by a mean of 22 beats min71.

4 These results suggest that nitric oxide, probably derived from induced nitric oxide synthase,
contributes signi®cantly to the delayed cardioprotection a�orded by cardiac pacing.
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Introduction

Rapid cardiac pacing in dogs results in both an immediate
(VeÂ gh et al., 1991) and delayed (VeÂ gh et al., 1994; Kaszala et

al., 1996) protection against the early life-threatening
arrhythmias that result from acute coronary artery occlusion.
It has been argued (Kaszala et al., 1996) that this is a form of

ischemic preconditioning. The mechanisms of this delayed
protection are unknown but there is some evidence that
cardiac pacing (and exercise) may promote the formation of

nitric oxide (NO) through nitric oxide synthase gene
expression in endothelial cells (Zhao et al., 1997) and in
cardiac myocytes (reviewed by Parratt & VeÂ gh, 1997). Further,
there is recent evidence in rabbits that when the precondition-

ing stimulus consists of brief periods of coronary artery
occlusion there is delayed protection against myocardial
stunning and that this is also triggered by the generation of

NO (Bolli et al., 1997a, b). Under these conditions there is also
enhanced NO formation by the canine myocardium, as
demonstrated by elevated nitrite and nitrate levels in coronary

sinus blood 24 h after a 10 min preconditioning coronary
artery occlusion (Kim et al., 1997).

Although there is a good deal of evidence that, at least in
dogs, NO is a key mediator in the antiarrhythmic e�ects of the

early (`classical') phase of ischaemic preconditioning (VeÂ gh et
al., 1992a), there have been no studies concerned with the

possible role of NO in mediating the delayed antiarrhythmic
e�ects of ischaemic preconditioning, or of cardiac pacing. The

purpose of the present study was therefore to examine whether
the induced form of nitric oxide synthase (iNOS) is involved in
the delayed antiarrhythmic e�ects of cardiac pacing by

examining the e�ects of aminoguanidine, a reasonably selective
inhibitor of iNOS (Corbett et al., 1992; Gri�ths et al., 1993;
Misko et al., 1993; Kengatharan et al., 1996) in a canine model

in which the preconditioning stimulus was right ventricular
pacing 24 h prior to coronary artery occlusion (VeÂ gh et al.,
1994; Kaszala et al., 1996).

Methods

Animals and pacing procedure

Forty-two mongrel dogs, of either sex and with a mean body

weight in excess of 17 kg, were anaesthetized by the
intravenous administration of sodium pentobarbitone and
were allowed to breathe spontaneously. A Cordat F4 bipolar
pacing electrode was inserted, via the right jugular vein, into

the right ventricle; the correct placing of this electrode was
con®rmed by recording the endocardial electrocardiogram.
Blood pressure was monitored from the left carotid artery.

Thirteen of these dogs were then paced for four 5 min periods,
at a rate of 220 beats min71 with 5 min resting intervals*Author for correspondence; E-mail: vegh@phcol.szote.u-szeged.hu
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between the pacing stimuli (VeÂ gh et al., 1994; Kaszala et al.,
1996). The twelve control (sham operated) dogs were those in
which the pacing electrode was introduced into the right

ventricle, left for the same period of time but these dogs were
not paced. The remaining nine dogs, which were also paced as
described above, were then given aminoguanidine, as the
hemisulphate salt (Sigma; 50 mg kg71 i.v.) 0.5 h prior to the

coronary artery occlusion i.e. 24 h after the pacing stimulus. A
further eight dogs were not paced but were given aminogua-
nidine at the same dose, 0.5 h prior to coronary occlusion. The

dose of aminoguanidine has been selected on the basis of those
studies performed in dogs which aimed to investigate the e�ect
of aminoguanidine on the inducible nitric oxide synthase

(TaÂ rnoky et al., 1996; Numata et al., 1998). The experimental
protocol is shown in Figure 1.

There were no signi®cant di�erences between the four

groups in respect to body weight (sham controls, 24+3 kg;
paced dogs, 23+2 kg; paced dogs given aminoguanidine,
27+1 kg; and non-paced dogs given the drug, 25+4 kg).

Haemodynamic measurements

Those dogs subjected to pacing, as well as the sham-operated

controls, were allowed to recover from the anaesthetic and
20 ± 24 h later were re-anaesthetized with a mixture of
chloralose and urethane (60 and 200 mg kg71 i.v., respec-

tively), ventilated with room air, thoracotomized and subjected
to a 25 min occlusion of the left anterior descending (LAD)
coronary artery as previously described (VeÂ gh et al., 1992b;

Kaszala et al., 1996). Temperature was recorded from the mid-
oesphagus and maintained at 37+0.58C by means of a heating
pad. Catheters were inserted into the right femoral artery (for
monitoring blood pressure), the left ventricle (for the

measurement of left ventricular pressure and dP/dt) and the
right femoral vein for drug and anaesthetic administration.
Epicardial ST-segment elevation and the degree of inhomo-

geneity of electrical activation were measured in the area
supplied by the LAD coronary artery by means of a composite
electrode (VeÂ gh et al., 1992b). This electrode gives a

summarized recording of R-waves from 30 epicardial
measuring points. In the normal, well perfused and
oxygenated, myocardium there is a single large spike because
all sites are activated almost simultaneously. Following

coronary occlusion, however, widening and fractionation of
this summarized R-wave occurs since, because of the
inhomogeneity of conduction in the ischaemic myocardium,

®bres are not simultaneously activated. This inhomogeneity of
conduction is expressed in the greatest delay in activation (in

ms) within the ischaemic area underlying the composite
electrode. All these parameters, together with a standard limb
lead electrocardiogram, were recorded on a Graphtec Thermal

Array Recorder (Hugo Sachs Electronics, Germany).

Assessment of arrhythmias and area at risk

Ventricular arrhythmias during coronary artery occlusion and
following reperfusion were assessed as previously described
(VeÂ gh et al., 1992b; Kaszala et al., 1996). In brief, the total

number of ventricular premature beats (VPBs), the incidence
and number of episodes of ventricular tachycardia (VT;
de®ned as a run of four or more ventricular premature beats

at a rate faster than the resting heart rate), and the incidence of
ventricular ®brillation (VF) were assessed. At the end of the
25 min occlusion period the myocardium was rapidly

reperfused. Following reperfusion, ventricular arrhythmias
were not assessed in detail but VF occurred in almost all the
control, unpaced dogs; those dogs were pronounced as
survivors if they were still alive, and predominantly in sinus

rhythm, 10 min after reperfusion.
The risk area following coronary artery occlusion was

assessed in each dog at the end of the experiment by injecting

patent blue V dye into the re-occluded coronary artery, and
was expressed as a percentage of the left ventricular wall
together with the septum (Kaszala et al., 1996).

Statistical evaluation

All data are expressed as means+s.e.mean and the di�erences
between means were compared by analysis of variance
(ANOVA for repeated measures) or the Student's t-test as
appropriate. A one-way ANOVA was undertaken to

determine whether or not there were signi®cant haemodynamic
di�erences between the groups. Ventricular premature beats
were compared by using the Mann-Whitney Rank Sum test,

and the incidence of arrhythmias was compared using the
Fisher Exact test. Di�erences between groups were considered
signi®cant when P50.05.

Results

Haemodynamic e�ects of aminoguanidine

The administration of aminoguanidine, when given 0.5 h

prior to coronary artery occlusion, resulted in transient
increases in arterial pressure (maximal at 5 min) and a
reduction in heart rate (Table 1). Both blood pressure and

heart rate, however, had started to return to the initial levels
(i.e. to those before injection) by the time the coronary
artery was occluded.

E�ects of coronary artery occlusion

The haemodynamic e�ects of coronary artery occlusion were

similar in control (sham operated) and paced dogs and are
summarized in Table 2. In each of the groups there were
signi®cant reductions in arterial pressure and in LVdP/dt and

marked increases in LVEDP. These changes are similar to
those previously reported for both preconditioned (paced) and
control dogs (e.g. Kaszala et al., 1996) and there was no

marked di�erence between the haemodynamic e�ects of
coronary artery occlusion in the controls, in the paced dogs
and in the dogs given aminoguanidine 0.5 h prior to coronary
occlusion (Table 2).

Figure 1 The experimental protocol outlining the procedures
observed for the four groups of anaesthetized dogs.
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Ventricular arrhythmias during coronary artery
occlusion

In control (sham-operated) dogs coronary artery occlusion led
to marked ventricular ectopic activity; the distribution of these

ventricular premature beats is shown in Figure 2. There were
330+110 ventricular premature beats over the 25 min
occlusion period, and a mean of 6.4+3.6 episodes of VT per

dog (Figure 3). All but three of the 12 control dogs exhibited
VT at sometime during the occlusion period and seven of the
12 dogs ®brillated during occlusion (Figure 2). Three of the
remaining ®ve dogs ®brillated almost immediately on

reperfusion. There were thus two survivors from the combined
ischaemia-reperfusion insult in these 12 sham-operated,
control dogs (i.e. a survival of 17%).

The pacing stimulus markedly reduced ventricular ectopic
activity when the coronary artery was occluded 24 h later
(Figure 3). There was a mean of only 70+28 ventricular

premature beats during the occlusion period with only seven of
the 13 dogs exhibiting VT (with a mean of 2.2+1.9 episodes
per dog). Only two dogs ®brillated during occlusion (15%;
P50.05 compared to controls) and eight of the remaining dogs

also survived reperfusion (Figure 2), giving a survival rate of
62% (P50.05 compared to controls).

In the paced dogs that were given aminoguanidine prior to

coronary artery occlusion there were 285+120 ventricular

ectopic beats and there were 5.0+3.2 episodes of VT (Figure
3). The incidences of VT (56%) and of VF (33%) during the

occlusion period were not signi®cantly di�erent to the sham
controls (75 and 58%, respectively) and somewhat higher than
in the paced dogs that had not been given aminoguanidine

(incidences of VT and VF 46 and 15%, respectively).
Ventricular ®brillation resulting from ischaemia and reperfu-
sion was 89% in the aminoguanidine-treated dogs (Figure 4);

this was signi®cantly higher than in the paced dogs (38%;
P50.05) and not di�erent to that in the controls (83%). Thus,
1/9 of the paced dogs given aminoguanidine survived the
occlusion-reperfusion insult in contrast to 8/13 of the paced

dogs and 2/12 of the sham controls (Figure 4). To determine
whether aminoguanidine itself modi®ed arrhythmia severity,
eight sham-operated dogs, that had not been paced, were given

the drug 0.5 h prior to the coronary artery occlusion. The
number of ventricular premature beats (139+68) was some-
what less than in the controls and 3/8 of these dogs ®brillated

during occlusion (38%). Four of the remaining ®ve dogs
survived reperfusion, giving a survival rate of 50% from the
combined occlusion-reperfusion insult (Figure 4).

There was no signi®cant di�erence in the area at risk

between the paced dogs given aminoguanidine (37+1%), the
sham controls (37+3%), the paced dogs without aminogua-
nidine (43+1%) and the non-paced dogs given aminoguani-

dine (37+3%).

Table 1 Haemodynamic e�ects of aminoguanidine (50 mg kg71 i.v.) in dogs paced 24 h previously and in unpaced dogs

Time after injection (min)
Baseline 1 5 15 30

Systolic arterial blood pressure (mmHg)
Paced
Unpaced

139+6
136+7

141+9
140+7

157+8b

176+5c
151+7
162+7c

147+9
156+10b

Diastolic arterial blood pressure (mmHg)
Paced
Unpaced

92+5
95+3

91+7
99+4

113+5c

129+6c
102+5
114+3c

99+6
106+5b

Mean arterial blood pressure (mmHg)
Paced
Unpaced

107+5
109+4

107+7
113+5

128+6c

145+6c
119+6
130+4c

115+7
123+6b

Heart rate (beats min71)
Paced
Unpaced

146+9
144+5

139+8a

144+6
134+7b

132+7c
143+9
145+2

143+8
148+8

The results are given as means+s.e.mean of 12 (paced) or nine (unpaced) observations. Baseline values are those immediately prior to
the injection of aminoguanidine (AG). There was no signi®cant di�erence between the two groups in the e�ect of aminoguanidine.
aP50.05 vs baseline; bP50.01 vs baseline; cP50.001 vs baseline.

Table 2 Haemodynamic parameters immediately prior to coronary artery occlusion and when the maximal changes occurred 3 ± 5 min
afterwards

Sham controls Paced Paced+AG AG
pre-

occlusion occlusion
pre-

occlusion occlusion
pre-

occlusion occlusion
pre-

occlusion occlusion

Arterial blood pressure
systolic (mmHg)
diastolic (mmHg)
mean (mmHg)
LVSP (mmHg)
LVEDP (mmHg)
LVdP/dtmax

(+ve;mmHg s71)
LVdP/dtmax

(7ve;mmHg s71)

134+4
87+3
103+3
140+6
4.9+0.2

2913+302

2370+115

712+3b

77+3a

78+3
711+3b

+15.7+2.4c

7386+101b

7402+151a

141+6
86+5
104+5
141+7
5.1+0.1

2979+183

2758+236

710+2c

78+2b

79+2c

710+2c

+16.8+2.8c

7584+131c

7426+154a

147+9
99+6
115+7
131+7
5.6+0.6

2854+526

4011+521

719+5b

713+3b

715+3b

714+4b

+16.3+1.1c

7608+150b

7949+280a

156+13
107+4
123+5
134+6
7.3+0.7

3248+350

4170+422

713+3b

77+2a

79+2b

714+3b

+6.5+0.9c

7593+132b

7987+320a

Heart rate (beats min71) 162+5 5+2a 155+7 1+1 143+7 2+1 148+7 72.5+2

The results are given as means+s.e.mean of 8 ± 13 experiments in each of the four groups. aP50.05 vs baseline; bP50.01 vs baseline;
cP50.001 vs baseline; LV=left ventricular systolic; S=systolic; EDP=end-diastolic pressures; AG=aminoguanidine.
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Changes in ischaemia severity following coronary artery
occlusion

This was assessed in two ways; by epicardial ST-segment
mapping and by changes in the degree of electrical
inhomogeneity within the ischaemic area. The changes
following coronary artery occlusion are illustrated in Figure

5 (for ST-segment changes) and Figure 6 (for changes in the
degree of electrical inhomogeneity). They demonstrate that in
the paced dogs ST-segment changes were less than in the

controls and that this was largely reversed in those paced dogs
given aminoguanidine prior to occlusion. Changes in the
degree of electrical inhomogeneity were also less in paced dogs

compared to controls and, again, this was reversed by
aminoguanidine.

Discussion

These studies con®rm our previous ®ndings (VeÂ gh et al., 1994;

Kaszala et al., 1996) that right ventricular pacing markedly

Figure 2 The distribution of ventricular arrhythmias; ventricular
premature beats (VPBs), ventricular tachycardia (VT) and ventricular
®brillation (VF) during a 25 min occlusion of the left anterior
descending coronary artery in anaesthetized dogs; this was followed
by rapid reperfusion. Seven of the 12 sham-operated controls
®brillated during the occlusion and all but three had periods of
ventricular tachycardia. Only two of these controls survived the
combined ischaemia-reperfusion insult. These arrhythmias were
markedly suppressed in the paced 24 h group; thus only two dogs
®brillated during the occlusion period and there was a 62% survival
from the ischaemia-reperfusion insult. In the paced dogs given
aminoguanidine (AG) only one of the nine dogs (i.e. 11%) survived
ischaemia and reperfusion. There was no evidence that AG given
prior to occlusion in unpaced dogs was pro-arrhythmic.

Figure 3 The total number of ventricular premature beats (VPBs)
and the number of episodes of ventricular tachycardia (VT) during
coronary artery occlusion in sham control dogs (SC), in dogs paced
24 h previously (SP24), in paced dogs given aminoguanidine (AG)
prior to occlusion (SP24+AG) and in unpaced dogs also given AG
(AG+occl.). *P50.05 compared to sham controls.

Figure 4 The incidence of ventricular ®brillation during coronary
artery occlusion and following reperfusion at the end of the 25 min
occlusion in control dogs (SC), in dogs subjected to right ventricular
pacing 24 h prior to the occlusion (SP24) and in paced (SP24+AG)
and non-paced (AG+occl.) dogs given aminoguanidine (AG) 0.5 h
prior to coronary artery occlusion. Also shown in the right hand
panels is survival from the combined ischaemia-reperfusion insult.
The marked protection against ventricular ®brillation during both
occlusion and reperfusion which results from cardiac pacing is
markedly attenuated by the prior administration of aminoguanidine.
*P50.05 compared to sham controls; {P50.05 compared to paced
dogs given aminoguanidine.

Figure 5 Changes in ST-segment elevation recorded from epicardial
electrodes during a 25 min occlusion of the left anterior descending
coronary artery in control dogs, dogs paced 24 h previously, and in
dogs given aminoguanidine (50 mg kg71) prior to the coronary
artery occlusion with or without pacing. Pacing decreased ST-
segment elevation recorded over the ischaemic area; this was
markedly attenuated by the prior administration of aminoguanidine.
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reduces the severity of arrhythmias that occur when a major
coronary artery is occluded 24 h later. For example, only two
of the paced dogs succumbed in ventricular ®brillation during

the occlusion period; this incidence of VF during occlusion
(15%) is similar to that observed by Kaszala et al. (1996) in a
similar group of paced dogs. Other indices of ischaemia

severity were also reduced by cardiac pacing, e.g. epicardial
ST-segment changes mapped over the ischaemic area and
delayed conduction, as assessed by changes in the degree of

electrical inhomogeneity within the ischaemic area. The time
course of this protection (absent 6 h after pacing, present 24 h
after pacing but lost after 48 and 72 h; Kaszala et al., 1996)
suggests protein induction, and the fact that the protection at

24 h is not seen in dogs treated with dexamethasone (VeÂ gh et
al., 1994) suggests the involvement of induced nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), or both.

The present experiments suggest that NO is involved in this
protection, since the administration of aminoguanidine
attenuated the protection a�orded by cardiac pacing. There

were more ventricular premature beats and episodes of VT
following coronary artery occlusion, and a higher incidence of
VF and a signi®cantly lower rate of survival following
reperfusion at the end of the occlusion period. Further, the

reduction in other indices of ischaemia severity (epicardial ST-
segment elevation; changes in the degree of inhomogeneity of
electrical activation within the ischaemic area), which are

markedly reduced by cardiac pacing, were not seen in those
paced dogs given aminoguanidine prior to coronary artery
occlusion.

The attenuation of the protective e�ects of pacing by
aminoguanidine could conceivably be due to a pro-arrhythmic
e�ect of the drug, especially as this drug has some e�ect on

cNOS, as evidenced by the studies of Laszlo et al. (1995) in
rats. In fact, aminoguanidine did not modify signi®cantly
arrhythmia severity during coronary artery occlusion and
indeed tended to increase, rather than decrease, survival from

the combined ischaemia-reperfusion insult (Figure 4). This was
perhaps as a result of the less severe ischaemic changes
following coronary artery occlusion as suggested by the less

marked changes in epicardial ST-segment (Figure 5) and
inhomogeneity of electrical activation (Figure 6).

Most workers (Corbett et al., 1992; Gri�ths et al., 1993;

Misko et al., 1993; Kengatharan et al., 1996) have provided

evidence that aminoguanidine is a rather selective inhibitor of
iNOS. Aminoguanidine, although in larger doses than those
used in the present study, can inhibit other enzymes, such as

catalase (Ou & Wol�, 1993) and histaminase (Kusche et al.,
1977). In the present study aminoguanidine administration
resulted in a short-lasting increase in systemic arterial blood
pressure and a reduction in heart rate, presumably re¯ex in

origin. This suggests that nitric oxide derived from the
constitutive synthase (cNOS) might also have been inhibited.
However, the blood pressure changes were not nearly as

marked as those following administration of unselective
inhibitors of the L-arginine nitric oxide pathway, such as NG-
nitro-L-arginine methyl ester. When such inhibitors are given

under similar conditions to those described in the present study
there are marked and sustained increases in systemic arterial
blood pressure (VeÂ gh et al., 1992a). It is not possible, therefore,

to state categorically that it is NO derived from the induced
enzyme which is responsible for the delayed protection; it
could be derived from the enhanced synthesis of NO through
cNOS in coronary vascular endothelium. In a recent study,

although in a quite di�erent model of ischaemic precondition-
ing (conscious rabbits; recovery of contractile function
following a period of ischaemia and reperfusion), Bolli and

his colleagues (1997b) found that three di�erent NOS
inhibitors (aminoguanidine and S-methylisothiourea sulphate,
both of which are relatively selective for iNOS, and No-nitro-

L-arginine which is non-selective) all exacerbated stunning in
the preconditioned but not in the normal myocardium. The
authors suggest that nitric oxide has a dual role in late

preconditioning acting both as a trigger and as a mediator. We
had earlier suggested a similar hypothesis to account for the
antiarrhythmic e�ects of preconditioning, induced by brief
periods of coronary artery occlusion, during the ®rst (classical)

window of protection (VeÂ gh et al., 1992a). This concept has
been recently reviewed (Parratt & VeÂ gh, 1996). Our concept
(VeÂ gh et al., 1994; VeÂ gh & Parratt, 1998), that NO plays an

important role in the delayed phase of protection has been
con®rmed by two, more recent studies, from other labora-
tories. Takano et al. (1998) and Imagawa et al. (1999) have

found that in conscious rabbits, the induction of iNOS,
following preconditioning by brief coronary artery occlusions,
and the resultant formation of NO, play a role in the delayed
cardioprotective (infarct size limiting) e�ect of precondition-

ing, since the protection was abolished by aminoguanidine.
These studies do not eliminate the possibility that other

endogenous myocardial protective substances are also in-

volved in the delayed protective e�ects of cardiac pacing and of
ischaemic preconditioning induced by brief periods of
coronary artery occlusion. This possibility is suggested by the

fact that whereas aminoguanidine only attenuated the
protective delayed e�ects of pacing, dexamethasone abolished
this protection (VeÂ gh et al., 1994). It remains a possibility that

protective prostanoids, such as prostacyclin, which are also
profoundly antiarrhythmic (Parratt, 1989), are also involved in
the delayed antiarrhythmic e�ects of pacing-induced pre-
conditioning. This possibility is at present under investigation.

This work was supported by a collaborative grant from the British
Council, and the Hungarian Ministry of Culture and Education, by
the European Union (BIOMED II, Grant No. BMH4-CT96-0979),
by a Scienti®c Network Grant from the European Union (CIPA
CT92 4009) and by the Hungarian State Government (OTKA).

Figure 6 Changes in the inhomogeneity of electrical activation
within the ischaemic area in control dogs, dogs paced 24 h
previously, and in dogs given aminoguanidine (50 mg kg71) prior
to the coronary artery occlusion with or without pacing. Cardiac
pacing reduced the severity of the changes in inhomogeneity; this was
not seen in those paced dogs given aminoguanidine. *P50.05
compared to sham controls.
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