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A.Kis. A, VEGH, J. G. PaPp AND J. R. PARRATT. Repeated Cardiac Pacing Extends the Time During Which Canine
Hearts are Protected Against Ischaemia-induced Arrhythmias: Role of Nitric Oxide. Journal of Molecular and
Cellular Cardiology (1999) 31, 1229-1241. Right ventricular pacing in lightly anaesthetized dogs (4 x 5 min
periods at a pacing rate of 220 beats/min) protects against the consequences of coronary artery occlusion when
this is initiated 24 h after the pacing stimulus. The main purpose of the present experiments was to determine
whether repeating the pacing stimulus, at a time when protection from the initial stimulus had faded (48 h),
prolonged the protection afforded against ischaemia-induced ventricular arrhythmias and other ischaemic changes
(epicardial ST-segment mapping; changes in the degree of electrical inhomogeneity in the ischaemic region).
Dogs were paced on two occasions, with a 48 h period between and, at different times (48, 72 and 96 h} after
the second pacing stimulus, were re-anaesthetized and subjected to occlusion of the left anterior descending
coronary artery. There was a marked reduction in the severity of ischaemia-induced arrhythmias 48 and 72 h
after the second pacing stimulus (reduction in occlusion-induced and reperfusion-induced ventricular fibrillation,
e.g. at 72 h 0/11 during occlusion and only 3/11 following reperfusion, compared to 7/21 and 10/21 respectively
in the controls; P<0.05). The protection had disappeared 96 h following the second pacing stimulus. Changes in
ST-segment elevation and in the degree of inhomogeneity largely followed these changes in the severity of
ventricular arrhythmias. The results suggest the possibility of maintaining protection against life-threatening
arrhythmias following coronary occlusion by repeating a preconditioning pacing stimulus, We also demonstrate
that this prolonged protection afforded by repeated cardiac pacing is mediated by nitric oxide, since the marked
antiarrhythmic effect observed. e.g. 72 h after the second pacing stimulus. was abolished when S-(2-aminoethyl)-
isothiourea (AEST), a particularly selective inhibitor of iNOS, had been administered before coronary artery

occlusion.
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Introduction

One of the consequences of regular exercise is a
reduction in the relative risk of sudden cardiac
death and of non-fatal myocardial infarctions which
result from coronary artery occlusion (Mittleman
et al, 1993: Tofler et al., 1996). However, the

conclusion that “the protective effects of exercise
requires continued exertion” implies that the dura-
tion of the protection is short-lived (Lee et al., 1995).
In the experimental situation, both exercise training
in conscious dogs (Hull et al, 1994) and right
ventricular pacing in anaesthetized dogs (Végh et al..
1991. 1994: Kaszala et al., 1996) and in conscious
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rabbits (Szekeres et al.. 1993; Szilvassy et al., 1994,
1997) markedly reduce the consequences of isch-
aemia as assessed by haemodynamic and en-
docardial ST-segment changes and by the severity
of ventricular arrhythmias. This protection is both
acute, occurring within minutes of the pacing stim-
ulus, and delayed. returning around 20-24 h after
the stimulus. This pacing-induced acute and de-
layed cardioprotection is similar to that achieved
by short and complete occlusions of a coronary
artery. a phenomenon known as ischaemic pre-
conditioning (Murry et al., 1986; Kuzuya et al.,
1993; Marber et al., 1993; Baxter et al., 1994 and
recently reviewed by Parratt and Szekeres, 1995
and by Ferdinandy et al., 1998).

Little attention has been paid to the time course
of this delayed protection although, like the early
protection afforded by classical preconditioning, it
is relatively short-lived. For example, in a recent
study of pacing-induced cardioprotection, Kaszala
et al. (1996) showed that protection against vent-
ricular arrhythmias following coronary artery oc-
clusion was present 20-24 h after a pacing stimulus
but was lost by 48 and 72 h. The primary aim of
the present investigation was to determine if, by
repeating the preconditioning stimulus at a time
when the delayed protection afforded by the initial
stimulus had faded, it is possible to prolong the
time period during which the heart was relatively
resistant to acute myocardial ischaemia. We have
also determined, in view of our previous work
implicating nitric oxide (NO) in the acute (Végh
et al, 1992a) and delayed (Végh et al., 1994)
antiarrhythmic  effects of ischaemic pre-
conditioning, whether prolonged protection by car-
diac pacing is mediated by NO. For this we used S-
(2-aminoethyl)-isothiourea (AEST) which is a par-
ticularly selective inhibitor of NO production by
induced nitric oxide synthase (Southan et al., 1995;
Wolfard et al., 1997). In brief, we find that repeating
the stimulus prolongs the period of protection, and
that this protection is abrogated by a selective
inducible nitric oxide synthase (iNOS) inhibitor.

Materials and Methods

We used mongrel dogs of both sexes with a body
weight in excess of 17 kg, since severe ventricular
arrhythmias resulting from coronary artery oc-
clusion are relatively infrequent in small dogs (Végh
et al., 1992b). The dogs were lightly anaesthetized
by the intravenous administration of sodium pen-
tobarbitone and were allowed to breathe spon-
taneously. A Cordat F4 bipolar pacing electrode
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Figure 1 Experimental protocol for the repeat paced
dogs. The interval between the two periods of pacing was
48 h and the interval between the end of the second
pacing period and the occlusion was either 48. 72 or
96 h. Sham control dogs also had the pacing electrode
inserted in the right ventricle, either for a period of 96 h
(n=11) or 120 h (n=10). In a separate group of dogs
subjected to either repeat pacing 72 h before occlusion
(n=8) or sham operation without pacing (n=8). S-(2-
aminoethyl)-isothiourea (AEST) was administered in a
total dose of 2 mg/kg over a period of 70 min by intra-
venous infusion, terminating 20 min prior to ischaemia.

was introduced, by way of the right jugular vein,
into the right ventricle such that it made contact
with the ventricular endocardium. The correct po-
sition of this electrode was confirmed by recording
the endocardial electrocardiogram. Blood pressure
was monitored from the left carotid artery. The
dogs were then paced, at a rate of 220 beats/min
for four 5-min periods, with 5-min rest periods
between the pacing stimuli.

The dogs were allowed to recover from the
anaesthetic with the pacing catheter remaining in
situ and 48 h later [a time when protection for
a single pacing stimulus is no longer apparent
(Kaszala et al., 1996)]: the dogs were again an-
aesthetized and, as described above, subjected to a
repeat of the same pacing stimulus (i.e.. 220 beats/
min for four periods of 5min). Then. at various
times (48, 72 and 96 h: Fig. 1) after this second
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pacing stimulus the dogs were re-anaesthetized with
a mixture of chloralose and urethane (60 and
200 mg/kg respectively), thoracotomized and sub-
jected to a 25-min occlusion of the left anterior
descending coronary artery (LAD) as described pre-
viously (Végh et al.. 1992b). The effects of coronary
artery occlusion were compared with those in dogs
24, 48 and 72h alter a single pacing stimulus
(4 x 5min at 220 beats/min) the results of which
have been described previously (Kaszala et al.,
1996).

The controls for these paced dogs were those in
which the pacing electrode was positioned in the
right ventricle, as described above, but these dogs
were not subjected to pacing (Fig. 1). Forty-eight
hours later these control dogs were again an-
aesthetized with sodium pentobarbitone but again
these dogs were not paced. Then, a further 48 or
72 h later (i.e.. 96 and 120 h. respectively, after
the initial insertion of the catheter) these dogs were
re-anaesthetized with chloralose and urethane as
described above. thoracotomized and also subjected
to occlusion of the left anterior descending coronary
artery. Since there was no difference between the
response of these two control groups to the effects
of coronary artery occlusion these two groups were
combined.

In order to determine the role of nitric oxide
generation from iNOS in the protection afforded by
repeated pacing we investigated, in eight repeat-
paced dogs (i.e.. dogs paced for a second time 72 h
later) and in eight control (sham-operated, non-
paced) dogs. the effects of the selective iNOS in-
hibitor ~ S-(2-aminoethyl)-isothiourea  (AEST;
Southan et al., 1995; Wolfard et al., 1997a, b). This
was given in a total dose of 2 mg/kg by intravenous
infusion over a 70-min period. It has been shown
that this dose of AEST. given in dogs in which
endotoxaemia was induced by Escherichia coli endo-
toxin. markedly inhibited the elevated iNOS activity
(Wolfard et al.. 1997a.b). Since there is some evid-
ence that AEST, at physiological pH. undergoes
intramolecular rearrangement, resulting in mer-
captoethylguanidine (MEG) which, together with
AEST. inhibits iNOS activity (Southan et al.. 1996),
the infusion was terminated 20 min prior to cor-
onary artery occlusion in order to provide adequate
time for this chemical conversion (Fig. 1).

In all dogs. prior to coronary artery occlusion,
catheters were inserted into the right femoral artery
for monitoring arterial blood pressure, into the left
ventricle for the measurement of left ventricular
pressure and dP/dt and into the right femoral vein
for drug and anaesthetic administration. A com-
posite electrode was sutured to the left ventricular

wall in the area distal to the proposed site of the
coronary artery occlusion and was used to measure
epicardial ST-segment elevation and the degree of

" inhomogeneity of electrical activation as described

previously (Williams et al.. 1974: Végh et al.
1992b). The composite electrode gives a sum-
marized recording of R-waves from 30 epicardial
measuring sites. In the normal, adequately perfused
and oxygenated left ventricular wall, all sites are
activated almost simultaneously resulting in a
single large spike. However, during ischaemia
widening and fractionation of the summarized R-
waves occurs indicating that adjacent fibres have
not been activated simultaneously because of in-
homogeneity of conduction. We expressed in-
homogeneity and delay of conduction as the
greatest delay in activation (in ms) within the
ischaemic area. All the parameters, together with
a standard limb lead electrocardiogram, were re-
corded on a Graphtec Thermal Array Recorder
(Hugo Sachs, Germany).

- Ventricular arrhythmias during ischaemia re-
sulting from coronary artery occlusion and sub-
sequent reperfusion were analysed as previously
described (Végh et al., 1992b; Kaszala et al., 1996).
This analysis is based on suggestions made at the
“Lambeth Conventions” (Walker et al., 1988) except
that no distinction was made between couplets and
salvos, which were included as single ventricular
ectopic (premature) beats (VPBs), and that we de-
fined ventricular tachycardia (VT) as a run of four
or more ectopic beats at a rate faster than the
resting sinus rate. We also estimated the number
of episodes of ventricular tachycardia which oc-
curred in each dog, as well as the incidences of
ventricular tachycardia (VT) and ventricular fib-
rillation (VF) both during occlusion and on re-
perfusion at the end of the 25 min occlusion period.
Survival indicates those dogs that were pre-
dominantly in sinus rhythm 5 min after reperfusion.

.At the end of the experiment the area at risk was
assessed by infusing patent blue V dye into the
occluded artery at a pressure equivalent to that
of mean arterial pressure. This area at risk was
expressed as a percentage of the left ventricular
wall, together with the septum.

The data were expressed as means+ SEM and
differences between means were compared by ana-
lysis of variance or by the Student’s t-test. A one-
way analysis of variance (ANOVA) was used to
determine haemodynamic diflerences between the
groups. For arrhythmias we used the Mann—
Whitney U-test and for comparison of the incidences
of VT and VF. and survival from the combined
ischaemia-reperfusion insult. we used the Fisher
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Exact test. Differences between groups were con-
sidered significant when P<0.05.

Although these experiments were carried out in
Szeged. the protocol complied with UK Home Office
Regulations (Project Licence No. 60/00307).

Preliminary accounts of these studies have been
given to various meetings of the International So-
ciety for Heart Research (Kis et al., 1996) and to
the Physiological Society in Cambridge in December
1997 (Kis et al., 1998b).

Results

Haemodynamic and electrocardiographic effects of
cardiac pacing and of iNOS inhibition

The initial pacing stimulus, which increased the
heart rate from a mean of 169 + 14 beats/min to
220 beats/min, decreased mean arterial blood pres-
sure from 141+4mmHg to 112+ 6 mmHg
(P<0.01) immediately after commencing the pacing
stimulus. These changes in arterial pressure were
similar when the pacing stimulus was repeated
48 h later. The mean arterial pressure prior to the
second period of pacing was 110 + 4 mmHg, a value
significantly (P<0.05) less than the pressure prior
to the initial pacing stimulus; again, it was reduced
by pacing (to 82 +4 mmHg; P<0.05). Pacing also
resulted in significant increases in the ST-segment
recorded from the endocardial (pacing) electrode;
these were similar -after each of the four 5-min
pacing stimuli (from 1.1 +0.5mV to 3.2+0.6 mV
after the first 5-min pacing period, to 3.3 +0.8 mV
after the second and third stimuli and to
3.340.5mV after the fourth 5-min pacing period.
All these values were significantly higher than the
ST-segment immediately prior to pacing (P<0.01).
When the pacing stimulus was repeated 48 h later
(“repeat pacing”) the changes in the endocardial
ST-segment were similar, but slightly more marked
(from 1.64+0.4mV to 4.5+1.0mV; 4.2+1.2 mV;
49+1.5mV; and 4.9+1.5mV after the pacing
periods 1-4, respectively).

There were no differences in any haemodynamic
parameters between the paced dogs 48 or 72h
after the second period of pacing. These parameters
were also similar to those in control, sham-paced
dogs (Table 1). At 96 h after the repeat period of
pacing the arterial pressure was somewhat lower
[i.e.. 118 +4 mmHg (systolic), 76 + 5 mmHg (dia-
stolic) and 90+4 mmHg (mean)], values sig-
nificantly lower (P<0.05) than those found in dogs
either 48 or 72 h after the second pacing stimulus
{Table 1).

AEST itself had no significant effect on any
haemodynamic parameters measured either during
or after cessation of the infusion (Table 2).

Haemodynamic effects of coronary artery occlusion

These are also summarized in Table 1. Coronary
artery occlusion resulted in transient decreases in
systemic arterial pressure, heart rate and left vent-
ricular dP/dt and significant increases in left vent-
ricular end-diastolic pressure (LVEDP). These
changes were similar whether the dogs had been
paced or not (Table 1), and were not modified by
AEST (Table 2).

Ventricular arrhythmias resulting from coronary artery
occlusion and their modification by pacing

In the 21 control dogs, coronary artery occlusion
resulted in marked ventricular ectopic activity; the
distribution of these arrhythmias is illustrated in
Figure 2. Periods of ventricular tachycardia (VT)
occurred in most of these dogs and in seven this
progressed to ventricular fibrillation (VF) mainly in
the later (1b) phase of the occlusion period (i.e..
after 10-15 min of arrhythmia). Only four of the 21
control dogs (19%) survived reperfusion. Because
there was no significant difference in the responses
of coronary artery occlusion of these sham-control
dogs,-whether a catheter had been inserted for 96
or 120 h (data not shown), these two groups were
combined.

When the coronary artery occlusion had been
preceded 48 or 72 h earlier by a second period of
cardiac pacing there was marked suppression of
ventricular ectopic beats (from a total of 215+ 58
in the controls to 87+31 and 101449 re-
spectively). The distribution of these arrhythmias
is also shown in Figure 2. Ventricular tachycardia
(VT) occurred in only four of these 21 repeat-paced
dogs (10 of the 48 h and 11 of the 72 h groups);
and there were only a few episodes of VT per dog
(0.6 +0.4 and 1.6+1.5 compared to 4.9+1.6 in
the controls; P<0.05). None of these dogs fibrillated
during the occlusion period (P<0.05 compared to
controls). On reperfusion. ventricular fibrillation
occurred in five out of 10 of the dogs subjected to
repacing 48 h previously and in three out of 11 in
those repaced 72 h earlier. The survival from the
combined arrhythmia-reperfusion insult was thus
50% and 73% (P<0.05 compared to controls) re-
spectively in those dogs repaced 48 and 72 h pre-
viously. The protection had disappeared when the



Table 1 Maximum haemodynamic changes induced by occlusion of the left anterior descending coronary artery in anaesthetized dogs at different times
alter repeated pacing

Sham control RP48 RP72 RPY6
(n=21) (n=10) (n=11) (n=9)
Baseline Change Baseline Chaﬁge Baseline Change Baseline Change
T
SABP (mmHg) 13146 ~10+£3* 14045 -2+3 149+9 —1144* 118+4 -7+4
DABP (mmHg) 89+4 —7+3* 92+4 —242 88+7 -5%3 7615 —943*
MABP (mmHg) 103+4 —8+3* 108 +4 -241 109+7 —-743 9044 —842*
LVSP (mmHg) 12847 —1144* 133+6 0+2 131%11 ~7+3* 11245 -545
LVEDP (immHg) 9.0+2.0 34420 7.0+1.0 6.0+1.0 - 7.0+1.0 40+1* 8.0+1.5 5.0+1*

IV —dP/dt (mmHg/s) 2237+214 -360%219 2576+171 —299+98 2936+265 —355+304  2820+6.9 5631467
IV +dP/dt (mmHg/s) 30044267 —3261+107* 35924275 —3414122 32954191 —5334216* 28504170 —343+162
HR (beats/min) 1485 5.4+1.5* 16419 4.2+1.4 146110 06+1 14945 1+1

Values are the meuns £+ SEM.
* P<0.05 vs baselinc.
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Table 2 ~ Maximum haemodynamic changes following AEST (2 mg/kg total dose) administration and after coronary
artery occlusion in anaesthetized dogs subjected to repeat cardiac pacing 72 h previously

AEST Occlusion
(n=8) {n=8)
Initial value End of infusion  Change Initial value 3~5 min Change

SABP (mmHg) 143+11 139+11 —416 132+11 114 +8 —18+5*
DABP (mmHg) 96+8 9149 —-5+53 91+10 7618 —-15+6*
MABP (mmHg) 111+9 107 +9 —-5+5 105+11 89+8 —16+6*
LVSP (mmlig) 124 +11 120+11 -3+7 120+11 10149 —-19+8*
LVEDP (mmHg) 4.1+0.4 44+04 0.31+0.3 4.3+04 8+1.0 3.7+£0.8*
LV —dP/dt (mmHg/s) 2857 +417 2845+390 —11+249 2398+239 18294177 —-569+t162*
LV +dP/dt (mmHg/s) 4488+657 4286+682 —186+300 3737+485 26071302 -11301269*
HR (beats/min) 16445 160t6 —4+3 154+5 154+3 0

Values are the means + SEM.
* P<0.05 vs initial value.

interval between the second period of pacing and
the coronary artery occlusion was extended to 96 h
(Fig. 2). At this time periods of VT occurred in five
out of nine dogs and in four of these it progressed
to VE. Only 2/9 (22%) of these dogs survived re-
perfusion, a figure not significantly different to that
in the sham controls (19%).

This protection against ventricular arrhythmias
resulting from acute coronary artery occlusion fol-
Iowing repeat cardiac pacing persisted for a longer
period than in dogs subjected to only a single period
of pacing. This is illustrated in Figure 3 which
compares the incidence of VF and the number of
survivors from the combined arrhythmia-
reperfusion insult in dogs subjected to a single
pacing stimulus (data taken from Kaszala et al,
1996) and to a double pacing stimulus when the
coronary artery was occluded 48, 72 and 96 h
later. This difference between single and repeat
pacing is also illustrated in Figure 4, which com-
pares the distribution of arrhythmias 72 h after
pacing. These two figures (Figs 3 and 4) show
that 48 and 72 h after a single period of pacing
protection against VF, evident at 24 h, had dis-
appeared. whereas at these times after a repeat
period of pacing dogs were still markedly protected

against occlusion and reperfusion-induced VF.
Thus, repeating the pacing stimulus prolongs the
period of protection during which the heart is
resistant to both ischaemia and reperfusion-induced
arrhythmias. This protection afforded by repeat
pacing was not apparent when the coronary artery
was occluded 96 h later (Fig. 3).

Changes in indices of ischaemia severity

The changes in epicardial ST-segment elevation
and in the degree of inhomogeneity of electrical
activation during coronary occlusion in dogs sub-
jected to two periods of pacing and in control
dogs is illustrated respectively in Figures 5 and 6.
Epicardial ST-segment elevation was evident within
the first minutes of occlusion and, in the sham-
operated controls. peaked around 5 min and was
maintained for the remainder of the occlusion
period. In those dogs subjected to two periods of
pacing, and in which the coronary occlusion was
carried out 48, 72 and 96 h later, there was a
marked and significant (P<0.05) reduction in ST-
segment elevation from 3 min into the occlusion

Figure 2 The distribution of ventricular archythmias lollowing coronary artery occlusion and reperfusion in 21 control
dogs and in dogs that were subjected to repeated pacing 48. 72 or 96 h previously. The filled columns are the times
during which the dog was in ventricular fibrillation. the shaded columns show periods of ventricular tachycardia and
the lightly stippled columns are periods during which ventricular premature beats were evident. VF on reperfusion is
also shown by the black horizontal columns and this was the only arrhythmia assessed during the reperfusion phase.
The results show that in the controls ventricular fbrillation occured in 7/21 dogs and that a further 10 dogs fibrillated
on reperfusion. There were thus only four survivors from the combined ischaemia-reperfusion insult. When the
coronary artery was occluded 48 and 72 h after a repeated period of pacing (see experimental protocol). no dog
fibrillating during the occlusion period, and there were 5/10 and 8/11 survivors respectively from the combined
ischaemia—reperfusion. The protection was not apparent in dogs paced 96 h previously. See results section for detailed

analysis.
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Figure 3 The incidence of ventricular fibrillation (VF) and survival from the combined ischaemia-reperfusion insult
in control dogs (SC1: data taken from Kaszala et al., 1996, and SC2; present experiments n=21), in dogs subjected to
a single pacing stimulus (left hand columns: data taken from Kaszala et al., 1996) or to a repeat pacing stimulus. and
then subjected to coronary artery occlusion either 24. 48, 72 or 96 h after the end of the pacing stimulus. The results
show that a single period of pacing protects dogs 24 h after the stimulus but that this protection is lost after 48 h.
However, repeat pacing prolongs the protection for at least 72 h. The filled columns show VF during occlusion and the

shaded columns VF during reperfusion. * P<0.05 vs controls.

period. Changes in the degree of electrical in-
homogeneity during the occlusion (Fig. 6) in gen-
eral followed the epicardial ST-segment changes. In
dogs subjected to repeat pacing either 48, 72 and
96 h previously, inhomogeneity of activation was
less pronounced than in the controls and again this
was maintained throughout the entire occlusion
period.

The severity of ventricular arrhythmias following
inhibition of inducible nitric oxide synthase

In eight dogs subjected to repeat cardiac pacing,
AEST, a selective inhibitor of iNOS activity was
infused 72 h after the second pacing stimulus, but
prior to coronary artery occlusion. The results are
summarized in Figure 7, where the effects are
compared with dogs in which the coronary artery
was also occluded 72 h after the second pacing
stimulus but without iNOS inhibition. The controls
were dogs which had not been paced but in which
the pacing catheter was present in the lumen of
the right ventricle for 120 h (see protocol Fig. 1).
Inhibition of iNOS prior to coronary artery occlusion
abolished the protection associated with two periods

of cardiac pacing. To determine whether AEST itself
modified arrhythmia severity, eight dogs. that had
not been paced, were given the drug before the
25 min occlusion of the LAD (see Fig. 1). Compared
to the sham-operated controls, AEST did not modify
arrhythmia severity occurring during coronary ar-
tery occlusion and following reperfusion (Fig. 7).

Discussion

Rapid ventricular (overdrive) pacing induces a form
of cardioprotection similar to that achieved by brief
periods of complete coronary artery occlusion (pre-
conditioning) and, as demonstrated in both the dog
and rabbit models (Szekeres et al., 199 3: Kaszala et
al., 1996). this pacing-induced protection follows
the same characteristic time course as that achieved
by brief periods of coronary artery occlusion. There
is an immediate protection, evident within a few
minutes of the cessation of the pacing stimulus
(Végh et al., 1991; Koning et al., 1996) and akin
to the “classical” preconditioning first described by
Murry et al. (1986), and a second, delayed pro-
tection evident 20-24 h later (Szekeres et al., 1993:
Végh et al.. 1994). This delayed protection is also
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Figure 4 A comparison of ventricular arrhythmias following coronary artery occlusion 72 h after a single pacing
stimulus (above: data adapted from Kaszala et al., 1996) or a repeated pacing stimulus (below). The symbols are similar
to those in Figure 2. Protection during occlusion (and reperfusion) are evident 72 h after the repeat pacing stimulus
but not 72 h after a single pacing stimulus.
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EPICARDIAL ST-SEGMENT
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Figure 5 Changes in the epicardial ST-segment during a
25-min occlusion of the left anterior descending coronary
artery in dogs subjected to two periods of rapid pacing
48 h (filled squares), 72h (open squares) and 96 h
(crosses) after the pacing stimulus. The degree of epi-
cardial ST-segment elevation is markedly reduced in dogs
subjected to two periods of cardiac pacing compared to
controls (shown by the open circles). ¥ P<0.05 compared
to controls. All the changes are significant (P<0.001)
compared to the pre-occlusion value.
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Figure 6 Changes in the degree of inhomogeneity of
electrical activation within the ischaemic area (ms) dur-
ing a 25-min occlusion of the left anterior descending
coronary artery in dogs subjected to two periods of rapid
pacing 48 h (filled squares). 72 h (open squares) and
96 h (crosses) after the pacing stimulus. The degree of
inhomogeneity is markedly reduced in dogs subjected to
two periods of cardiac pacing compared to control, sham-
paced dogs (open circles). * P<0.05 compared to controls:
all changes are significant (P<0.01) compared to pre-
occlusion values.

seen if preconditioning is induced by brief periods of
coronary artery occlusion (Yamashita et al., 1992:
Kuzuya et al.. 1993: Marber et al., 1993: Baxter et
al., 1994, 1995; Yang et al., 1996). The possible
mechanisms of this delayed protection have been
recently reviewed (Parratt and Szekeres, 1995;
Yellon and Baxter, 1995). This delayed protection,
like classical ischaemic preconditioning, is also tran-
sient. In the rapid pacing canine model described

here the protection disappears 48 h after the pre-
conditioning stimulus (Kaszala et al., 1996); and
this time course for the fading of the protection is
similar to that observed following overdrive pacing
in conscious rabbits (Szekeres et al., 1993) or when
preconditioning results from brief periods of cor-
onary artery occlusion (Yellon and Baxter, 1995).

The purpose of the present experiments was to
examine whether it is possible to extend the period
of protection by repeating the preconditioning
stimulus. That this is possible is clearly shown by
the results. If a second, and similar, pacing stimulus
is instigated 48 h after the first, that is at a time
when the protection afforded by the initial pre-
conditioning pacing stimulus has faded (Kaszala et
al., 1996), then the period of protection is extended
such that even 3 days later there is still marked
protection against ischaemia and reperfusion-in-
duced ventricular arrhythmias (Figs 3 and 4). This
protection had disappeared by 4 days after the
second pacing stimulus but clearly the duration of
the protection is greatly extended when compared
to that resulting from a Ssingle preconditioning,
pacing stimulus. We have yet to examine whether
the particular degreé of pacing we have used
(220 beats/min, for a total period of 40 min) is
optimum or whether one can prolong the protection
still more by pacing at a higher frequency.

What are the mechanisms by which repeating
the preconditioning pacing stimulus extends the
duration of protection? One contributory factor
must be that the severity of ischaemia during the
25 min coronary artery occlusion is decreased in
dogs in which the pacing stimulus has been re-
peated. As in the single pacing studies (Kaszala et
al., 1996), there is some relation between reduction
in arrhythmia severity and changes in the two
indices we have used to assess ischaemia severity,
i.e., epicardial ST-segment elevation and in-
homogeneity of activation within the ischaemic
area. As one might expect, this relationship between
arrhythmias and these assessments of the degree
of ischaemia is not precise but a comparison of ST-
segment changes in single (Kaszala et al., 1996;
Fig. 7) and repeat paced dogs (Fig. 5 of the present
paper) shows that ST-segment elevation following
coronary artery occlusion is less in the repeat paced
dogs and that this is maintained for a longer period
of time. For example, in dogs paced only once
coronary occlusion-induced epicardial ST-segment
elevation 72 h after the pacing stimulus is no dif-
ferent to that seen in dogs that have not been paced:
in contrast, 72 h after a second pacing stimulus ST-
segment elevation is significantly less than that in
the controls (Fig. 5). A similar conclusion can be
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Figure 7 The number of ventricular premature beats (VPBs), the incidence (%) and number of episodes of ventricular
tachycardia (VT), the incidence (%) of ventricular fibrillation (VF) during ischaemia and following reperfusion, and
survival (%) from the combined coronary artery occlusion-reperfusion insult in sham control dogs in which the pacing
catheter was left in situ for 120 h (closed histograms; n=10), in dogs subjected to repeated pacing 72 h earlier (cross-
hedged histograms:; n=11), in dogs also subjected to pacing but given the iNOS inhibitor S-(2-aminoethyl)-isothiourea
(AEST) prior to the occlusion (open histograms; n=8), and in unpaced control dogs but given AEST before the occlusion
(vertically striped histograms: n=8). * P<0.05 vs 72 h paced group; + P<0.05 compared to controls. NO inhibition

abolishes the protection afforded by pacing 72 h previously.

reached when inhomogeneity of electrical ac-
tivation within the area supplied by the occluded
artery is used as an index of ischaemia severity.
However, other factors must surely contribute to
arrhythmia severity: at 96 h after a second pre-
conditioning stimulus these two indices of isch-
aemia remained depressed yet the severity of
ischaemia-induced arrhythmias is similar to that
seen in control dogs.

Whatever the relationship is between arrhythmia
severity and these imprecise measurements of the
severity of ischaemia, a major factor in the pro-
tection afforded by repeated pacing seems to be NO
production. This is most probably derived from
induced NO synthase (iNOS) since the protection is
abolished by a selective inhibitor of this enzyme.
There is evidence that both AEST and mer-
captoethylguanidine, which is formed from AEST
following chemical conversion at physiological pH.
selectively inhibit endotoxin-induced iNOS activity
in rats (Southan et al.. 1996). There is other support
for this conclusion that NO is involved in delayed

protection. For example, both exercise (Matsumoto
et al., 1994) and pacing-induced tachycardia
(Egashira et al., 1996) increases coronary vascular
NO formation and, more recently, Bolli et al. (1997)
have shown that the enhanced recovery of con-
tractile function, which is one of the consequences
of delayed preconditioning, is not seen following
inhibition of NO formation. Our own studies dem-
onstrated that the protection against arrhythmias
afforded by single periods of cardiac pacing is lost
following dexamethasone administration (Végh et
al., 1994) which, among many other actions, in-
hibits the formation of NO through the induced
enzyme (iNOS). Further, aminoguanidine, which is
a relatively selective inhibitor of iNOS, also mark-
edly attenuates this protection (Kis et al., 1998a).
Nitric oxide thus seems to be an important pro-
tective mediator in delayed preconditioning, as it is
in classical preconditioning against arrhythmias
(Végh et al., 1992a and reviewed by Parratt and
Végh. 1997b). Further evidence for a protective role
for NO derived from iNOS in other forms of delayed
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cardioprotection comes from studies with bacterial
endotoxin (Wu et al, 1994, 1996). which is a
potent inducer of iNOS (Julou-Schaffer et al., 1990}
and with monophosphoryl lipid A. a relative non-
toxic derivative of the lipid A component of the
endotoxin molecule (Wu et al., 1998). In animals
so treated there is a greatly reduced incidence and
severity of ventricular arrhythmias that arise when
a coronary artery is abruptly occluded.
Similarities have been drawn (Parratt and Végh,
1997a) between the delayed protection afforded
by cardiac pacing and that of exercise. There is
prospective evidence that the relative risk of sudden
cardiac death, presumably due to ventricular fib-
rillation, as well as of non-fatal myocardial in-
farctions is reduced in individuals who exercise
regularly (Mittleman et al, 1993; Tofler et al.,
1996), although the intensity of exercise required
to induce this protection as well as its time course,
are subjects of ongoing debate (Lee et al, 1995;

Tofler et al., 1996). On the other hand, there is -

evidence that strenuous exercise may trigger a
cardiac event in the immediate post-exercise period
(Mittleman et al., 1993; Willich et al., 1993) and
that men with a lifelong history of regular, and
very strenuous, exercise have a higher incidence of
complex arrhythmias, and perhaps a higher risk of
sudden cardiac death, later in life. The conclusion
from some of these studies that the protective effect
of exercise against the consequences of acute myo-
cardial ischaemia requires continued exertion
(Tofler et al., 1996) implies that the duration of the
protection afforded by exercise is relatively short-
lived. This is borne out by the fact that among
sedentary individuals the relative risk of infarction
decreases as the number of episodes of exercise
undertaken per week increases (Tofler et al., 1996).
This phenomenon might be related to the present
findings; increasing the number of preconditioning
(pacing) stimuli (akin to exercise?) decreases the
risk from ventricular fibrillation when a coronary
artery is occluded. Whether increasing the number
of pacing periods beyond two extends the protection
even longer remains to be clarified.

In summary, we show that it is possible to prolong
significantly. to at least 72 h. the ability of the
heart to resist the effects of acute coronary artery
occlusion by repeating a preconditioning pacing
stimulus. This antiarrhythmic effect of pacing is
probably the result of less severe ischaemic changes
during coronary occlusion. as shown by less marked
ST-segment elevation recorded from epicardial elec-
trodes over the ischaemic area and by reduced
inhomogeneity of electrical activation within this
area in dogs that have been subjected to two periods

of right ventricular pacing. Further, we show that
this protection is mediated mainly through NO
generation formed by iNOS.
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Pacing-induced delayed protection against arrhythmias is

attenuated by aminoguanidine, an inhibitor of nitric oxide synthase

'Adrienn Kis, *'Agnes Végh, 'Julius Papp & '2James Parratt

"Department of Pharmacology and Pharmacotherapy, Albert Szent-Gydrgyi Medical University, Dom tér 12, H6701 Szeged,

Hungary and *Strathclyde Institute for Biomedical Sciences, Glasgow, U.K.

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 afforded by cardiac pacing is mediated through nitric oxide.
2 Twenty-two dogs were paced (4 x5 min periods at 220 beats min~') 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 kg~'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 (P<0.05) reduced arrhythmia severity (ventricular fibrillation, 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 significantly (P <0.05) less than in
the paced dogs not given aminoguanidine and similar to the controls). Aminoguanidine had no
significant effects 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 min~".

4 These results suggest that nitric oxide, probably derived from induced nitric oxide synthase,
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contributes significantly to the delayed cardioprotection afforded by cardiac pacing.
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Cardiac pacing; ischaemic preconditioning; nitric oxide; aminoguanidine; delayed cardioprotection; nitric oxide

AG, aminoguanidine; NO, nitric oxide; ctNOS, constitutive nitric oxide synthase; iNOS, inducible nitric oxide

synthase; LAD, left anterior descending coronary artery; VPBs, ventricular premature beats; VT, ventricular

tachycardia; VF, ventricular fibrillation
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Introduction .

Rapid cardiac pacing in dogs results in both an immediate

(Végh et al., 1991) and delayed (Végh 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 & Végh, 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 ez al., 1997).

Although there is a good deal of evidence that, at least in
dogs, NO is a key mediator in the antiarrhythmic effects of the
early (‘classical’) phase of ischaemic preconditioning (Végh et
al., 1992a), there have been no studies concerned with the

* Author for correspondence; E-mail: vegh@ phcol.szote.u-szeged.hu
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possible role of NO in mediating the delayed antiarrhythmic
effects 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 effects of cardiac pacing by
examining the effects of aminoguanidine, a reasonably selective
inhibitor of iNOS (Corbett et al., 1992; Griffiths ez 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 (Végh 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
confirned 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 min~' with 5 min resting intervals
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between the pacing stimuli (Végh er al., 1994; Kaszaia 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 kg=" 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 effect
of aminoguanidine on the inducible nitric oxide synthase
(Tarnoky et al., 1996; Numata et al., 1998). The experimental
protocol is shown in Figure 1.

There were no significant differences 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 kg~!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 (Végh er al., 1992b;
Kaszala et al., 1996). Temperature was recorded from the mid-
oesphagus and maintained at 37 +0.5°C 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 (Végh et al, 1992b). This electrode gives a
summarized recording of R-waves from 30 epicdrdial
measuring points. In ‘the normal, well perfused and
oxygenated, myocardium there is a single large spike because
all sites are activated almost simuitaneously. Following
coronary occlusion, however, widening and fractionation of
this summarized R-wave occurs since, because of the
inhomogeneity of conduction in the ischaemic myocardium,
fibres are not simultaneously activated. This inhomogeneity of
conduction is expressed in the greatest delay in activation (in
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Figure 1 The experimental protocol outlining the procedures
observed for the four groups of anaesthetized dogs.

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
(Végh 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;
defined as a run of four or more ventricular premature beats
at a rate faster than the resting heart rate), and the incidence of
ventricular fibrillation (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 differences
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 significant haemodynamic
differences 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. Differences between groups were considered
significant when P <0.05.

Results
Haemodynamic effects of aminoguanidine

The administration of aminoguanidine, when given 0.5h
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.

Effects of coronary artery occlusion

The haemodynamic effects 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
significant 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 er al., 1996) and there was no
marked difference between the haemodynamic effects 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).
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Table 1 Haemodynamic effects of aminoguanidine (50 mg kg~' i.v.) in dogs paced 24 h previously and in unpaced dogs

Baseline

Systolic arterial blood pressure (mmHg)

Paced 139+6

Unpaced 136 +7
Diastolic arterial blood pressure (mmHg)

Paced 9245

Unpaced 95+3
Mean arterial blood pressure (mmHg)

Paced 10745

Unpaced 109+4
Heart rate (beats min~"')

Paced 14619

Unpaced 14445

Time after injection (min)

1 5 15 30
14149 157+8° 151+7 14749
140+ 7 176+5° 162+7° 156 +10°
91+7 113+5° 10245 9946
99+4 129 +6° 11443° 106+ 5°
10747 128+ 6° 11946 11547
113+5 145+ 6° 130+4° 123+6°
1394 8" 134+ 7° 14349 14348
14446 132+7° 14542 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 significant difference between the two groups in the effect of aminoguanidine.

2P<0.05 vs baseline; ®P <0.01 vs baseline; *P<0.001 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- pre- pre- pre-
occlusion occlusion occlusion occlusion occlusion occlusion occlusion occlusion
Arterial blood pressure
systolic (mmHg) 13414 —1243° 141+6 —10+2° 14749 —1945° 156 +13 —13+3°
diastolic (mmHg) 8743 -7+3" 8615 —8+2° 9946 —1343° 107+4 =720
mean (mmHg) 10343 —8+43 10445 —942° 11547 —-1543% 12345 —-9+2°
LVSP (mmHg) 14016 —11£3% _ 14147 -10£2° 13117 —1444°>  134+6 —1443°
LVEDP (nmHg) 49402 +15.7124° 51401 +16.8+2.8° 564+0.6 +163+1.1° 73407 +6.510.9°
LVdP/dt y,, 29134302 —386+101° 29794183 —584+131° 28544526 —608+150° 32484350 —593+132°
(+ve;mmHg s~ ") .
LVdP/dt,,.x 23704115 —402+151* 27584236 —426+154" 4011+521 —949+280° 4170+422 —987+320%
(—ve;mmHg s~ )
Heart rate (beats min™') 16245 5424 1557 1+1 143+7 241 148+7 2542

The results are given as means+s.e.mean of 8—13 experiments in each of the four groups. *P<0.05 vs baseline; bp<0.01 vs baseline;
€P<0.001 vs baseline; LV =left ventricular systolic; S=systolic; EDP =end-diastolic pressures; AG = aminoguanidine.

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
3304110 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 fibrillated during occlusion (Figure 2). Three of the
remaining five dogs fibrillated 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 70428 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 fibrillated during occlusion (15%;
P <0.05 compared to controls) and eight of the remaining dogs
also survived reperfusion (Figure 2), giving a survival rate of
62% (P <0.05 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 significantly different 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 fibrillation resulting from ischaemia and reperfu-
sion was 89% in the aminoguanidine-treated dogs (Figure 4);
this was significantly higher than in the paced dogs (38%;
P <0.05) and not different 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 modified 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 3 68) was some-
what less than in the controls and 3/8 of these dogs fibrillated
during occlusion (38%). Four of the remaining five dogs
survived reperfusion, giving a survival rate of 50% from the
combined occlusion-reperfusion insult (Figure 4).

There was no significant difference in the area at risk
between the paced dogs given aminoguanidine (37+1%), the
sham controls (37+3%), the paced dogs without aminogua-
nidine (434 1%) and the non-paced dogs given aminoguani-
dine (37 4+3%).
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Figure 2 The distribution of ventricular arrhythmias; ventricular
premature beats (VPBs), ventricular tachycardia (VT) and ventricular
fibrillation (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
fibrillated 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®

fibrillated 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.

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 confirm our previous findings (Végh et al., 1994;
Kaszala er al., 1996) that right ventricular pacing markedly
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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.). *P<0.05 compared to sham controls.
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Figure 4 The incidence of ventricular fibrillation 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 fibrillation during both
occlusion and reperfusion which results from cardiac pacing is
markedly attenuated by the prior administration of aminoguanidine.
*P <0.05 compared to sham controls; +P<0.05 compared to paced
dogs given aminoguanidine.
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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 kg™') 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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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 kg~') 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. *P<0.05
compared to sham controls.

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 fibrillation 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 er al., 1996)
suggests protein induction, and the fact that the protection at
24 h is not seen in dogs treated with dexamethasone (Végh er
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 afforded 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 significantly 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 effects of pacing by
aminoguanidine could conceivably be due to a pro-arrhythmic
effect of the drug, especially as this drug has some effect on
cNOS, as evidenced by the studies of Laszlo ez al. (1995) in
rats. In fact, aminoguanidine did not modify significantly
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 ez al., 1992: Griffiths er al., 1993;
Misko et al., 1993; Kengatharan er 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 & Wolff, 1993) and histaminase (Kusche er 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 reflex 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 N¢-
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 (Végh 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
c¢NOS in coronary vascular endothelium. In a recent study,
although in a quite different 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 different NOS
inhibitors (aminoguanidine and S-methylisothiourea sulphate,
both of which are relatively selective for iNOS, and N“-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 effects of preconditioning, induced by brief
periods of coronary artery occlusion, during the first (classical)
window of protection (Végh et al., 1992a). This concept has
been recently reviewed (Parratt & Végh, 1996). Our concept
(Végh et al., 1994; Végh & Parratt, 1998), that NO plays an
important role in the delayed phase of protection has been
confirmed 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) effect 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 effects 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 effects of pacing, dexamethasone abolished
this protection (Végh 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 effects of pacing-induced pre-
conditioning. This possibility is at present under investigation.
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EXPERIMENTAL CARDIOLOGY

Simultaneous blockade of the
cyclooxygenase and
L-arginine-nitric oxide pathways
prevents the antiarrhythmic
effects of classical
preconditioning
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Department of Pharmacology, Albert Szent-Gyérgyi Medical University, Szeged, Hungary; and Department of
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A Kis, A Vegh, JGy Papp, JR Parratt. Simultaneous blockade
of the cyclooxygenase and L-arginine-nitric oxide pathways
prevents the antiarrhythmic effects of classical precondition-
ing. Exp Clin Cardiol 1997;2(2):112-118.

OBJECTIVES: To determine the role of nitric oxide and
prostanoids in the protection afforded by ischemic preconditioning
against ventricular arrthythmias.

METHODS: Mongrel dogs anesthetized and thoracotomized
were subjected to left coronary artery occlusion. Preconditioning
was achieved by two 5 min occlusions of the artery followed
20 mins later by 225 min occlusion. Control dogs were simply sub-
jected to 2 25 min occlusion. Ventricular arthythmias and standard
hemodynamics were recorded. Full blockade of the L-arginine-
nitric oxide and cyclooxygenase pathways was achieved by the si-
multaneous use of NC-nitro-L-arginine methyl ester (L-NAME)

and sodium meclofenamate.

RESULTS: Preconditioning led to a marked reduction in arrhyth-
mia severity (eg, premature ventricular complexes 79+20 versus
439+72 in controls, ventricular fibrillation 0% versus 43%, sur-
vival 63% versus 7%). It was impossible, except in two dogs, to
precondition in the presence of L-NAME and sodium meclofena-
mate. None of the dogs survived preconditioning and prolonged
occlusion. Ischemic changes were more pronounced in the pres-
ence of dual blockade.

CONCLUSIONS: Results suggest that both nitric oxide and a
prostanoid (perhaps prostacyclin) are the key mediators of the anti-
arthythmic effects of preconditioning in this model.

Key Words: Cyclooxygenase pathway, Ischemic preconditioning,
L-arginine-nitric oxide pathway

It is well established that short periods of sublethal
ischemic episodes protect the myocardium against the se-
rious consequences of a subsequent prolonged ischemia-
reperfusion insult. This form of cardiac adaptation is known
as ischemic preconditioning (1), and is manifested by a delay

in myocardial ischemic damage and cell necrosis (1), by en-
hanced recovery of contractile function during reperfusion
(2), and perhaps, most important, by a marked reduction in
ischemia and reperfusion-induced ventricular arrhythmias
(3-5). Although the precise mechanisms of this antiarrhyth-
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Figure 1 Experimental protocol for studies designed 1o evaluate the
respective roles of nitric oxide and prostanoids in protection against
ventricular arrhythmias by ischemic preconditioning (PC). PC was
induced by two 5 min coronary artery occlusions separated by a
20 min reperfusion period; the control occlusion, 25 mins in dura-
tion, was begun 20 mins after the end of the second PC occlusion or
after PC but before the prolonged ischemic period. ic Intracoronary
injection; iv Intravenous injection; L-NAME NG-nirro-L-arginine
methyl ester; MF Meclofenamate

mic protection afforded by preconditioning are unclear, we
have put forward the hypothesis (reviewed in 6-9) that the
brief ischemic insuits involved in preconditioning result in
the release of ‘endogenous myocardial protective sub-
stances’ (10). These substances, through binding and stimu-
lation of relevant receptors, initiate intracellular signal trans-
duction mechanisms that uitimately lead to the protection of
the myocardium (11,12). °

There is some evidence that the marked antiarthythmic ef-
fects of preconditioning involve the generation of nitric ox-
ide (13) and bradykinin (14). Bradykinin is perhaps the initial
trigger for nitric oxide release from endothelial cells (15) and
from cardiac myocytes (16), and for the release of a cardio-
protective prostanoid, probably prostacyclin (4,12). These
mediators, generated during the preconditioning stimulus
and acting in concert, are then responsible for the antiar-
rhythmic protection during a subsequent more prolonged
ischemic insult (12,15). We have demonstrated an antiar-
rhythmic, nitric oxide-mediated effect of bradykinin in myo-
cardial ischemia (17,18) and a role for it in ischemic
preconditioning (14). Bradykinin has also been found to be
involved in the protective effect of preconditioning in reduc-
ing infarct size in rabbits (19,20) and in enhanced post-
ischemic myocardial recovery in isolated rat hearts (21). This
latter effect was attributed to the release of both prostacyclin
and nitric oxide.

Evidence that nitric oxide and prostacyclin might be in-
volved in the antiarrhythmic protection of preconditioning
came initially from our previous studies in which either inhi-
bition of the L-arginine-nitric oxide pathway by N'-nitro-
L-arginine methyl ester (L-NAME) (13) or blockade of the
cyclooxygenase pathway by sodium meclofenamate (4)
markedly attenuated the antiarrhythmic effects of precondi-
tioning. Although protection against arrhythmias was mark-
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edly attenuated after the separate inhibition of either of these
pathways, it was not fully reversed. In the present study we
therefore examined whether the early protective effects of
preconditioning against arrhythmias are completely abol-
ished if both the L-arginine-nitric oxide and the cyclooxyge-
nase pathways are blocked simultaneously. A preliminary
account of these results was presented at the 15th World Con-
gress of the International Society for Heart Research in Pra-
gue, Czech Republic (22).

ANIMALS AND METHODS

Methods were similar to those previously described (4,5).

In brief, mongrel dogs of both sexes and with a body weight
in excess of 18 kg (mean 23+1.2 kg) were used. The dogs
were anesthetized with a mixture of chloralose and urethane
(60 and 200 mg/kg, respectively, given intravenously) and
ventilated with room air by a Harvard Respirator (Harvard,
Boston, Massachusetts, USA) at a rate and volume sufficient
to maintain arterial blood gases and pH within normal limits
(4). The body temperature was measured in the esophagus
and maintained, by a heating pad, around 37£0.5°C.
_ The animals were thoracotomized at the fifth intercostal
space and the left anterior descending (LAD) branch of the
coronary artery prepared for occlusion just proximal to the
first main diagonal branch. Epicardial ST segment changes
and the degree of inhomogeneity of activation were meas-
ured from the left ventricular (L'V) wall distal to the occlu-
sion site with the use of a ‘composite’ electrode described
previously (23,24). This gives a summarized recording of
R waves from 30 epicardial measuring points. In the ade-
quately perfused and oxygenated myocardium all sites are
activated simultaneously, resulting in a single large spike.
However, following occlusion, widening and fractionation of
this summarized R wave occurs, indicating that the adjacent
fibres are not simultaneously activated because of inhomoge-
neity of conduction. This was expressed as the greatest delay
in activation (in milliseconds) within the ischemic area.

Arterial blood pressure, LV systolic and end-diastolic
pressures, and LV dP/dt were measured by means of trans-
ducers (P23XI. Statham, Hugo Sachs, March-Hugstetten,
Germany) and connected to System-6 (Triton Technology,
San Diego, California, United States). All these parameters,
together with a limb lead electrocardiogram, were recorded
on an eight-channel Medicor R81 recorder Medicor, Eszter-
gom, Hungary). At the end of the experiment patent blue V
dye was infused into the occluded LAD coronary artery at the
occlusion site to estimate the area at risk. This was expressed
as a percentage of the LV free wall.

Ventricular arrthythmias during ischemia and reperfusion
were assessed and analyzed as outlined previously (5), ie, to-
tal premature ventricular complexes (PVCs), the incidence
and number of episodes of ventricular tachycardia (VT) and
the incidence of ventricular fibrillation (VF). No distinction
was made between couplets and salvos, which were included
as single PVCs. VT was defined as a run of four or more ec-
topic beats at a rate faster than the resting sinus rate.

All the data were analyzed statisticaily as previously de-

113



Kis et al

TABLE 1
Hemodynamic effects of meclofenamate (2 mg/kg intravenously) and L-NAME (5 mg/kg intracoronary injection)
Before Before
meclofenamate Meclofenamate Change L-NAME L-NAME Change

Arterial blood pressure (mmHg)

Systolic 1218 1277 62 125%8 1418 16=3*

Diastolic 78=x4 82%5 4%3 80%5 105%6 26x2*

Mean 92+5 97x6 5x2 955 117=7 22x2*
LV systolic pressure (mmHg) 125=%7 130x7 52 129x7 1474 183*
LVEDP (mmHg) 6x1 6=1 0 71 8=1 11
Heart rate (beats/min) 1519 15310 21 153%10 145%9 -8x2*
LV dP/dtmax (mmHg/s)

Positive 2746162 2863+204 11878 2817204 3036231 218=126

Negative 2560114 2752+97 192+66 2674100 2845x121 171x119

*P<0.05; n=19. LV Left ventricle; L-NAME N°-nitro-t-arginine methy! ester; LVEDP LV end-diastolic pressure

scribed (5), ie, data were expressed as means = SEM and dif-
ferences between means were compared by Student’s r test
corrected for multiple comparisons or, for arrhythmias, by
the Mann-Whitney U-test. For comparison of the incidences
of arrhythmias the x2 test for independence in a 2x2 table was
used. Differences between groups were considered signifi-
cant at a level of P<0.05.

The protocol was as follows (Figure 1).
Group 1 (controls): Sixteen animals served as controls and
were allowed to stabilize after surgery for 1 h. Twenty min-
utes before LAD occlusion, saline (0.5 mL/min) was infused
into a small branch of the LAD proximal to the occlusion site,
then the LAD was occluded for 25 mins followed by reperfu-
sion.
Group 2 (preconditioned): Twenty-two animals were pre-
conditioned as previously described (5) by occluding the
LAD for two 5 min periods, with a 20 min reperfusion period
in between. Twenty minutes later the artery was reoccluded
for 25 mins, after which the ischemic area was reperfused.
Group 3 (meclofenamate plus L-NAME plus precondi-
tioned): Nine dogs were given sodium meclofenamate
(2 mg/kg inwavenously) 30 mins before, and L-NAME
(5 mg/kg, by slow local intracoronary injection) 20 mins be-
fore, the first preconditioning occlusion. This was to deter-
mine whether nitric oxide and prostaglandins are generated
during the preconditioning procedure, and hence whether
they are important trigger substances for preconditioning.
The dogs were then preconditioned as described above. In
this group, seven of the nine dogs died during the precondi-
tioning procedure; only the two surviving dogs were then
subjected to the long occlusion.
Group 4 (preconditioned plus meclofenamate plus L-
NAME): Ten dogs were preconditioned in the same manner
as the group 2 dogs but, 5 mins after the second precondition-
ing occlusion (ie, 15 mins before the prolonged [25 min] oc-
clusion), sodium meclofenamate and, 5 mins later (ie, 10
mins before the 25 min occlusion), L-NAME were given by
the same routes and in the same doses as described for the
group 3 dogs. This was to determine whether inhibition of
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both the L-arginine-nitric oxide and the cyclooxygenase path-
ways after the preconditioning stimulus modifies the antiar-
rhythmic effects of preconditioning; that is, whether the
generation of nitric oxide and prostaglandins is also important
in mediating protection during the prolonged ischemic epi-
sode.

RESULTS

Hemodynamic effects of. meclofenamate, L-NAME and
coronary artery occlusion: The hemodynamic effects of
meclofenamate and L-NAME are summarized in Table 1.
Meclofenamate administration resulted in no sufficient
changes in any hemodynamic parameter. However, infusion
of L-NAME significantly increased arterial blood pressure
and LV systolic pressure, and reduced heart rate, LV end-
diastolic pressure, and both positive and negative LV dP/dt
(Table 1). Following coronary artery occlusion, changes in
diastolic and mean arterial blood pressures were somewhat
more marked after this drug treatment. Reductions in positive’
and negative LV dP/dt were similar in both groups.

Ventricular arrhythmias during preconditioning occlu-
sions in the absence and in the presence of meclofenamate
and L-NAME: In normal dogs there are usually relatively
few PVCs during a 5 min coronary artery occlusion. For ex-
ample, in the present series of dogs subjected to precondition-
ing in the absence of meclofenamate and L-NAME (group 4),
the mean number of PVCs during the first 5 min precondition-
ing occlusion was 12+8; three of the 10 dogs exhibited 12 epi-
sodes of VT (mean 1.2+0.6) and four dogs died in VF, during
either occlusion or reperfusion of the ischemic myocardium.
‘When, 20 mins later, the remaining dogs were subjected to the
second S min preconditioning occlusion, there were only 1+1
PVCs, and no dog exhibited VT or VF. When meclofenamate
and L-NAME were given before the preconditioning proce-
dure (group 3), there was a mean of 82+43 PVCs (n=9) during
the first 5 min preconditioning occlusion, and five of the nine
dogs exhibited 37 episodes of VT (mean of the nine dogs was
4.1+2.3). Furthermore, two dogs fibrillated during the 5 min
occlusion and three dogs died in VF following reperfusion
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Figure 3 Number of premature ventricular complexes (PVCs) oc-
curring during a 25 min occlusion of the left anterior descending
coronary artery in anesthetized dogs in controls (open columns; no
preconditioning), in preconditioned (PC) dogs, in dogs given so-
dium meclofenamate (MF) and NC-nitro-L-arginine methyl ester
(L-NAME) after PC and in dogs given these inhibitors before pre-
conditioning (filled columns)

(Figure 2). When the remaining four dogs were subjected to
the second preconditioning occlusion, there was still an in-
creased number of PVCs (mean 52+38), and one of the four
dogs exhibited two VT episodes. When the occlusion was re-
leased two additional dogs fibrillated during reperfusion.
Thus, in this group, only two dogs survived the precondition-
ing procedure.

Effect of dual blockade of the L-arginine-nitric oxide
nathway and the cyclooxygenase pathway on the inci-
dence and severity of prolonged ischemia-reperfusion-
induced ventricular arrhythmias and on survival: Figure
3 illustrates the number of PVCs during a 25 min coronary oc-
clusion in control dogs, in preconditioned dogs and in dogs in
which sodium meclofenamate and L-NAME were given ei-
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Figure 4 Incidence and number of episodes of ventricular tachycar-
dia (VT) during a 25 min occlusion of the left anterior descending
coronary artery in anesthetized dogs that were preconditioned (PC),
in dogs that were also PC but then given a combination of sodium
meclofenamate (MF) and NC-nitro-L-arginine methyl ester (L-
NAME) before occlusion, in dogs given MF and L-NAME before PC
and in control dogs not subjected to any treatment or to PC. PC
markedly reduced the incidence of VT (and the number of episodes);
this protection was completely lost when both pathways were
blocked (MF + L-NAME + PC)

ther before or after the preconditioning occlusions. In confir-
mation of previous studies, preconditioning markedly
reduced the severity of ischemia-induced arrhythmias during
a prolonged occlusion of the LAD. When meclofenamate and
L-NAME were given after the preconditioning procedure, but
before the prolonged occlusion, the number of PVCs was
similar to that in the preconditioned dogs. If meclofenamate
and L-NAME were given together before the preconditioning
procedure, the number of ectopic beats in the two dogs was
similar to that in the controls.

Preconditioning also markedly reduced the incidence,
during prolonged occlusion of the LAD, of the more malig-
nant arrhythmias such as VT (Figure 4) and VF (Figure 5).
Whereas in the control group 90% of the dogs exhibited VT
and the number of episodes of VT per dog was 7.6+2.1, in the
preconditioned group the incidence of VT was only 32% and
the number of episodes of VT per dog was 1.1+0.5 episodes.
The incidence and number of episodes of VT were still re-
duced when meclofenamate and L-NAME were given before
the prolonged occlusion (incidence of VT 50%, number of
episodes of VT 2.6+2.2) but they were markedly increased
when the two inhibitors were administered before the pre-
conditioning occlusions (incidence of VT 100%, number of
episodes of VT 17.5+4.5; Figure 4).

In control dogs subjected to a 25 min occlusion, 42% of
the dogs fibrillated during occlusion and all dogs died fol-
lowing reperfusion (Figure 5). In contrast, in preconditioned
dogs, none died during the 25 min occlusion and 50% of the
dogs survived reperfusion. In the two dogs in which
L-NAME and meclofenamate were given before precondi-
tioning (group 4) one dog died (VF) during occlusion and the
other during reperfusion. Thus, no dog in this group survived.
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Figure 5 Incidence of ventricular fibrillation (VF) during occlusion
(open bars) and reperfusion (shaded bars) during and after a 25 min
occlusion of the left anterior descending coronary artery in anesthe-
tized dogs. There were no survivors in the control group, but a sig-
nificant reduction in VF (especially during occlusion) and an
increased survival in preconditioned (PC) dogs. This protection was
markedly attenuated by inhibiting both the L-arginine-nitric oxide
and the cyclooxygenase pathways. *P<0.05. MF Sodium meclofe-
namate; L-NAME NG-nitro-L-arginine methyl ester

When dogs were given meclofenamate and L-NAME after
the preconditioning procedure, but before the prolonged oc-
clusion (group 3), one of the six dogs (17%) died during oc-
clusion and four dogs fibrillated on reperfusion. Thus,
survival in this group was 10%.

Changes induced by inhibition of the L-arginine-nitric ox-
ide and cyclooxygenase pathways in the degree of inho-
mogeneity of activation within the ischemic area and in
the epicardial electrocardiogram: As shown previously
(5), the inhomogeneous conduction that occurs within an area
of the LV wall supplied by the occluded coronary artery is
markedly reduced by preconditioning. Inhomogeneity of
electrical activation was still largely suppressed when
L-NAME and meclofenamate were given after the precondi-
tioning procedure, but was markedly increased when both
drugs were administered before the preconditioning protocol
(Figure 6).

Occlusion of a coronary artery also results in a rapidly de-
veloping elevation of the epicardial ST segment. This is most
marked when the coronary artery is occluded for the first
time, ie, during the first preconditioning occlusion (groups 2
and 4) or during the first 5 to 10 mins of the prolonged occlu-
sion (control group). The second preconditioning occlusion
and the prolonged occlusion in preconditioned dogs results
in slower development of ST segment elevation and is less
marked (Figure 7). However, in dogs in which meclofena-
mate and L-NAME were given before preconditioning, the
increase in epicardial ST segment was significantly greater,
during both the two preconditioning occlusions (there was
now no difference between them) and the prolonged occlu-
sion. In dogs in which the blockade was performed after the
preconditioning procedure, the elevation in the epicardial ST
segment, during both preconditioning and prolonged occlu-
sion, was similar to that in the preconditioned dogs.
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Figure 6 Degree of inhomogeneity of electrical activation within the
ischemic area during a 25 min coronary artery occlusion in control
dogs (open circles), in preconditioned (PC) dogs (closed circles), in
dogs that were PC but then given a combination of sodium meclofe-
namate (MF) and N G-nirro—L-arginine methyl ester (L-NAME)
(closed triangles) and in dogs given both inhibitors before PC (open
triangles)
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Figure 7 Changes in epicardial ST segment elevation during two
preconditioning (PC) occlusions (with a 20 min reperfusion period
in berween) and, 20 mins later, a 25 min occlusion of the same artery.
Control data are represented by open circles (prolonged occlusion
only), PCdogs by closed circles, PC dogs in the presence of a combi-
nation of meclofenamate (MF) and NG-nitro-L-arginine methyl ester
(L-NAME) by open triangles and PC dogs subsequently given a com-
bination of MF and L-NAME before the prolonged occlusion by
solid triangles. PC markedly reduced ST segment elevation during
the prolonged occlusion, and this was unaffected if dual blockade
was carried out before that occlusion. In contrast, dual blockade be-
fore PC (open triangles) intensified ischemia during both PC occlu-
sions and the prolonged occlusion. *P<0.05

DISCUSSION

As we expected, the simultaneous blockade of both the
cyclooxygenase and L-arginine-nitric oxide pathways before
preconditioning reduced the protection more markedly than
that following blockade of either pathway alone. Usually, in
dogs subjected to preconditioning by brief coronary artery
occlusions, the incidence of VF occurring either during the
first preconditioning occlusion or after its release is about
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25% (Figure 2). In our previous studies (4,13) when the pre-
conditioning procedure was performed in the presence of ei-
ther meclofenamate or L-NAME, the incidence of VF during
the preconditioning procedure was increased to 30% and
45%, respectively. When, in the present study, L-NAME and
meclofenamate were administered together before the pre-
conditioning occlusions, 78% of the dogs fibrillated during
the preconditioning procedure. This result indicates that dual
blockade of the cyclooxygenase and the L-arginine-nitric ox-
ide pathways makes preconditioning almost impossible and
lends support to the concept that both nitric oxide and prosta-
cyclin, generated during the preconditioning stimulus (per-
haps resulting from the rapid activation by bradykinin of B2
receptors), are the mediators responsible for the protective
antiarthythmic effect of preconditioning in this species.

There is strong evidence that during the early phase of
myocardial ischemia a substantial amount of prostacyclin is
released and that this determines the severity of occlusion ar-
rhythmias (25). Indeed, potentiation of prostacyclin forma-
tion, for example with nafazatrom (26) or administration of a
stable prostacyclin analogue, 7-oxo-prostacyclin (27), re-
sults in a profound antiarrhythmic effect. On the basis of
these previous studies it seemed likely that prostacyclin is
aiso involved in the antiarthythmic effect of ischemic pre-
conditioning. Indeed, when the cyclooxygenase pathway
was blocked with meclofenamate before preconditioning,
antiarrthythmic protection was markedly attenuated (4). We
presume that prevention of the formation of prostacyclin is
one of the explanations for this loss of protection. Recently,
Goulielmos and colleagues (28) demonstrated that inhibition
of prostacyclin and nitric oxide release from endothelial cells
during global ischemia in guinea-pig isolated hearts accentu-
ated the ischemia-induced reduction in 95% action potential
duration and reduced the time to onset of VT. They suggested
that endothelium-derived nitric oxide and prostacyclin mod-
ify arthythmogenesis during myocardial ischemia and that
this is probably mediated through changes in platelet activa-
tion. .

A variety of potentially protective mediators might be re-
leased under conditions of myocardial ischemia (10,12).
These include adenosine, prostacyclin, bradykinin and nitric
oxide; each of these may be considered as an endogenous
cardioprotective substance (10). Indeed, there is good evi-
dence that nitric oxide is released into the coronary circula-
tion under both basal and stimulated conditions (29) and that,
through the elevation of cGMP, it regulates the coronary cir-
culation. The suggestion that nitric oxide might be involved
in the antiarrhythmic effects of ischemic preconditioning in
the canine came first from studies in which the generation of
nitric oxide or its effect on soluble guanylyl cyclase were
arevented by either L-NAME (13) or methylene blue (30),
respectively. In contrast, L-NAME failed to reverse the anti-
arrhythmic effect of preconditioning in rats (31), and there
is even some evidence that L-NAME reduces, rather than
increases, infarct size in rabbit isolated hearts via an
adenosine-dependent mechanism (32). Although we have no
direct evidence for the hypothesis that nitric oxide plays a
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mediator role in preconditioning (nitric oxide levels were not
measured in these particular experiments), a2 number of stud-
ies support the concept that nitric oxide is an important en-
dogenous cardioprotective substance under conditions of
ischemia and reperfusion. Recently, Pabla and Curtis (33)
demonstrated that nitric oxide protected against VF in rat
hearts during reperfusion following prolonged ischemia. One
of the possible mechanisms of this antiarrhythmic protection
is that nitric oxide may inactivate superoxide radicals during
reperfusion (11,33). Similarly, inhibition of nitric oxide syn-
thase with L-NAME augmented ischemia-reperfusion injury
in rabbit hearts in vivo (34). Thus, nitric oxide appears to
function as an endogenous cardioprotectant not only in the
canine but also in rats and rabbits. Maulik and colleagues
(11) demonstrated that nitric oxide plays an important role in
transmembrane signalling in the ischemic myocardium.
This signalling system seems to be transmitted via cGMP
and opposes the effects of phosphodiesterase enzymes. A
similar mechanism has been suggested to contribute to the
protection seen after preconditioning (12,15).

In our previous experiments, the separate inhibition of the
L-arginine-nitric oxide and the cyclooxygenase pathways
with L-NAME (13) and meclofenamate (4), respectively,
markedly attenuated, but did not completely reverse, the anti-
arrhythmic effects of ‘classical’ ischemic preconditioning.
These studies provided indirect evidence of roles for nitric
oxide and prostacyclin in the antiarrhythmic protection af-
forded by preconditioning in the canine heart. The present
study, in which we blocked the generation of both nitric ox-
ide and prostacyclin by simultaneously inhibiting their syn-
thesis pathways before preconditioning, provides further
evidence that both nitric oxide and prostacyclin are generated
during the preconditioning stimulus and contribute to antiar-
rhythmic protection. Indeed, inhibition of the generation of
these substances before short preconditioning occlusions
made preconditioning almost impossible. However, when
preconditioning was performed in the absence of L-NAME
and meclofenamate, and thus the protection was allowed to
develop, and when the two inhibitors were then administered
only before the prolonged occlusion, antiarrhythmic protec-
tion was largely preserved.

The effects of complete reversal of the antiarrhythmic ef-
fect of preconditioning by the simultaneous inhibition of
these two mediators were similar to those seen when the ef-
fects of bradykinin were inhibited with an antagonist (icati-
bant) at bradykinin (B2) receptors (14). When icatibant was
given before preconditioning, only 50% of the dogs survived
the preconditioning procedure. '

CONCLUSIONS

Simultaneous protection of the generation of both nitric
oxide and prostacyclin in anesthetized dogs completely abol-
ished the antiarrhythmic effects of preconditioning. The re-
sults suggest that both nitric oxide and prostacyclin are
generated during the preconditioning procedure, probably as
aresult of early bradykinin release. Released nitric oxide and
prostacyclin, generated in endothelial cells, may diffuse to
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the cardiac myocytes (and platelets) and trigger signal rans-
duction mechanisms that ultimately lead to antiarrhythmic
protection.
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EARLY AND DELAYED PROTECTION
AGAINST VENTRICULAR
ARRHYTHMIAS INDUCED

BY PRECONDITIONING

AGNES VEGH*, ADRIENN KIS*, JULIUS GY PAPP*, and
JAMES R. PARRATT**

* Albert Szent-Gyorgyi Medical University
** University of Strathclyde

Summary. Ischemic preconditioning, induced by brief periods of coronary artery occlusion,
results not only in a reduction in myvocardial ischemic damage bur also in suppression of those
life-cthreatening ventricular arrhythmias that result from a subsequent, more prolonged
ischemia—reperfusion insult. Although this protection is marked, the antiarrhythmic effect is
transient and the protection wanes with time (e.g., 60 minutes after the preconditioning
stimulus, the antarrhythmic effect is almost lost). Protection against ventricular arrhythmias
can also result from bref periods of cardiac pacing, which leads to both immediate and
delayed protecton, e.g., a marked reduction in the incidence of ischemia-induced ventricular
fibrilladon, five minutes after pacing and also 24 hours later. This delayed protection against
arrhythmias is less marked 48 and 72 hours after the pacing stimulus but can be reinstated, and
lasts for a more prolonged period, if dogs are repaced at a time when protection from the
initial pacing stimulus begins to wane. Whether it is possible to protect the heart in the longer
term by pacing is unknown but is under investigaton. Although the precise mechanisms of
both the early and delayed protection are not yet fully understood, there is some evidence
that endogenous protective mediators derived from coronary vascular endothelium, such as
bradykinin, nitric oxide, and prostanoids (most likely prostacyclin), are involved in both
phases of this andarrhythmic protection. These may then trigger the induction, during the
late phase, of protective proteins.

INTRODUCTION

One of the most important consequences of the abrupt reduction in coronarv blood
flow that results from coronary artery occlusion, both in humans and in experimen-
tal animals, is the occurrence of those life-threatening ventricular arrhythmias that

S. Mochizuki, N. Takeda, M. Nagano and N. Dhalla (eds.). THE ISCHEMIC HEART. Copyright © 1998. Kluwer
Academic Publishers. Boston. All rights reserved. )
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are, in the clinical situation, responsible for sudden cardiac death [1-3]. Severe
myocardial ischemia, infarction, and sudden cardiac death are leading causes of
cardiovascular mortality in modern societies. Protecting the myocardium from
ischemic injury is thus a major aim in the reduction of morbidity and mortality from
ischemic heart disease. Despite advances in drug therapy and interventional cardiol-
ogy (e.g., early thrombolysis, percutaneous coronary angioplasty) and surgery (coro-
nary bypass surgery), further research is required to explore new strategies that might
ultimately provide practical therapeutic interventions.

There has been much recent interest in experimental cardiology in the observa-
tion that the heart (and indeed other organs) is able to protect itself against fatal,
severe injury if it has been previously subjected to a similar, sublethal stress. Ischemic
preconditioning is one form of such cardioprotective adaptation, first described by
Murry and colleagues in 1986 [4]. Ischemic preconditioning can be defined as the
increased tolerance of the heart that can be induced by brief periods of ischemia and reperfusion.
There is evidence that ischemic preconditioning offers an extremely powerful
protection against ischemic damage [4] and against occlusion and reperfusion-
induced ventricular arrhythmias [5-7] and that it also enhances the recovery of
contractile functon during reperfusion of the ischemic mvocardium [8]. The pro-~
tection achieved by preconditioning exceeds the effectiveness of any known phar-
macological intervendon [9,10] and may represent an important clinically accessible
component of myocardial protection. Although the precise mechanisms of this
phenomenon are not fully understood, much of the evidence suggests that endog-
enous myocardial protective substances are involved [11].

The purpose of this chapter is to oudine the evidence for the antarrhythmic
effects of precondidoning and to discuss the possible mechanisms of this protection
with particular reference to studies made in a canine model of ischemia and
reperfusion.

THE ANTIARRHYTHMIC EFFECTS OF ISCHEMIC

PRECONDITIONING: HISTORICAL BACKGROUND

Before the *“preconditioning era,” there were several published observations demon-~
strating the reduction, by brief periods of ischemia, of the severity of ventricular
arrhythmias resulting from a subsequent period of ischemia. For example, as early as
1950, Harris [12] showed that dogs are more likely to survive a coronary artery
occlusion if this is performed in two stages. Much later, Giilker and his colleagues
investigated the effect of multiple coronary artery occlusions on the ventricular
fibrillation threshold [13]. They showed that the decrease in the ventricular
fibrillation threshold became increasingly less marked, and the duration increasingly
shorter, during repeated occlusions, and that the last (fifth) occlusion resulted in no
significant decrease in fibrillation threshold at all. Later, Barber [14] not only
confirmed that brief periods of ischemia result in less severe ischemic changes (i.e.,
epicardial ST-segment elevation) [15—17] but also reduced the number of ventricu-
lar premature beats that occurred during the second, and subsequent, occlusions of
the same short duration. None of these studies was designed, however, to explore
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the possibility that ventricular arrhythmias arising during a prolonged ischemic insult
could be modified if that insult had been preceded by one or more shorter periods
of ischemia—in other words, to test the hypothesis that ischemic preconditioning
results not only in a reduction in myocardial ischemic damage but also in a sup-
pression of ventricular arrhythmias.

The first report that ischemic preconditioning might protect the myocardium
against reperfusion-induced ventricular arrhythmias came from the studies of Shiki
and Hearse [5]. In anesthetized rats, they showed that the incidence and severity of
ventricular arrhythmias following the release of short periods of coronary artery
occlusion of the same duration (five minutes) was markedly attenuated if the
recovery period between the repeated occlusions was 10 or 20 minutes. This
antarrhythmic effect was, however, greatly attenuated if the second occlusion—
reperfusion insult was performed hours or even days after the first occlusion. This
study was, in effect, similar to that of Barber [14] except that reperfusion
arrhythmias were examined and that very much longer “rest” (reperfusion) periods
were used. Neither of these studies provided evidence relevant to the important
question of whether brief ischemic episodes also protect the heart against those
ventricular arrhythmias that occur during a longer period of ischemia—reperfusion.
Shiki and Hearse [5] also failed to observe the reappearance of protection against
arrhythmias 24 hours after the initial preconditioning stimulus, i.e., the late, or
delayed, second window of protecton that has since aroused such considerable
interest. Perhaps the explanation for this is that the preconditoning stimulus (a
single five-minute coronary artery occlusion) was too weak.

THE ANTIARRHYTHMIC EFFECTS OF ISCHEMIC PRECONDITIONING

The first demonstration that short periods of sublethal ischemic stress are protective
against those ventricular arrhythmias that occur during a subsequent longer period of
ischemia—reperfusion was provided by a collaborative study, performed in parallel in
Glasgow and in Szeged, using two different species [18,19]. Komori, working in the
Glasgow department, examined in an anesthetized rat model whether brief periods
of ischemia reduced the severity of arrhythmias during a subsequent, more pro-
longed period of coronary artery occlusion. He found that the number of ventricular
premature beats and both the incidence and durartion of ventricular tachycardia (VT)
during a 30-minute occlusion were markedly suppressed if that prolonged occlusion
had been preceded 10 minutes earlier by a single three-minute occlusion [7,19]. A
single one-minute preconditioning occlusion was not effective, whereas a five-
minute occlusion in this model [20] resulted in a high incidence of ventricular
arthythmias following reperfusion of the ischemic myocardium. It seemed from
these results that in anesthetized rats, a single three-minute preconditioning occlu-
sion is optimal for triggering protection against those ventricular arrhythmias that
occur during a subsequent 30-minute period of ischemia, commencing shortly (10
minutes) after this preconditioning stimulus (table 1). This protection was, however,
much less pronounced if the time interval between the single preconditioning
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Table 1. The number of ventricular premature beats (VPBs), the incidence and duration of
ventricular tachycardia (VT), and the incidence of ventricular fibrillaton (VF) in rats following
preconditoning

Duration of

preconditioning Incidence Duration of Incidence
occlusion (min) n Number of VPBs of VT (%) VT (s) of VF (%)
0 (Control) 12 1236 = 262 100 95.6 = 28.7 42

1 8 1230 = 370 100 109.8 = 30.9 50

3 10 200 = 6(» 70 12.6 = 3.8 10

5 10 394 = 1520 60° 55.1 £ 20.3 30

ip < 0.01 cp. nonpreconditioned animals.

bp < 0.05 cp. nonpreconditioned animals.

Note: Rats were subjectec to a 30-minute occiusion of the left coronary artery. In the preconditioned rat, this was
preceded 10 minutes earlier by a preconditioning occlusion of 1, 3, or 5 minutes. Preconditioning periods of 3 or 5
minutes significantly reduced the arrhythmias occurring during 2 longer occlusion. Values are mean (XSEM).

occlusion and the prolonged occlusion was increased from 10 minutes to 30 minutes
and was endrely lost if the reperfusion period was further increased to one hour
[7].

This marked andarrhythmic effect of ischemic preconditioning was also con-
firmed in a large animal arrhythmia model, which had been used for many years in
the Szeged department. In mongrel dogs, anesthetized with a mixture of chloralose
and urethane, we showed that if a prolonged, 25-minute occlusion of the anterior
descending branch of the left coronary artery (LAD) was preceded, 20 minutes
earlier, by one or two brief (five-minute) occlusions of that same artery, the severity
of the arrhythmias during the prolonged occlusion was markedly reduced [6,7]). This
pronounced antdarrhythmic effect of preconditioning is illustrated in figure 1.
Usually these early postocclusion ventricular arrthythmias (e.g., ventricular premature
beats) occur in two phases: phase 1a and phase 1b (figure 1) [21]. However, when
this prolonged occlusion was preceded 20 minutes earlier by two five-minute
periods of occlusion, separated by a 20-minute reperfusion interval, the number of
premature ectopic beats was markedly suppressed over the entire 25-minute occlu-
sion period. This was real protection, i.e., there was an absolute reduction in the
number of ectopic beats and there was no shift in the distribution of these to a later
time. This was demonstrated in experiments in which the occlusion tme was
prolonged from 25 minutes to 60 minutes [7].

There is considerable evidence that the severity of ventricular arrhythmias during
coronary artery occlusion depends, among other factors, upon the site of occlusion,
the area at risk, the anesthetic used, the weight of the dogs (heart: body weight
ratio), the extent of the preexisting coronary collateral circulation, the electrolyte
balance, and the degree of cardiac sympathetic drive. The influence of these various
factors has been discussed recently [22,23]. In the chloralose-urethane anesthetized
canine model, occlusion of the LAD proximal to the first main diagonal branch
produces severe myvocardial ischemia and results in an area at risk of infarction of
about 40%—43% of the mass of the left ventricle (including the septum), a great
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Figure 1. Distribution of ventricular premature beats (VPBs) at one-minute intervals over a 25-
minute occlusion period of the left anterior descending (LAD) coronary artery, in control dogs (open
histograms) and in dogs subjected to preconditioning by two five-minute occlusions of the LAD
(hatched histograms). VPBs over a 25-minute occlusion of 2 coronary artery occur in two phases:
phase la and phase Ib. When this prolonged occlusion is preceded by two brief (five-minute)
occlusions of that same artery, there is 2 marked reduction in the number of VPBs throughout the
entire occlusion period.

number of ventricular premature ectopic beats (VPBs; more than 400 during a 25-
minute occlusion), and a high incidence (90%—100%) of ventricular tachycardia
(VT), with many episodes of VT (more than nine per dog; see figure 2). In 40%—
50% of these dogs, ventricular fibrillation (VF) results. Clearly, this is a very severe
arrhythmia model. Further, the subsequent reperfusion of the ischemic myocardium
results in ventricular fibrillation in all the dogs (figure 2). All these severe ventricular
arrhythmias were reduced dramatically when the heart was previously subjected to
short periods of ischemia. For example, the incidence and number of episodes of VT
during occlusion were significantly less in these preconditioned dogs. However, the
most striking feature of this protection was the absence of VF during occlusion and
the increased survival from the combined ischemia—reperfusion insult (figure 2).
There is no doubt that ischemic preconditioning also reduces the severity of
arrthythmias in rat hearts subjected to coronary artery occlusion both in vivo
[7,18,19,24] and in vitro [25-27]. Some studies using a canine model of precon-
ditioning have shown a similar reduction in arrhythmia severity [6,7,28], but
some investigators [29,30] have been unable to confirm this marked antiarrhythmic
effect. There is only one example of preconditioning inducing protection against
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Figure 2. The incidence and severity of ventricular arrhythmias during a 25-minute occlusion of the
anterior descending branch of the left coronary artery, and survival following reperfusion at the end
of the occlusion period, in control dogs (open columns) and in dogs subjected to preconditoning,
either by two (hatched columns) or four five-minute (solid columns) coronary artery occlusions. The
severity of these ventricular arrhythmias during such a prolonged occlusion is markedly reduced when
the dogs had been previously preconditioned, either by two or four brief periods of occlusion of that
same artery. *, p < 0.05cp. control dogs.

arrhythmias in anesthetized pigs [31]. Most of the laboratories using a pig model for
assessing ischemic injury as a primary endpoint failed to demonstrate such an
anaarrhythmic protecton [32].

A number of possible explanations for these discrepancies have been previously
discussed in detail [22,23], and this is not the place to repeat them. Apart from the
variability in the protocols used by the different groups, one difference of some
potential importance is the fact that multple preconditioning occlusions (usually
four five-minute episodes with short reperfusion intervals), or longer periods of
ischemia (10 minutes), were used in those studies that aimed primarily to examine
the effects of preconditioning on infarct size [4]. We surmised that these protocols
might have detrimental effects on arrhythmias during a subsequent prolonged
occlusion. Certainly, it would be difficult in our model to use a preconditioning
occlusion of as long as 10 minutes because reperfusion after such a long precon-
ditioning occlusion would certainly result in immediate ventricular fibrillation.
Indeed, Li and his colleagues [28] showed, also in dogs, that whereas a single five-
minute preconditioning occlusion reduced the incidence of ventricular fibrillation,
a greater number of preconditioning occlusions (12 X 5 minutes) resulted in a high
mortality during the subsequent prolonged occlusion.

It seemed of interest to determine in our model, which has consistently demon-
strated an andarrhythmic effect of preconditioning. whether multiple occlusions
still protect the myocardium against ischemia-induced life-threatening ventricular
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arrhythmias in a similar way to that achieved by one or two such occlusions. In a
series of experiments, we preconditioned dogs with four five-minute periods of
LAD occlusion interspersed with five-minute reperfusion periods, and five minutes
later subjected the heart to a 25-minute coronary artery occlusion. Figure 2 shows
that four five-minute periods of coronary artery occlusion resulted in a similar
protection against ventricular arrhythmias to that which occurred in dogs precondi-
tioned by only two such occlusions. Thus, in our hands, increasing the number of
preconditioning occlusions (at least up to four) with short reperfusion intervals (five
instead of 20 minutes) still maintained the andarrhythmic effect during a prolonged
occlusion. This finding might mean that other factors, such as the anesthesia used,
the risk zone, sympathetic drive, etc., are particularly important in the generation of
these early ventricular arrhythmias. Certainly, there seems little point in attempting
to examine possible antiarrhvthmic effects of preconditioning in an inappropriate
model in which coronary artery occlusion results in only a few premature beats (2
mean of less than 50 over a 60-minute occlusion period) [29] even under control
conditions. This outcome probably reflects the depressant effects of barbiturate
anesthesia on the myocardium.

There was clear evidence from our studies that preconditioning reduces the
severity of myocardial ischemia. This result was demonstrated by the measurement
of epicardial ST-segment elevation and the degree of inhomogeneity of electrical
activation, within the ischemic area [6,7]. Preconditioning by an increased number
of occlusions also confirmed this andischemic effect of preconditioning. Thus, when
dogs were preconditioned by four, rather than only two, five-minute periods of
coronary artery occlusion and, five minutes later, subjected to a 25-minute occlu-
sion, there was marked epicardial ST-segment elevation, particularly during the first
five-minute preconditioning occlusion. The following preconditioning occlusions
and the prolonged occlusion resulted in significantly less pronounced epicardial
ST-segment elevatdon (figure 3) and less marked changes in the degree of
inhomogeneity (figure 4). These changes were significantly less marked than those
seen in control dogs. This modification of ischemia severity occurred without a
significant change in collateral blood flow, since the reduction in peripheral coro-
nary perfusion pressure, measured in a small branch of the LAD distal to the
occlusion site, was the same during each coronary artery occlusion (figure 5). This
finding might indicate that the anti-ischemic, and perhaps also the antiarthythmic,
effects of ischemic preconditioning are not dependent upon changes in collateral
blood flow. This question was particularly important to clarify in our experiments
because there has been some debate as to whether species with a variable coronary
collateral circulation, such as dogs, can be preconditioned in such a way as to reduce
ventricular arrhythmias induced by ischemia. However, there is no evidence that
coronary blood flow is higher when the artery is occluded a second time, i.e., that
an increase in collateral (overlap) blood flow is responsible for the decreased injury
seen at sites immediately below surface electrodes [14,28], or that there is any
significant change in peripheral coronary pressure (an index of collateral perfusion)
during successive coronary artery occlusions (figure 5). Even Murry and colleagues
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Figure 3. Changes in epicardial ST-segment elevadon in anaesthetzed control dogs (open squares),
and in dogs preconditioned by four five-minute occlusions and then, five minutes later, subjected

to a 25-minute occlusion of the left anterior descending coronary artery (open circles). This figure
shows that the most marked epicardial ST-segment elevation occurs during the first five-minute
preconditioning occlusion. The following preconditoning occlusions, and the prolonged occlusion,
result in a significantly less pronounced ST-segment elevation. This increase in epicardial ST-segment
during prolonged occlusion is significantly less marked than in control dogs during the same
occlusion peniod. *, p < 0.05cp. first precondidoning occlusion; +, p < 0.05cp. control group.

in their initial study demonstrated that the reduction in infarct size was apparent at
any level of collateral circulation [4]. Further, the protective effects of precondition-
ing, including arrhythmia suppression, are present in those species with very little
coronary collateral development (e.g., rats).

The antiarrhythmic effect of ischemic preconditioning has thus been demon-
strated in at least two species (rats and dogs). This protection is marked (reduction in



Andarrhythmic Effects of Preconditioning 287

_msec OCCLUSION1  OCCLUSION2 OCCLUSION3  OCCLUSION 4
—

=1y [ v Y v

Z 120 I/l

5 100 = * o

p—

< I ¥
S 80- Ml I

— * *

Z 60+ E/]. %

S OF
B

&

sRIEK
(]
(s ]
i
h*\
1oy *

~

i 0 ] ] 1 1 1 ¢/—? " S | ] 1 ?éljj R S 1 F{i‘—I 13 1] i

— . i g * .
 min * ° min BRI G L R

B i 25 min OCCLUSION

»~~ 200+

Ri

< \1_

= 150+ —— T I I

A

S - - I

— -

=

= 100 .y i +

= | T o -

— o C I

= 504 ) 5

,E

=" 0 - : ‘ .

o 0 5 10 min 15 20 25

Figure 4. Changes in the degree of inhomogeneity of electrical activation in anaesthetized control
dogs subjected to a 25-minute coronary artery occlusion (open squares), and in dogs preconditioned
by four five-minute occlusions and then, five minutes later, subjected to a 25-minute occlusion

of the left anterior descending coronary artery (open circles). The most pronounced increase in

the degree of inhomogeneity is seen during the first five-minute preconditioning occlusion. The
following preconditioning occlusions, and the prolonged occlusion itself, result in significanty less
marked changes in the degree of inhomogeneity. The increase in the degree of inhomogeneity is
also significantly less marked during the prolonged occlusion in the preconditdoned dogs than in the
control dogs. *, p < 0.05cp. first preconditioning occlusion; +, p < 0.05cp. control group.

the severity of arrhythmias) and real (absolute reduction in the number and inci-
dence of ventricular arrhythmias without shifting to a later time period). However,
this marked antarrhythmic effect of preconditioning is transient; the protection
wanes with time. For example, if the time interval between the preconditioning
occlusions and the prolonged occlusion is increased from 20 minutes to 60 minutes,
the antiarrhythmic effect is markedly attenuated (figure 6). The number of VPBs



288 II. Precondidoning and Protection of Ischemia—Reperfusion Injury

mmHe OCCLUSION1  OCCLUSION2 OCCLUSION3  OCCLUSION 4

A v v v
1 : I !
100
. 80
é L
60
407
o] TR Sggg fomdd Sgpdd
-
0 B N T R P T e | SR T T TR TS . S 5.
0 : 5 0 : 5 0 z 5 0 - >

min min min min

mmHg 25 min OCCLUSION

100 4
. 807
&)
60
40
-~ A

20 -9—§—§-§ %4 §\6______§

0 T T T T T T

0 5 10 15 20 25

min

Figure 5. Changes in peripheral coronary perfusion pressure (CPP; mmHg) during brief (five-
minute) and prolonged (25-minute) occlusions, measured in a small branch of the left anterior
descending coronary artery distal to the occlusion site. The reduction in peripheral CPP is the same
during repeated occlusions of the LAD, suggestng there is no collateral vessel recruitment.

and the incidence and number of episodes of VT during coronary artery occlusion
are similar to those in control dogs and, although the incidence of VF during
occlusion 1is still reduced, nearly all the dogs fibrillated on reperfusion. Survival, as
in control dogs, is either not observed at all or is much reduced.
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Figure 6. The transient nature of protection afforded by ischemic preconditoning (by brief coronary
artery occlusions) against ventricular arrhythmias in anesthetzed dogs. The protecton is lost if the
ume between the preconditioning occlusions and the prolonged occlusion is increased from 20
minutes to 60 minutes. The figure shows the number of ventricular premature beats (VPBs), the
number of episodes of ventricular tachvcardia (VT), and the incidences of VT and ventricular
fibrilladon (VF) during a 25-minute occlusion of the left anterior descending coronary artery and
during subsequent reperfusion. There is a reduction in the number of VPBs and VT episodes and in
the incidences of both VT and VF (and an increased survival) in those dogs that were preconditoned
by two five-minute occlusions (striped columns), provided that the reperfusion time was 20 minutes,
but nort if the reperfusion tume was increased to one hour (solid columns). *, p < 0.05cp. control
nonpreconditoned dogs (open columns).

PRECONDITIONING BY RAPID CARDIAC PACING

In most studies concerned with suppression of ischemia- and reperfusion-induced
ventricular arrhythmias, the preconditioning stimulus has been complete occlusion
of a major branch of a coronary artery (or global ischemia in isolated hearts). The
question as to whether it is possible to induce preconditioning of the myocardium
by means other than short coronary artery occlusion was initally investigated by
rapid cardiac pacing. In 1991 we reported that rapid (overdrive) ventricular pacing
reduces the consequences of subsequent periods of regional ischemia in anesthetized
dogs [33]. Thus, the epicardial ST-segment elevation, the changes in the degree of
inhomogeneity of electrical actuvation within the ischemic area, and ventricular
arrhythmias that normally occur during a 25-minute LAD occlusion were markedly
reduced when the dogs were subjected to two brief (two-minute) periods of
rapid right ventricular pacing (300 beats/min) two minutes prior to the occlusion.
In conscious rabbits, overdrive pacing also reduced changes in left ventricular
end-diastolic pressure and endocardial ST-segment elevation induced by subsequent
periods of overdrive pacing [34]. Perhaps these were the first attempts to induce
preconditioning of the myocardium by means other than by short coronary artery
occlusions. Since then it has become well established that preconditioning can be
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induced by stimuli other than complete occlusion of a coronary artery. Thus, similar
infarct size limitation can be achieved by partial coronary artery occlusion [35,36],
by hypoxia [37], by increasing stretch in the left ventricular wall via acute volume
overload [38], by transient ischemia in adjacent myocardial regions [39], and even
following ischemia in organs other than the heart (preconditioning at a distance;
{40,41]). However, none of these studies was designed to investigate, as a primary
endpoint, the effects of these various preconditioning stimuli on ventricular
arrhythmias.

We do not understand precisely why cardiac pacing protects the heart against the
effects of a subsequent coronary artery occlusion. One possibility is that these short
periods of cardiac overdrive pacing result in transient ischemia, especially in the
endocardial regions of the left ventricular wall, because subendocardial perfusion
pressure would be drastically reduced due to the combination of reduced coronary
artery diastolic perfusion pressure and a markedly elevated left ventricular end-
diastolic pressure [42]. Evidence for subendocardial ischemia was obtained in experi-
ments in which we recorded the electrocardiogram from the endocardium of the left
ventricle during right ventricular pacing [43]. Immediately following cessation of
pacing, there were transient electrographic changes (4-3mV ST-segment elevation)
indicative of myocardial ischemia. This ischemia was limited to the endocardium,
since there was no evidence for ST-segment changes in the epicardial surface of the
left ventricle at this time [43].

A similar marked protection was seen against occlusion and reperfusion
arthythmias if the heart was paced at a lower frequency (220 beats/min) but for a
longer period (four times for five minutes) [43,44]. In these experiments, dogs were
paced four times for five minutes at a rate of 220 beats/min, using a bipolar pacing
electrode introduced into the right ventricle. This procedure was followed, at
various time intervals after cessation of pacing, by a 25-minute coronary artery
occlusion and then by reperfusion. Such cardiac pacing markedly reduced the

_severity of ventricular arrhythmias during coronary artery occlusion when this was
induced five minutes later. These results are illustrated in figure 7. In contrast to the
control group, in which 43% of the dogs fibrillated during occlusion and all the dogs
died following reperfusion, no dog in the paced group died during occlusion and
55% of the dogs survived reperfusion. However, as with the antarhythmic effects of
classical preconditioning, the protection was lost if the time between the pacing
stimulus and the commencement of the prolonged coronary artery occlusion was
increased. When dogs were preconditioned by cardiac pacing, the duration of the
protection was much shorter than when preconditioning was induced by brief
coronary arterv occlusions, suggesting that the duration of the protection may
depend on the intensity of the proceeding ischemic stimulus. Thus, when the artery
was occluded five minutes after the end of the pacing stimulus, there was marked
antiarrhythmic protection (figure 7). However, this protection was attenuated if the
interval between the pacing period and the occlusion was increased to 15 minutes,
and protection was almost lost when this interval was increased to one or six hours

(figure 8).
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Figure 7. The severity of ventricular arrhythmias during a 25-minute coronary artery occlusion in
control dogs (open columns) and in dogs subjected to right ventricular pacing five minutes previously
(striped columns). Cardiac pacing (four times for five minutes at a rate of 220 beats/min) five
minutes before occlusion of the left anterior descending coronary artery markedly reduces the number
of ventricular premature beats (VPBs), the number of episodes of ventricular tachycardia (VT), and
the incidences of VT and ventricular fibrillation (VF) during occlusion, and also increases survival
from the combined ischemia-reperfusion insult. *, p < 0.05¢p. control, nonpaced dogs.

On the basis of these results, we conclude that preconditioning induced either
by short coronary artery occlusions or by cardiac pacing results in a marked
antiarrhythmic effect against those ventricular arrhythmias that occur during a
subsequent, more prolonged ischemia—-reperfusion insult.

DELAYED ANTIARRHYTHMIC EFFECTS OF CARDIAC PACING

As outlined above, one of the disappointments of classical ischemic preconditioning
is that the protection is relatively short-lived. In most experiments, the protection is
lost as the time interval between the preconditioning stimulus and the prolonged
ischemic insult is increased to one or two hours; the protection induced by cardiac
pacing disappears in an even shorter time. A very important step in preconditioning
research was the discovery that the protection afforded by short coronary artery
occlusions returned several hours later [45,46]. Two groups, in Japan and in the
United Kingdom, showed that brief periods of coronary artery occlusion resulted in
both early protection against myocardial necrosis, disappearing within two hours, and
delayed protection, with a time course of many hours. This phenomenon is now
known as late or delayed myocardial protection or the second window [47].

A similar delayed protection against ischemia-induced ventricular arrhythmias,
resulting from cardiac pacing, has been observed in our canine mode ([43,48,49]; see
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Figure 8. The incidence of ventricular fibrillarion during a 25-minute occlusion of the left anterior
descending coronary artery, and the overall survival from the combined ischemia-reperfusion insult,
in control dogs and in dogs subjected to preconditoning by cardiac pacing at different dmes prior to
the coronary occlusion. The incidence of ventricular fibrilladon during occlusion is markedly reduced
five minutes after cessation of pacing. This protection is attenuated, or abolished, if the time between
the last pacing period and the occlusion is increased to 15 minutes, one hour, or six hours. Survival
from the ischemia-reperfusion episode is markedly increased five minutes, but not 15 minutes, one
hour, or six hours after pacing. *, p < 0.05cp. contol dogs.

figure 9). The total number of VPBs, the incidence and number of episodes of VT,
and the incidence of ventricular fibrillation during coronary artery occlusion were
all reduced in dogs paced 24 hours previously. Further, 50% of these dogs survived
the combined ischemia-reperfusion insult; in contrast, there were few survivors
in the sham-operated control dogs. This delaved protection against ventricular
fibrillation was not observed when the time between the pacing stimulus and the
occlusion was extended to 48 or 72 hours (figure 10), although these was still
evidence of protection against VPBs and VT.

Recently we have tried to widen this time window of protection by repeating the
preconditioning pacing stimulus at a time when the antarrhythmic effect of the
previous pacing had already waned [50]. In these experiments, we paced dogs, under
light pentobarbitone anesthesia, on day 1 but instead of occluding the coronary
artery on day 3, when we had determined that the antiarrthythmic protection would
be virtually lost, we repeated the pacing stimulus at this time. Forty-eight hours after
this second pacing stimulus (on day 5), we reanesthetized the dogs and occluded the
left anterior descending coronary artery for 25 minutes. Repeated pacing during the
period when the protection had faded resulted in a more prolonged protection
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Figure 9. The incidence and severity of ventricular arrhythmias during 2 25-minute coronary

artery (LAD) occlusion in control dogs (open columns) and in dogs subjected to right ventricular
pacing 20-24 hours previously (striped columns). Cardiac pacing markedly reduced the number of
ventricular premature beats (VPBs), the number of episodes of ventricular tachycardia (VT), and the
incidences of VT and ventricular fibrillation (VF) in these dogs when they were subjected to 2 25-
minute occlusion 20-24 hours later. Sixty percent of these dogs survived the combined ischemia—
reperfusion insult; in contrast, there were few survivors in the control group. *, p < 0.05cp. control,
non-paced dogs.

against severe ventricular arrhythmias (VT and VF) than when dogs were paced only
once, i.e., 48 hours after the first pacing [50]. Thus, at this tdme no dog in the
repeatedly paced group died during occlusion, in contrast to a high mortality (from
VF) in both the sham-operated controls and in those dogs paced only once. Further,
50% of the dogs subjected to repeated pacing survived the combined ischemia—
reperfusion insult (figure 11). It seems from these results that repeated pacing widens the
time window of protection against these life-threatening ventricular arrhythmias.

AN HYPOTHESIS FOR THE MECHANISM OF THE

ANTIARRHYTHMIC EFFECT OF ISCHEMIC PRECONDITIONING

It 1s well accepted that cardiac adapatation induced by preconditioning is a general
phenomenon; i.e., the hearts of all species so far studied can be preconditioned.
Whereas the phenomenon is well described, little is known at present concerning
the mechanisms involved in this protection. A number of possibilities that have been
suggested to explain this marked cardioprotection have been reviewed elsewhere
[51]. The most likely of these involve alterations in the generation and release of
endogenous substances from either ischemic cardiac mvocytes, endothelial cells, or
both. These mediators may either be protective or potentially injurious [10,11,52].
It 1s very likely that several mediators, both protective and injurious, are released
during the early phase of ischemia, that is, in response to the transient ischemic



294 II. Preconditioning and Protection of Ischemia—Reperfusion Injury

%
100 |
§ %VF SURVIVAL
*
o
| |
C 24 48 72h C . 24 .48 I2h

Figure 10. Delayed antiarrhythmic protection induced by cardiac pacing. This figure illustrates the
incidence of ventricular fibrillation during a 25-minute occlusion of the left anterior descending
coronary artery (solid columns) and following reperfusion (open columns), as well as the overall
survival from the combined ischemia—reperfusion insuit, in control dogs and in dogs subjected to
preconditioning by cardiac pacing at different times prior to the coronary occlusion. The most
marked suppression of occlusion and reperfusion ventricular fibrillation occurred 24 hours after
cardiac pacing. This delayed protection was not observed if the tme between the pacing stimulus
and the occlusion was increased to 48 or 72 hours. *, p < 0.05cp. sham-operated controls.

injury such as would occur during a preconditioning stimulus. A strong case can be
made for the hypothesis that, after preconditioning, there is an increased liberation
of protective substances such as adenosine, nitric oxide, and bradykinin, and a
reduced release of potenually injurious substances such as endothelin and noradrena-
line. It is also very likely that more than one protective mediator is released to
compensate for the harmful consequences of ischemic stress. These mediators, acting
at different receptors, might induce protection in different parallel ways, or there
might he a final, common pathway. Some believe that this pathway involves the
translocation of protein kinase C (PKC) from the cytosol to the sarcolemmal and
nuclear membranes. This subject has been recently reviewed in depth [53].

The role of adenosine, as originally proposed by Downey and colleagues [54],
with the subsequent involvement of PKC activation, in mediating the infarct size
limitation associated with 1schemic preconditioning seems clear in most species
except rats (reviewed recently by Miura [55]). However, there is no evidence that
adenosine plays any role in the antiarrhythmic effect of ischemic preconditioning
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Figure 11. Delayed antiarrhythmic protection induced by repeated pacing. The incidences of
ventricular tachycardia (VT) and ventricular fibrillation (VF) during occlusion (solid columns) and
following reperfusion (open columns) are shown, as well as survival from the combined ischemia—
reperfusion insult, in control dogs, in dogs paced 24 or 48 hours before coronary artery occlusion,
and in dogs subjected to repeated pacing both 48 hours before coronary artery occlusion and again
48 hours after this first pacing stimulus. Repeated pacing at 2 tme when the protection from the
inital pacing stimulus had faded resulted in more prolonged protection against VT and VF and an
increased survival (at 96h) compared to when dogs were paced only once 48 hours before the
occlusion. *, p < 0.05cp. sham-operated controls.

either in rats [56] or dogs [57], despite the fact that in both these species adenosine
can act as an endogenous andarrhythmic substance [58].

The hypothesis that other endogenous protective substances, particularly those
derived from the coronary vascular and endocardial endothelium, are involved in
the antiarrhythmic effects of ischemic preconditioning comes mainly from studies
performed in the canine model described above. This hypothesis [59] is outlined in
figure 12. It assumes that the target organ for preconditioning is the coronary
vascular endothelium and that mediators, derived from such endothelial cells,
modify arrhythmogenesis by direct communication, via diffusable mediators, with
cardiac myocytes. In brief, the evidence, which has been recently summarized in
some depth [60], is as follows:

1. Evidence from coronary endothelial denudation using a detergent. Although
this approach is not possible in the in vivo canine heart, studies using rat isolated
perfused hearts in which the coronary vascular endothelium had been removed
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Figure 12. Role of endothelium-derived endogenous protective mediators in ischemic
precondidoning—an hypothesis. Bradvkinin is released, probably from endothelial cells (which have
the mechanisms for generating and releasing kinins), and then acts on B2 receptors on the endothelial
surface to increase the calcium transient within these cells and to activate the L-arginine nitric oxide
pathway. Nitric oxide then “talks™ to the cardiac myocyte, stimulates soluble guanvlyl cyclase, and
elevates cyclic GMP. This sumulates cGMP-sensitive phosphodiesterase (thus reducing cAMP levels),
inhibits calcium entry through L-type calcium channels, and depresses myocardial contracdlity. From
[59], with permission.

revealed that coronary artery occlusion resulted in a higher incidence, and greater
severity, of arrhythmias than in control, endothelium-intact hearts [61]. For ex-
ample, in Sprague-Dawley rats there was a mean of 2724 * 434 ventricular
premature beats over the 20-minute occlusion period in endothelium-denuded
hearts compared with only 255 * 39 beats in hearts in which the coronary vascular
endothelium was intact. The incidence and duration of ventricular tachycardia
during the occlusion period were also much greater in endothelium-denuded hearts
(100% and 711 * 186 seconds compared to 75% and 14.5 £ 5.4 seconds) [61].
These results suggest that, following coronary occlusion, protective substances are
released from the coronary vascular endothelium that modify arrhythmia severity.

2. Substances normally derived from vascular endothelial cells (for example,
bradykinin and prostacyclin), when infused locally into a side branch of the coronary
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artery to be occluded or directly into the artery itself, are profoundly antiarrhythmic
[62,63]. In the case of bradykinin, this protection is mediated through nitric oxide
generation, since it is markedly attenuated in the presence of an inhibitor of the L-
arginine nitric oxide pathway [64].

There is also some evidence that the amount of prostacyclin released under
conditons of coronary artery occlusion is related to the number of ventricular
premature beats that occurs up to that sampling time [65].

3. Potentiation of mediator release also suppresses early ischemia-induced ven-
tricular arrhythmias. For example, nafazatrom, which inhibits prostacyclin break-
down, is antiarrhythmic in the canine model [66]. We have yet to examine whether
treatment with angiotensin-converting enzyme (ACE) inhibitors modifies early
ischemia-induced arrhythmias in the canine model that we have used to demon-
strate the antiarrthythmic effects of ischemic preconditioning. Whether this is true in
other models, and in humans, remains uncertain but has been recently reviewed
[67].

4. Evidence for the release of protective mediators during preconditioning comes
from studies in which their generaton by endothelial cells, or their effects at
receptor level, have been inhibited. Thus, blockade of bradykinin B, receptors with
icatibant increases the severity of arrhythmias following coronary artery occlusion
[68,69] (figure 13), as well as markedly attenuating the protective effects of ischemic
preconditoning. This finding suggests that bradykinin is a key mediator in protection
against ischemia-induced arrhythmias.

The situadon regarding prostacyclin is more complicated because it is not possible
to selectively inhibit its generaton without influencing the release of a variety of
cvclooxygenase products that influence coronary vascular dynamics and arrhy-
thmogenesis. There is some evidence in the canine model that the nonspecific
inhibition of all cyclooxygenase products markedly attenuates the antiarrhythmic
effects of preconditioning [6] and that the dual inhibition of both the cyclo-
oxygenase and L-arginine nitric oxide pathways completely prevents this protection
[70]. The effects of prostacyclin on arrthythmogenesis during coronary artery occlu-
sion have been extensively reviewed [71,72].

The role of nitric oxide in modulating arrhythmia severity during ischemia and
preconditioning has been analyzed in two ways. First, the antarrhythmic effects of
preconditioning are attenuated following inhibidon of the L-arginine nitric oxide
pathway [73]. Second, the local intracoronary administraton of methylene blue
(which inhibits the effect of nitric oxide on soluble guanylyl cyclase) completely
abolishes the andarrhythmic effect of preconditioning [74]. This outcome is illus-
trated in figure 14.

The above evidence suggests that endothelial-derived substances protect against the
consequences of ischemia by suppressing life-threatening ventricular arrhythmias and
that preconditioning in some way stimulates this release. This conclusion
would provide a partial explanation why, when there is coronary vascular end-
othelial dysfunction (as in hypertension, atherosclerosis, ventricular hypertrophy and
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Figure 13. Ventricular premature beats during two five-minute preconditioning coronary artery
occlusion periods in dogs in the absence (open columns) and presence (hatched columns) of the
bradykinin B2 antagonist icatibant. On the right is shown the incidence of ventricular fibrillaton

that occurred during the precondidoning procedure in the two groups of dogs. Arrhythmia severity is
increased during the preconditioning stimulus in the presence of icatibant. From [68], with
permission.

ischemic heart disease), arrhythmia severity might be increased, although the precise
relationship between endothelial dysfunction and arrhythmia severity in padents is
almost impossible to document. Certainly, in spontaneously hypertensive rats, where
there is evidence of endothelial dysfuncton, there is an increased arrhythmia severity
following coronary artery occlusion [75].

POSSIBLE MECHANISMS OF DELAYED MYOCARDIAL

PROTECTION AFFORDED BY RAPID CARDIAC PACING

We know much less about the mechanisms involved in the delayed protection
against ischemia-induced arrhythmias described above than we do regarding the
protective effects of “classical” ischemic preconditiong. The possible mechanisms of
this second window of protection in reducing myocardial necrosis have been
recently reviewed [76]. They include the induction of heat-shock (stress) proteins,
an increase in antioxidant activity, the induction of nitric oxide synthase (iINOS),
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Figure 14. The effect of infusing methylene blue (by intracoronary infusion and given during both
preconditioning and the prolonged occlusion in a total dose of 325 mg; shaded columns) on the
protective effects of ischemic preconditioning (solid columns) in anesthetized mongrel dogs. The
control data are seen in the inidal open columns. Shown are the total number of ventricular
premature beats (VPBs) during the 25-minute occlusion period, the number of episodes and
incidence of ventricular tachycardia (VT), the incidence of ventricular fibrilladon (VF), and survival
from the combined ischemia—reperfusion insult. The incidence of VF is given both as the total
incidence throughout the 25-minute occlusion period and during the first five minutes (stippled
column). Reproduced from [74], with permission.

and the role of adenosine-mediated protein kinase C translocation and the influence
this has on nuclear transcription events through activation of other kinase signal
cascades.

There are only two series of experiments that shed light on the mechanisms of the
delayed antiarrhythmic effect of cardiac pacing outlined above. These show that
protection 1is abolished by prior treatment with dexamethasone [49] or by prior
administration of icatibant [77]. These results again suggest that mediators normally
derived from endothelial cells are also involved in this delayed protection. One
possible explanation for the reversal of the protection by dexamethasone 1s preven-
tion of the induction of nitric oxide synthase and cyclooxygenase-2, although, of
course, dexamethasone has many other actions. The induction of these enzymes has
also been suggested as a possible mechanism for the delayed antiarrhythmic effects of
bacterial endotoxin (and the nontoxic monophosphoryl derivative of the lipid A
component of the endotoxin molecule) that have been recently described [78-80].
These protectve effects of endotoxin are cytokine mediated [81].
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DUAL BLOCKADE OF THE CYCLO-OXYGENASE Tu136
AND L-ARGININE-NITRIC OXIDE PATHWAYS PREVENTS
THE ANTIARRHYTHMIC EFFECT OF PRECONDITIONING
Adrienn Kis, Agnes Vegh, Julius Gy Papp, *James R Parratt.
Departments of Pharmacology, Albert Szent-Gvorgyi Medical
University, Szeged, *University of Strathciyde, Glasgow, UK.

The mechanism of the antiarrhythmic effect of preconditioning (PC)
involves the generation of nitric oxide (NO) and prostacyclin (PGI»),
since separate blockade of the cyclo-oxygenase and L-arginine-NO
pathways attenuates this protection. We have now examined
whether blockade of both pathways is able to abolish-completely this
marked cardioprotection. In anaesthetized dogs PC was induced by
two 5 min occlusions of the left anterior descending (LAD) coronary
artery, followed. 20 min later. by a 25 min occlusion of that same
artery. Meclofenamate (M; 2 mgkg™!, iv) and L-NAME (5 mgkg~
Lic) were given either before the PC procedure or after PC but
before the long occlusion. PC markedly reduced the severity of
arrhythmias (VPBs: 72+21 v 429+68 in controls: P<0.05, %VT; 21%
v 95%: VT episodes: 0.7+0.4 v 7.6x2.1; P<0.03; %VF 0% v 44%;
P<0.05), and increased survival (47% v 0%). However, it was
difficult to precondition dogs in the presence of M and L-NAME:
77% of the dogs died during the PC procedure and the remaining
dogs fibrillated during prolonged occlusion. When M and L-NAME
were given before the long occlusion, the protection was attenuated
but still present (VPBs: 118%74; VT episodes; 2.622.2, %VT: 50%,
%VF: 17%). The results show that NO and PGI, generated during
the PC procedure contribute to the antiarthythmic effect of PC.
Furthermore, dual blockade of the cyclo-oxygenase and L-arginine-
NO pathways prevents the protection more effectively than
inhibition of either pathway alone. Supported by OTKA (T-5725),
British Council. OMFB and the European Commission (ERB CT
924009).
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EXPERIMENTALIS KARDIOLOGIA

Kis Adrienn, Végh Agnes, Papp Gyula, " Parratt James

Pharmacologiai Intézet, Szent-Gybrgyi Alben Orvostudoményi Egyetem.
Szeged, “Strathclyde Egyetem, Glasgow, UK A .

A PREKONDICIONALAS ANTIARITMIAS HATASANAK
BEFOLYASOLASA A CIKLOOXIGENAZ ES L-ARGININ-NITROGEN
MONOXID SZINTEZIS UTAK GATLASAVAL

miokardidlis infarktus, prekondiciondlds, aritmia

A miokardidlis iszkémia sorén fellépS kamrai aritmidk silyossiga jelentds
méntékben csBkkenthetS, ha a koszorifren elfzetesen rovid ideig tand
okklizi6kat végziink. A jelenség, amely prekondiciondlisként (PC) ismer.
olyan endogén anyagok keletkezisének wlajdonithaté mim a proszaciklin
vagy a nitrogén monoxid (NO), mivel mind 2 cikicogigeniz enzim gitldsa
meclofenamatial, mind az L-arginin-NO szintézis 1t blokkolisa L-NAME-el
mérsékeli a PC antiaritmias hatdsét. Jelen kisérleteinkben a2t vizsgéltuk, hogy
vajon 2 védelem teljesen megsziintethetS-e, ha a két szintézis utat egyurtesen
ghtoljuk. Kisérleteinket altatort kutydk hirom csoportjiban végeztik. A
kontroll csoportban a bal korondria arteria descendens anterior 4gét (LAD) 25
percre elzdrtuk, melyet reperfiizi6 kdvetet. A mésodik, PC csoportban,
kéiszer 5 perces LLAD lefogist végeztink, majd 20 perc elteltével a
koszonieret 25 percre ismételien elzirmuk. A harmadik csoportban
meclofenamator (2 mg kg™1, iv) & L-NAME-t (5 mg kg-1. ic) az eis6 PC
okkluzid elbet 30 illetve 20 perccel adruk. Ezuiin az &llatokat hasonlé PC
protokollnak vetentdk ald mint a misodik csoportban. A kezeletlen, PC
csoportban jelentSsen csSkkent a kamrai aritmidk sulyossiga a hosszi
koronéria okklizi6 alatt. [gy a kamrai exwrasziszolék szima (ES: 72 + 21 v
429 % 68; P < 0.05), a kamrai tachikardia gyakorisiga (VT: 2] % v94 %; P
< 0.05), a VT epizédok szima (0.7 £ 0.4 v 7.6 £ 2.1: P < 0.05) és a
kamrafibrillicié gyakorisiga (VF: 0 % v 44 %) szignifikinsan kisebb volt
mint a kontroll csoportban. Ugyanakkor azokban a kutydkban, amelyekben a
prekondiciondl&st meclofenamat és L-NAME jelenlétében végezriik, az 4llatok
S0 %-a a rovid okklizi6k alatt, a fennmarad6 50 % pedig a hoszai okklizié
alan kamrafibrilliciéban elpuszult. fgy tilélés nem volt, szemben a PC
csoporttal, amelyben az dllatok 47 %-a nilélte az okkliziés-reperfiiziés
inzultust. Eredményeink arra utalnak, hogy a PC sorén keletkez5 prosztacikiin
és NO jelentSs szerepet jtszik a prekondiciondlds antiaritmids hatisiban. A
ciklooxigendiz és az L-arginin-NO szintézis utak egylntes gitldsa
hatékonyabban csokkenti a PC nyijtotta védelmet, mint az utak kiilén-kilon
tonénd blokkoldsa. Készilt az OTKA (T-5725) timogatédséval.

Adrienn Kis, Agnes Végh, Julius Gy. Papp. *James R Pamant
Departimemis of Pharmaculogy, Albent Szem-Gybrgyi Medical University,
Szeged, *University of Swrathelyde, Glasgow, UK

ANTIARRHYTHMIC EFFECTS OF PRECONDITIONING ARE
PREVENTED BY A DUAL BLOCKADE OF CYCLO-OXYGENASE
AND L-ARGININE-NITRIC OXIDE PATHWAYS

myocardial infarction, preconditioning, arthythmias

Shaon periods of myoacardial ischemia induced hy coronary anery occlusion re-
duce the severity of ventricular amtyhtmiss the oceur during a subsequent more
prolonged period of ischacmia. This phenomenon, which is known as precon-
ditioning (PC), might be due, in pan, to the generation of nitric oxide (NO), or
prostacyclin, sinee either the inhibition of the cyclooxygenase pathway by me-
clofenamate or the blockade of the L-arginine-NO pathway by L-NAME anc-
nuated the sntiarthythmic offect of PC. We have now cxamined whether this
protection would be completcly preventd by a dual blockade of these pathway
Three groups of anacsthetized, artificially ventilated dogs were used. In the
control group the animals were subjeeted to a2 25 min occlusion of the Icfi
' ding y ancry (LAD), followed by reperfusion. In the see-
ond, PC group, dogs underwent two 5 min acclusions of the LAD followed, 20
min later, by a prolonged (25 min) occlusion. The myocardium was then reper-
fused. In the third group meclofenamate (2 mg/kg. iv) and L-NAME (5 mg/kg
ic) were administered 30 and 20 min prior to the first PC occlusion, respectively.
Then the animals wene subjected to the usual preconditioning protacol. Precon-
ditioning in the absener of meclofenamaic and L-NAME markedly reduced the
severity of ventricular arthythmias during the long occlusion (ventricular pre-
mature beats (VPB): 72 2 21 v 429 = 68 in controlss P < 0.05, incidence of
VT 21% v 94%: number of episodes of VT per dog 0.7 2 76 £ 2.1; P <
0.05; incidence of VF 0% v 44%:). Howcever, it was difficult o precondition
dogs in the presence of meclofenamate and L-NAME. Most of the dogs died
during the PC procedure (50%) and the remaining dogs fibrillated during
long coronary occlusion. Furthermore, whercas in the PC group 47% of the
dogs survived the combined ischaemia-reperfusion insult in the treated group
neither of the dogs survived. The result show that the generation of NO and
prostacyclin during short periods of ischacmia contribuiges 10 the protective
cffect of preconditioning. It seems also that the dual blockade of the eycloox-
ygenase and L-arginine-NO pathways more cffectively prevemts the protec-
tion than inhibition of these pathways alonc. Supported by OTKA 8T-5725).
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REPEATED PACING WIDENS THE TIME 229
WINDOW OF DELAYED PROTECTION
AGAINST VENTRICULAR ARRHYTHMIAS IN DOGS

Adrienn Kis, Agnes Végh, Julius Gy. Papp, *James R.
Parratt. Departments of Pharmacology, Albert Szent-Gyodrgyi
Medical University, Szeged, *University of Strathclyde,
Glasgow, UK

We have shown earlif.r that ;Lght ventricular pacing (4x5
min, 220 beats min~!) markedly reduces the severity of
ventricular arrhythmias which occur during a subsequent, 25
min occlusion-reperfusion, 24h later. This protection is,
however, largely lost when the time between pacing and the
occlusion is increased to 48 or 72h. In the %resent study we
examined, whether this protection can be regained or
extended if the dogs are subjected to repeated pacing at that
time (ie. 48h after the first pacing), when the antiarrhythmic
protection has already wained. Thus, under light
pentobarbitone anaesthesia dogs (n=10) were paced two
times, ie. 96 and 48h before a 25 min occlusion of the left
anterior descending (LAD) coronary artery. Repeated pacing
resulted in a lower incidence of VT (40 % v 89 %; P<0.05)
and VF (10 % v 56 %; P<0.05) during occlusion and an
increased survival (40 % v 22 %; P<0.05) from the
combined ischaemia reperfusion insult compared to dogs
paced only once 48h before the occlusion. Since more dogs in
the repeat pacing group survived the 25 min occlusion
period, both the number of VBPs (139 + 62 v 79 + 34) and
the episodes of VT (2.3 + 1.7 v 1.4 + 0.6). was somewhat
higher than in dogs paced only once before the occlusion.
These results indicate that the time window of delayed
protection against arrhythmias can be extended by repeated
moderate gacing stimuli, applied at a time when the
grotection om the previous pacing had already disappeared.
upported by the Hungarian Stientific Research Foundation
(OTKA), the joint grant of the OMFB and The British
Council and é' the Hungarian Health Science Council (T-
06521/93).
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EXPERIMENTALIS KARDIOLOGIA

}(:s Adrienn, Kaszala Kiroly, Végh Agnes, Papp Gyula, "Parran
ames

Pharmacologiai Int§zet, Szent-Gydrgyi Alben Orvostudoményi
Egyetem, Szeged, Deparmment of Physiology & Pharmacology,

Umversuy of Strathclyde, Glasgow, UK.

T SZfVINGERLES 681‘1‘1 A PREKONDICIONALAS
KF.SOI ANTIARRHYTHMIAS HATASAT
prekondiciondlds, arrhythmia, szivingerlés

Kordbbi kisérieteink alapjin ismert, hogy egy koszoriér
elzdrisdval kialakitort miokardiilis iszkémia sordn fellép$ arrhythmidk
szima és silyossiga jeleniGsen csokken, ha 24 6rdval kordbban a
szivet mérsékelt frekvencidval ingereljik. Ez az in. kés6i védelem
(Second Window of Protection, SWOP) cstkken illetve megszinik,
ha a prekondicionil6 szivingerlés és az okklizi6 kdzou 48 illetve 72
6ra telik el. Jelen kisérleteinkben arra kerestik a vilaszt, vajon
erdsithetS-e a védelem, ha a szivet ismételten ingereljik egy olyan
idépontban, amikor a védelem mAr gyengil. Pentobarbitallal
feluletesen narkotizdlt kutydkban, a jobb kamriba vezetett bipoldris
elelaréd segitségével, egy (1 csoport, n = 9) illetve két alkalommal
(2 csoport, n = 9), 48 ords id6kozbkkel, 4-szer S percen keresztiil,
220 arés/perc frekvencidval ingereltlik a szivet. Az utols6 ingerlést
kovetGen 48 Ora milva az A&llatokat kloral6z-uretin keverékével
ismételten elaltattuk, a mellkast megnyitottuk és a bal koroniria
artéria descendens anterior 4git 25 percre elzdrwk. Ezt kovetSen az
iszkémids miokardiumot reperfundiltuk. Ellentétben azokkal a
kutyikkal, amelyeket csak egy alkalommal prekondiciondltunk, a sziv
kérszeri ingerlése utin cs6kkent az okklizié alatti kamrai tachicardia
gyakonsaga (89 % vs 37 %), a kamrafibrillci6 elSforduldsa (56 % vs
11 %) és jelentGsen fokozddont az iszkémids-reperfiizi6s inzultus utini
nilélés (22 % vs 45 %). Eredményeink arra utalnak, hogy a sziv 48
Ords idokozokben torténd ismételt ingeriése jelentSsen nyijthatja a
prekondiciondlis arrhythmidkkal szemben megnyilvinulé késsi
véd6hatisit. Elképzelhets, hogy a szivet bizonyos idokozokben
mérsékelten ingerelve, a miokardium folyamatos védelme alakithaté
ki. Ennek kideritése azonban tovabbi vizsgilatokat igényel.

Késziilt az OTKA (T 16602), az OMFB és The British Council kozds
pélyézatinak (NP-747/94 GB) valamint az Egészségiigyi Tudom{myos
Tanics (T-06521/93) timogatdsdval.

Adrienn Kis, Kiroly Kaszala, Agnes Végh, Julius Gy. Papp, “James
Roy Parratt

Department of Pharmacology, Alben Szemt-Gyorgyi Medical
University, Szeged, Hungary and *Department of Physiology &
Pharmacology. University of Strathclyde, Glasgow, UK.
PROLONGATION OF THE SECOND WINDOW OF PROTECTION
BY REPEATED CARDIAC PACING IN DOGS

preconditioning, arrhythmias, cardiac pacing

We have shown in our earlier experiments that the severity of
ventricular arrhythmias occurring during a 25 min occlusion of a
coropary artery is markedly reduced if the dogs are subjected to
moderate cardiac pacing 24 h previously. This delayed protection (or
Second Window of Protection, SWOP) is attenuated or abolished 48 or
72 h after cardiac pacing. The objective of the present study was to
determine whether this protection can be extended if the dogs are
subjected to a second series of cardiac pacing at that time when the
antiarrhythmic effect of preconditioning resulting from the previous
pacing has largely disappeared. Under light pentobarbitone anaesthesia
dogs were paced (4 x 5 min, 220 beats/min) once (group I, n = 9) or
two times (group 2, n = 9) with an interval of 48 b, bymeansofa
bipolar pacing electrode inserted into the right ventricle. 48 h later the
dogs were re-anaesthetised with a mixture of chloralose and urethane,
thoracotomized and the left anterior descending (L.AD) coronary artery
was occluded for 25 min, and then reperfused. In dogs subjected 10
repeated pacing the incidence of ventricular tachycardia (89 % vs 37 %)
and ventricular fibrillation (56 % vs 11 %) during occlusion was
markedly reduced, and there was an increased survival from the
combined ischaemia/reperfusion insult (22 % vs 45 %) compared to
those dogs which were preconditioned by pacing only once (ie. 48 h
before coronary occlusion). It seems from our results that
preconditioning by repeated cardiac pacing extends the time window of
the delayed protection against ventricular arrhythmias occurring during
a subsequent ischaemic episode. We suppose that a regular, frequent but
moderate stimuiation of the heart might provide a prolonged myocardial
protection. To clarify this possibility further studies are
This work was supported by the Hungarian Scienufic Research
Foundation (OTKA, T 16602), the joint grant of the Hungarian
Technological Development (OMFB) and The British Council (NP-
(7)2;494/93()}3) and by the Hungarian Health Science Council (T-

1



IX.



Volume 29 Number 5

Journal of
Molecular and

Cellular
Cardiology

Ca** Channel Exchanger
Na* -
4 —— Sarcolemma
¥ Foot
D s
21— Cistern

Myofilments

Interoaional Socicty foe Heart Research International Society for Heart Research

Neademic Proe @ I S H R Published for the




REPEATED PACING MARKEDLY PROLONGS. Sa62
THE DELAYED ANTIARRHYTHMIC PROTECTION

IN ANAESTHETISED DOGS .

Adrienn Kis, Agnes Végh, Julius Gy. Papg, James R.
Parratt. Depts of Pharmacolqu, A. Szent-Gydrgyi Med.
glnciv. Szeged, Hungary and T Strathclyde Univ. Glasgow,

We have demonstrated that repeated cardiac pacing prolongs
the protection against those ventricular arrhythmias which
occur during a 25 min occlusion/reperfusion of the left
anterior descending (LAD) coronary artery, 48 h later (Xis et
al., J Mol Cell Cardiol., 28: 229, 1998'. In this study we
exanined whether this protection is still present if the time
between the second pacing stimulus and the occlusion is
increased to 72 h. Therefore we paced dogs, under light
pentobarbitone anaesthesia, on day one and dady three, four
times for 5 min at a rate of 220 beats/min, and subjected to
coronary artery occlusion 72 h later. Sham e<(>iperated dogs
served as controls. Repeated pacing resulted in a more
prolonged protection than when dogs were paced only once.
Compared to the sham-operated controls, occlusion of the
LAD, 72 h after the second pacing stimulus, resulted in a
reduced number of VPBs (78 +44 vs 219+49, P<0.05) and
episodes of VT (1.2+1.2 vs 6.1+2.9, P<0.05) and a lower
incidences of VT (11% vs 75%, P<0.05) and VF (0% vs
50%,P<).)5). Survival from the combined ischaemia-
reperfusion insult was also increased (78% vs 8%, P<0.05)
in dogs subjected to repeated pacing, 72 h previously. It
seems from these results that following repeated pacing a
marked antiarrhythmic protection is still present even 72 h
. after the pacing stimulus.

Supported by the Hungarian Scientific Research Foundation
(OTKA), the British Council and the Hungarian Cultural and
Education Ministry.
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REPEATED PACING WIDENS THE
TIME WINDOW QF DELAYED
ANTIARRHYTHMIC PROTECTION IN
CANINE

A. Kis*, A. Vegh, J. Gy. Papp,

J. R. Parrant*

Department of Pharmacology, Albert
Szent-Gyorgyi Medical University,
Szeged, Hungary; *University of
Strathclyde, Glasgow, UK

We have shown earlier that in anaesthe-
tised dogs four 5 min periods of cardiac
pacing via the right ventricle at a rate of
220 beats min—' protect the myocardium
against those ventricular arrhythmias
which occur during a 25 min occlusion
of the left anterior descendens coronary
artery (LAD) 24 h later. This delayed
protection is, however, markedly
attenuated or abolished if the time bet-
ween the pacing stimulus and occlusion

. is increased to 48 or 72 h. The present

study examined whether this protection
could be prolonged if the animals are
subjected to an additional pacing
stimulus at a time when the anti-
arrythmic effect of the previous pacing
had already vanished. Thus, we paced
dogs on day one under light pento-
barbitone anaesthesia but instead of
occluding the coronary artery on day
three when we know that the
antiarrhytmic protection is virtually lost,
we repeated the pacing stimulus.
Repeated pacing resulted in a more
prolonged protection than when dogs
were paced only once. Thus, at this time
in dogs subjected to repeated pacing
there were lower incidences of VT (25%
v 89%) and VF (0% v 56%) during
occlusion, and an increased survival
from the combined ischaemia-reper-
fusion insult (50% v 22%) compared to
those dogs which were paced only once
48 h beiore the ischaemia. It seems from
these results that repeated pacing during
the period when the protection has -

| KARDE] SPECIRLUEDITIBNZXB9Y/ 5 5]

faded, widens the time window of
protection against life-threatening
ventricular arrhythmias.
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PACING-INDUCED DELAYED 1/ 280)\
ANTIARRHYTHMIC PROTECTION IS \w__,.d
ATTENUATED BY AMINOGUANIDINE IN DOGS
Adrienn Kis, Agnes Végh, Julius Gy. Papp, James R.
Parratt. Depts. of Pharmpacology, A. Szent-Gydrgyi Med.

- Univ. Szeged, Hungary, ~ Univ. Strathclyde, Glasgow, UK.

We have shown earlier that delayed antiarrh ic
protection, resulting from cardiac pacing 24 h before an
ischaemic insult, was markedly reduced by the prior
administration of dexamethasone. These results suggested
that either induction of nitric oxide synthase (NOS) or a
cyclooxygenase enzyme might be involved in this delayed
antiarrhythmic protection. The aim of the present study was
to examine whether aminoguanidine (AG), a more selective
inhibitor of iNOS, reduces pacing-induced delayed
antiarrhythmic protection. Preconditioning was indlllced by
right ventricular pacing (4 x 5 min, 220 beats min~*), 24 h
before a 25 min occlusion of the left anterior descending
coronary artery (LAD; n = 10). I.ri nine dogs AG was
administered intravenously (50 mg kg-!) 30 min prior to the
gacing procedure, ie. 24 h before coronary artery occlusion.
ham-operated controls (n = 8) were subjected to occlusion
without pacing. Compared to the controls, cardiac pacing
resulted 1n a marked reduction in the number of VPBs (77 +
32vs 474 + 139, P < 0.05) and in the incidence of VF (10
% vs 63 %, P < 0.05) during occlusion. These were
increased again in dogs given AG (VPBs: 244 + 116, VF:
45 %). Survival from the combined ischaemia-reperfusion
insult was increased in paced dogs (60 % vs 0 % in controls,
P < 0.05), but this protection was reduced in AG treated
dogs (22 %, P < 0.05 vs paced dogs). These results confirm
that generation of NO is involved in the mechanism of
delayed antiarrhythmic protection, perhaps through the
inducion of iNOS.
Su ﬁg;‘ted by the Hungarian Scientific Research Foundation
(¢ ), the British Council and the Hungarian Cultural and
Education Ministry (No 14 and FKFP 1290/1 597).
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Kis Adnienn, Vegh Agnes, Fapp Uyula, James K. Parant
Pharmacologiai Intézet, Szem-Gyorgyi Albert Orvostudomanyi Egyetem,
fﬁ(eged Elertani és Pharmacologiai Intézer, Strathclyde Egyetem, Glasgow,

A NITROGEN OXID SZEREPE A MAGAS FREKVENCIAJU
SZIVINGERLESSEL  VEGZETT PREKONDICIONALAS KESOI
ANTIARITMIAS HATASABAN ALTATOTT KUTYAKBAN
arrhythmias, ischaemia, myocardial protection

Kordbbi kisérieteinkben kimutattuk, hogy a sziv magas frekvenciaju
ingeriése jelentds védelmet biztosit a 24 ora milva bekovetkezd akut
miokardialis iszkémia soran fellépd silyos kamrai aritmiikkal szemben.
Jelen kisérieteinkben a nitrogén oxid (NO) képzédés szerepét vizsgaituk a
késGi antiaritmias védhatisban az indukalhatdé mirogén oxid sziniaz
(INOS) enzimet szelektiven gatld aminoguanidin  alkalmazisavai.
Prekonciciondldst a s2iv 4x5 percig tané 22C utés/perc iTexvenciiju
ingerlésével idéznink el feliiletes pentobarbital narkozisban a jobb kamraba
vezetert bipolins ingerid elektod segitségével. 24 6ra mulva a kutyakat
Kloraloz-uretin keverékével ismételten elaltartuk, a mellkast megnyitottuk
és a bal elalsd leszillo koronaria artériat 25 percre elzartuk (PC. n=10). A
prekondicionalt kutyak masik csoporyjaban a szivingeriés elén 30 perccel
ntravénisan aminoguanidint adtunk 50 mg/kg doasban (AG. n=9). A
kontroll csoportban (K. n=8) a miitéti beavatkozasokat, iil. 24 dra milva a
koszoniér elzirasat elvégeznik, de a szivet nem ingereitik. A sziv magas
frekvenciaju ingeridse jelentdsen csokkentette a kamra: aritmiak sulyossagat.
A kontroll csoporthoz keépest a szivingerelt allatokban a kamrat
exwaszisztolék szama  333%120-rol 77:30-ra (P<0.05), a rachikardia
gyakorisaga 88%-rol 50%-ra. a kamrafibnilicid gyakorisiga 63%%-rol 10%-
ra (P<0.05) csokkent. Mig a szivingerelt allatok 60%-a tilélte a reperfiiziot,
tilelés nem voit a kontroll csoportban. A szivingerlés elon alkalmazott AG
jelentsen csokkenterte a a 24 graval korabban végzen prekondicionilas
késoi antiarimmias hatisat. Az aminoguanidinnel kezeit allatokban az
extraszisztoiék szama 244+116, a tachikardia gvakonsaga 78%, a
kamrafibrillacio gyakorisiga 45% voit koszoruér elzarasa alait. 24 6ra
milva a szivingeriés hatisira a kombinalt iszkémia-reperfizio utam nilélés
igen magas volt (60%), de lényegesen csokkent (22%) az elozetes
aminoguanidin kezelés hatisira, Eredményemkbdl arra kovetkeztemunk,
hogy mivel az AG, az iNOS szelektiv inhibitora, jelentdsen csokkentette a
szvingerlés antiantmias hatasat, a NO-nak szerepe lehet a késoi antiaritmuds
védelemben.

Készult az OTKA, a Brinsh Council és a Magyar Mivelodést és
Kozoktatés: Minisztérium (FKFP 129071997) tdmogarasdaval.

Adrienn Kis, Agnes Végh, Julius Gy. Papp, James R. Pammant

Department of Pharmacology, Albert Szent-Gy6gyr Medical University, Szegec

:énd Deparlt}nxmx of Physiology and Pharmacology, University of Strathciyde.
lasgow, UK.

ROLE OF NITRIC OXID IN THE DELAYED ANTIARRHYTHMIC

PROTECTION INDUCED BY RAPID CARDIAC PACING IN

ANAESTHETISED DOGS -

arthythmias, ischaemia, myocardial protection

We have shown eariier that rapid cardiac pacing protects the heart against
those ventricular arrhythmias which occur dunng myocardial ischaemia,
resulting from coronary artery occlusion, 24 hours later. We have now
examined the role of nitric oxid (NO) in the delayed antiarrhythmic protection
by administration of aminoguanidine, a selecuve inhibitor of the inducible nitric
oxide synthase (INOS). Under light pentobarbitone anaesthesia dogs were
preconditioned by nght venmncular pacing 4 times for § munutes at a rate of 220
beats min" by means of a bipolar pacing electrode introduced o tne right
venwicle. 24 hours later the dogs were re-anaesthetised with a mixwure of
chloralose and urethane, thoracotomised. and the left anterior descending
coronary artery (LAD) was occluded for 25 minutes, followed by reperfusion
(PC. n=10). In another group of precondinoned dogs aminoguanidine (AG.
n=9) was given intravenously 30 minutes prior to right ventncular pacing.
Control dogs (C. n=8) were subjected to the same surgical procedure and
occlusion of the LAD 24 hours later, but the dogs were not paced. Right
vengicular pacing significantly reduced the severity of venticular arrhythmias.
Compared to the controls, in the paced dogs the number of ventricular
premamwre beats (VPBs, 333£120 vs. 77430, P<0.05), the incidence of
ventricular tachycardia (VT 88% vs. 50%%) and the incidence of ventricular
fibnilaion (VF, 63% vs. 10%, P<0.05) decreased. Further, 60% of the paced
dogs survived reperfusion. In contrast, no dog in the control group survived.
Administration of AG markedly atenuated the antiarrhythmic protection
resulted from right ventricular pacing 24 hours previously. Thus, the number of
VPBs was 244+116, and the incidences of VT and VF during occlusion were
78% and 45%, respectively. Increase i survival from combined ischaema-
reperfusion insult following cardiac pacing (60%) was reduced to 22% in the
AG treated group. We concluded from these results thar AG, a selecuve
inhibitor of UNOS, attenuated the delayed anmarhythmuc effect of cardiac
pacing. This might indicate that NO plays an mportant role i this delayed
phase of protecuon.

Supported by the Hungarian Scientific Research Foundaton (OTKA).  the
British Council and the Hungarian Miustry of Culture and Educanon (No 14
. “hre 4
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1726 Repeaied Cardiac Pacing Prolongs Delayéd" o
Protection Against Ventricular Arrhythmias in Canine

A. Végh, A. Kis, J.Gy. Papp, J.R. Parratt'. Depts. of Phénnacology, Aiben
Szent-Gydrgyi Medical University, Szeged, Hungary; ' University of .
Strathclyde, Glasgow, UK ) T S

We have shown earlier that brief periods of cardiac pacing from the right
ventricle (4 x 5 min at a rate of 220 beats min—') markedly reduce the.
severity of ventricular arthythmias which occur during a subsequent 25 min
occlusion of the Left Anterior Descending (LAD) coronary artery, 24 h later.
This delayed protection is attenuated or even abolished 48 or 72 h after the
pacing stimulus. The objective of the present study was to examine, whether
repeating the pacing stimulus at a time, when the antiarrhythmic effect of
the previous stimulus has already faded (ie. 48 h) prolongs the protection
against life-threatening ventricular arrhythmias. We paced dogs (4 times for
5 min at a rate of 220 beats min—') on day one and day three, under light
pentobarbitone anaesthesia, and then, at various times afterwards (48, 72
and 96 h) subjected to a 25 min occlusion of the LAD. Sham-operated dogs
served as controls. Repeated pacing resulted in a more prolonged protection
than when dogs were paced only once. Thus, 48 and 72 h after the second
pacing stimulus the number of VPBs during occlusion was still suppressed
(87 = 32 and 78 + 44 cp 219 + 49 in controls, P < 0.05) and the number of
episodes of VT was markedly reduced (0.6 £ 0.4and1.2+1.2¢p 6.1+ 2.9
in controls, P < 0.05). No dog in the repeatedly paced group fibrillated during
occlusion, in contrast 65% of the sham operated controls and 55% of the
dogs that were paced only once (ie. 48 h before occlusion) fibrillated during
occlusion. Survival from the combined ischaemia-reperfusion insult following
repeated pacing was also increased (50% and 78% cp. 8% in controls,
P < 0.05). This prolonged protection was not apparent if the time interval
between the second pacing stimulus and the occlusion had been increased to
96 h. It seems from these results, that repeating the preconditioning pacing
stimulus, a marked and prolonged protection could be achieved against
life-threatening ventricular arrhythmias which result from coronary artery
occlusion and reperfusion in canine.

. Vel
Supported by the Hungarian Scientific Research Foundation (OTKA )'
British Council and the Hungarian Cultural and Education Ministry (pN‘;ﬂ:g‘

and FKFP 1290/1997)
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Repeated cardiac pacing prolongs protection
against ischaemia-induced ventricular arrhythmias
in anaesthetized dogs

A. Kis, A. Vegh, J. Gy Papp and J.R. Parratt*

Albert Szent-Gyorgyi Medical University, Department of
Pharmacology, Szeged, Hungary and *Department of
Physiology and Pharmacology, University of Strathclyde,
Glasgow G1 1XW

We have previously shown that right ventricular pacing in
dogs results in a delayed protection of the heart against the
arrhythmic consequences of coronary artery occlusion (Vegh
et al. 1994; Kaszala et al. 1996). This is a form of ischaemic
preconditioning (Parratt & Szekeres, 1995). The protection is
maximal 24 h after the pacing stimulus but then fades and is
lost at 48 h. We have now examined whether this protection
can be renewed, and even prolonged, if the pacing stimulus
is repeated at a time when protection from the initial
stimulus has already faded. Mongrel dogs were lightly
anaesthetized with sodium pentobarbitone and a pacing
catheter inserted into the right ventricle via the right
external jugular vein; endocardial electrograms were recorded,
following pacing, from the same electrode. The dogs were
paced at a rate of 220 beats min™ for four periods of 5 min,
with 5 min rest periods between (Kaszala et al 1996).
Control dogs were subjected to the same procedure but were
not paced. The same pacing stimulus was repeated 48 h later,
i.e. when protection from a single pacing stimulus was no
longer apparent. At different times after this second pacing
stimulus (48, 72 and 96 h), the dogs were re-anaesthetized
(chloralose and urethane, 60 and 200 mg kg™, respectively),
thoracotomized and subjected to occlusion of the left anterior
decending coronary artery (Vegh et al. 1992).

The incidence of ventricular fibrillation during occlusion
was greatly reduced in the repeat paced dogs, e.g. 8% at
48 h (n=10) compared with 56% at 48 h after a single
pacing stimulus and 46 % in the controls (= 19; P < 0-05
using a x° test). At 72h (n=9) no dog fibrillated during
occlusion compared with 50% after one pacing stimulus
(P < 0:05). Survival from a combined 25 min period of
ischaemia followed by reperfusion was also markedly
increased by the repeat pacing stimulus (42% at 48 h; 78 %
at 72 h compared with 8% in the sham-operated controls;
P < 0:05). The protection was lost 96 h after the repeat
pacing stimulus (n = 9).

Two indices of ischaemia severity (epicardial ST-segment
elevation and changes in the inhomogeneity of electrical
activation within the ischaemic area) were also significantly
reduced 48 and 72 h following the repeat pacing stimulus.
These results suggest that it may be possible to keep the
heart protected against an ischaemic attack in the long term
by repeating a pacing (or exercise?) stimulus.

Journal of Physiclogy (1998) 506.p

This work was supported by the Hungarian State Governmeng
(OTKA) and by a British-Hungarian scientific collaboration
sponsored by the British Council.
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DELAYED ANTIARRHYTHMIC PROTECTION Th68

INDUCED BY REPEATED PACING IS ABOLISHED

BY S-2-AMINOETHYL)-METHYL-ISOTIOUREA,

A SELECTIVE INHIBITOR OF iNOS IN DOGS
Adrienn Kis, Julius Gy. Papp, *James R. Parratt, Agnes Végh

Depts. of Pharmacology and Pharmacotherapy, Szeged, Hungary and
*Physiology and Pharmacology, Glasgow, UK.

We have shown earlier that repeated cardiac pacing provides the
delayed antiarthythmic protection ower a 72 hour period m

anaesthetised dogs (Kis et al, J Mol. Cell Cardiol. 1997, 29:4122).

Here we have examined whether nitric oxide (NO) plays a role in this
marked protection by the administration of a selective inhibitor of the
inducible nitric oxide synthase (INOS), S+«(2-aminoethyl)-methyi-
isotiourea (AEST). Dogs were paced from the right ventricle under
light pentobarbitone anaesthesia at a rate of 220 beat min™ four times
for 5 minutes, and this pacing protocol was repeated 48 h later. 72
hours after repeated pacing dogs were subjected to a 25 min occlusion
of the left anterior descending coronary artery (LAD) (n=11). Sham-
operated, non-paced dogs served as controls. 120 hours later these dogs
were subjected to myocardial ischaemia (SC, n=10). In 8 repeatedly
paced dogs AEST (n=8) was given in a dose of 2 mg kg’
intravenously 90 minutes prior to the occlusion of LAD. Repeated
pacing markedly suppressed the number of ventricular premature beats
(VPBs) from 228194 to 101449, and the incidence of ventricular
tachycardia from 50% to 18%, and significatnly increased the
incidence of survival from 30% to 73% compared to controls. In those
repaced dogs in which AEST was given the number of VPBs was
(236198) and the incidence of VT (63%) were increased during
occlusion, and only 1 dog (12%) survived the combined occlusion-
reperfusion insult. These results indicate that NO generated by iNOS is
involved in the delayed antiarrhythmic protection induced by repeated
cardiac pacing,
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DELAYED CARDIOPROTECTION INDUCED BY RAPID CARDIAC PACING IS ATTENUATED BY AMINOGUANIDINE

A Kis A Véch J Gv Papp. 1. R Parratt

Depts. of Pharmacology and Pharmacotherapy, Albert Szem-Gydrgyi Medical University, Szeged, Dém tér 12, 6701, and Physiology and Pharmacology,
University of Strathclvde, Glasgow, UK.

We have shown earlier that nitric oxide (NO) plays a role in the delayed antiarthythmic protection induced by cardiac pacing 24 hours previously since
an inhibitor of inducible nitric oxide synthase (iNOS) and cyclooxigenase-2 (COX2) prevented this protection. In this study we have examined
the role of INOS bvmeadmmxsuanon ofammguamdme (AG), amore selective inhibitor of this enzyme. Under light pemobarbitone anaesthesia dogs were
pacedataraleof?.ZObmrsmm four times for 5 minutes from the right ventricle. 24 hours laterthsedogweremmmeusadwnhanmneofdﬂomlose
andulahane,thoramtmmsedandtheleﬁammordmdmg coronary artery (LAD) was occluded for 25 minutes followed by reperfusion (n=13). In 9 paced
dogs AG was given intravenously in a dose of 50 mg kg™ 30 minutes prior to the occlusion of the LAD. Sham operated (not paced) dogs served as controls. 24
hours later these dogs were subjected to myocardial ischaemia (p=12). Right ventricular pacing induced a marked delayed protection against ischaemia- and
reperfusion-induced ventricular arthythmias. Thus, compared to the controls the number of ventricular premature bears (VPBs) (330+110 vs. 70128, P<0.05)
and the episodes of ventricular tachycardia (VT) (6.433.6 vs. 2.1%1.9, P<0.05), and the incidence of ventricular fibrillation (VF) (58% vs. 15%, P<0.05) were
significantly reduced. In the presence of AG the severity of arrhythmias during occlusion was markedly increased (VPBs: 284+120, VTepisodes: 5.2+3.2,
'VF:33%). Compared to controls the incidence of survival from the combined occlusion-reperfusion insult resulting from cardiac pacing was significantly
increased (17% vs. 62%, P<0.05). This was 11% following AG treatment It seems from these results that induction of INOS and the resultant formation of NO
may play a role in the delayved antiarrhythmic protection induced by rapid cardiac pacing 24 hours previously.
Supported by granis from the OTKA (25301), the MKM-FKFP (1290/1977) and the joint grant of the British Council. emd the Hungarian Ministry of
Culture and Education.



