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1 In the canine a single brief (5 min) coronary artery occlusion protects the myocardium against
the severe ventricular arrhythmias and reduces the ischaemic changes that result from a subsequent,
more prolonged (25 min) occlusion. The main purpose of the present study was to examine whether
mitochondrial KATP channels are involved in this protection.

2 In chloralose-urethane anaesthetized dogs, preconditioning (PC) was induced by a single 5 min
period occlusion of the left anterior descending (LAD) coronary artery, 20 min prior to a 25 min
occlusion of the same artery. In some of these PC dogs 5-hydroxydecanoate (5-HD;
150 mg kg71 min71 by intracoronary infusion) was given over a period of 30 min either before, or
after PC. In other dogs the mitochondrial KATP channel opener diazoxide (1 mg kg71; i.c.) was
given, either alone or in the presence of 5-HD. Control dogs (infused with saline) were simply
subjected to a 25 min occlusion and reperfusion.

3 Compared to controls, both PC and diazoxide signi®cantly reduced the number of ventricular
premature beats (VPBs; 295+67 to 89+28 and 19+11, respectively; P50.05), the number of
episodes of ventricular tachycardia (VT; 8.3+4.2 to 1.6+0.9 and 0.2+0.1; P50.05) and the
incidences of VT (100 to 43 and 33%; P50.05) and ventricular ®brilation (VF; 60 to 0 and 17%;
P50.05) during the 25 min occlusion of the LAD. Further, 43% of the PC dogs and 58% of the
diazoxide treated dogs survived the combined ischaemia-reperfusion insult (cp. 0% in the controls;
P50.05). The protection a�orded by PC and diazoxide was abolished by 5-HD, especially when it
was given prior to the PC occlusion. In the presence of 5-HD, three out of 10 dogs ®brillated during
the PC occlusion and another three dogs died following reperfusion. Furthermore, there were no
survivors in this group from the prolonged ischaemia/reperfusion insult. 5-HD given after PC only
attenuated the antiarrhythmic protection.

4 Opening of mitoKATP channels prior to ischaemia by preconditioning and diazoxide protects the
myocardium against ischaemia and reperfusion-induced arrhythmias. This protection is abolished if
the opening of these channels is prevented by the prior administration of 5-HD but only attenuated
if 5-HD is given after preconditioning. The results indicate that opening of mitoKATP channels prior
to ischaemia is mandatory for protection against ischaemia and reperfusion-induced arrhythmias.
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Introduction

Gross and Auchampach proposed in 1992 that KATP

channels are involved in the cardioprotective e�ects of
ischaemic preconditioning (Gross & Auchampach, 1992).

They showed, in a canine model of ischaemia-reperfusion,
that the protection against infarct size that resulted from
preconditioning was completely abolished by the KATP

channel blocker glibenclamide, when it was given either

before or after preconditioning (Gross & Auchampach,
1992). This ®nding was con®rmed by further studies showing
that opening of KATP channels prior to ischaemia mimics

(Gross et al., 1994; Grover, 1994; Schulz et al., 1994),
whereas blockade of this channel attenuates (Auchampach et
al., 1992; Toombs et al., 1993; Schulz et al., 1994), the

cardioprotective e�ects of preconditioning. It was suggested
therefore that the mechanisms of this cardioprotection,
resulting either from the administration of KATP channel
openers or from short periods of ischaemia (preconditioning),

involves the opening of sarcolemmal KATP channels and the
subsequent shortening of the action potential. This would
reduce calcium entry, depress contractility and reduce

myocardial oxygen demand during a subsequent and more
prolonged period of ischaemia (Nichols et al., 1991). More
recent evidence casts doubt on this hypothesis. For example,
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the degree of action potential shortening does not correlate
with the degree of protection (Grover et al., 1995). Thus,
Grover and colleagues showed that dofetilide, which

abolishes cromakalim-induced action potential shortening,
does not modify the cardioprotective e�ects either of
cromakalim or of preconditioning (Grover et al., 1995;
1996). Similarly, Yao & Gross (1994) showed that bimakalim,

given in a dose that induced protection against infarct size in
dogs, does not shorten monophasic action potential duration.
Furthermore, we have found that in anaesthetized dogs the

protective e�ect of preconditioning against arrhythmias
(VeÂ gh et al., 1992a) was not modi®ed by glibenclamide
(which acts somewhat preferentially on sarcolemmal KATP

channels; O'Rourke, 2000), given either before or after
preconditioning (VeÂ gh et al., 1993). We were also unable to
modify ischaemia-induced arrhythmias by the administration

of cromakalim (VeÂ gh et al., 1997). Our conclusion, therefore,
was that it is unlikely that sarcolemmal KATP channels
contribute signi®cantly to the antiarrhythmic e�ects of
preconditioning (reviewed by Parratt & Kane, 1994).

More recent evidence suggests that mitochondrial, rather
than sarcolemmal, KATP channels are involved in the
cardioprotective e�ects associated with preconditioning (Liu

et al., 1998; Downey & Cohen, 2000; 2001; Gross & Fryer,
2000; O'Rourke, 2000; Fryer et al., 2001). These mitochon-
drial channels are also susceptible to various KATP channel

agonists and antagonists (Inoue et al., 1991). Indeed the
KATP channel opener diazoxide, which is about 1000-times
more potent in opening mitochondrial than sarcolemmal

KATP channels, has been found to be cardioprotective in a
concentration that opens only mitochondrial(mito) KATP

channels (Garlid et al., 1997). Furthermore, the selective
mitoKATP channel inhibitor 5-hydroxydecanoate (5-HD)

abolishes the protection that results either from the
administration of diazoxide or from ischaemic precondition-
ing (McCullough et al., 1991; Downey & Cohen, 2000). Such

studies, however, have only investigated the infarct size
reducing e�ect of preconditioning as an end-point of
protection, and except for a study (Asemu et al., 1999) in

rat isolated hearts (a model in which ventricular ®brillation,
the most serious ischaemia-induced arrhythmia, could not be
demonstrated), there have been no attempts to investigate the
role of mitoKATP channels in the protective e�ect of

preconditioning against the arrhythmias that result from
myocardial ischaemia. The aim of the present study was,
therefore, to investigate whether mitoKATP channels are

involved in the antiarrhythmic e�ect of preconditioning in a
well established canine model of ischaemia and reperfusion.
We did this in two ways; ®rst we examined whether the

antiarrhythmic e�ects of preconditioning could be blocked by
the administration of the selective mitoKATP channel
inhibitor 5-hydroxydecanoate; second, we examined whether

diazoxide can also protect the heart against arrhythmias
resulting from ischaemia and reperfusion.

Methods

In vivo studies in anaesthetized dogs

These were similar to those already described in detail
elsewhere (VeÂ gh et al., 1992a). In brief, adult mongrel dogs of

both sexes, weighing between 18 and 26 kg (mean: 23+2 kg)
were anaesthetized with a mixture of chloralose and urethane
(60 and 200 mg kg71 i.v., respectively) and ventilated with

room air using a Harvard Respirator at a rate and volume
su�cient to maintain arterial blood gases and pH within
normal limits (VeÂ gh et al., 1992a). If necessary, additional
chloralose and urethane (10 and 25 mg kg71 h71, respect-

ively) were infused to maintain anaesthesia. Temperature was
recorded from the mid-oesophagus and maintained at
37+0.58C by means of a heating pad.

Polyethylene catheters were inserted into the right femoral
artery (for monitoring blood pressure) and into the right
femoral vein (for drug and anaesthetic administration).

Another catheter was introduced into the cavity of the left
ventricle, through the left femoral artery, for the measure-
ment of left ventricular systolic (LVSP) and end-diastolic

(LVEDP) pressures, as well as changes in positive and
negative dP/dtmax.

The animals were thoractomized at the ®fth intercostal
space and the anterior descending branch of the left coronary

artery (LAD) prepared for occlusion just proximal to the ®rst
main diagonal branch. The circum¯ex branch of the left
coronary artery (LCX) was also dissected free to allow the

measurement of coronary blood ¯ow by means of a 2.0 mm
electromagnetic ¯ow probe attached to a Statham SP2202
¯owmeter. Epicardial ST-segment changes and the degree of

inhomogeneity of electrical activation were measured from
the left ventricular wall distal to the occlusion site using a
`composite' electrode described previously (VeÂ gh et al.,

1992a). This gives a summarized recording of R-waves from
30 epicardial measuring points. In the adequately perfused
and oxygenated myocardium all sites are activated almost
simultaneously, resulting in a single large spike. However,

following occlusion, widening and fractionation of the
summarized R-wave occurs, indicating that adjacent ®bres
are not simultaneously activated because of inhomogeneity of

conduction. We expressed this as the greatest delay in
activation (ms) within the ischaemic area.

All these parameters, together with a limb lead electro-

cardiogram, systemic arterial and left ventricular systolic and
end-diastolic pressures (Statham P23XL transducers) and LV
dP/dt were recorded on an eight channel Medicor R81
recorder.

In these experiments a side branch of the LAD was
catheterized immediately proximal to the proposed occlusion
site (VeÂ gh et al., 1996). This was used for the local

intracoronary administration of drugs or saline.
Ventricular arrhythmias during coronary artery occlusion

and following reperfusion were assessed as previously

described (VeÂ gh et al., 1992a). In brief, the total number of
ventricular premature beats (VPBs), the incidence and
number of episodes of ventricular tachycardia (VT; de®ned

as a run of four or more ventricular premature beats at a rate
faster than the resting heart rate), and the incidence of
ventricular ®brillation (VF) were evaluated. Following
reperfusion, only the incidence of VF was assessed. Those

dogs were pronounced survivors if they were still alive, and
predominantly in sinus rhythm, 10 min after reperfusion.
These animals were euthanized by an excess of anaesthetic.

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. It
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was expressed as a percentage of the left ventricular wall
together with the septum (Kis et al., 1999).

Experimental protocol

The experimental protocol is illustrated in Figure 1. Six
groups of dogs were used. The animals were randomly

assigned to control or treated groups by providing an equal
distribution of males and females in each group. In all groups
a 30 min recovery period was allowed to stabilize after

surgery. Ten dogs served as controls. In these dogs saline was
infused into a side branch of the left anterior descending
coronary artery (LAD) proximal to the occlusion site, at a

rate of 0.5 ml min71 over a period of 30 min. After this time
the dogs were subjected to a 25 min occlusion of the LAD; if
the dogs had survived up to this time the ischaemic

myocardium was then rapidly reperfused. Three groups of
dogs were subjected to preconditioning by occluding the
LAD for 5 min 20 min prior to a prolonged (25 min) period
of ischaemia. In some of these preconditioned dogs (n=14)

saline was infused 30 min prior to prolonged ischaemia. In a
further group of preconditioned dogs 5-hydroxydecanoate (5-
HD) was given in a dose of 150 mg kg71 min71 by

intracoronary infusion over a period of 30 min, commencing
either 5 min prior to (n=10) or immediately after (n=10) the
5 min preconditioning occlusion. Another thirteen dogs were

given 1 mg kg71 diazoxide, administered slowly (over a 2 min
period) into the coronary artery, 20 min prior to prolonged
occlusion; a further six dogs were subjected to this same

protocol but in the presence of an infusion of 5-HD.
The dose of 5-hydroxydecanoate was taken from the

original paper of Gross & Auchampach (1992) who gave this
same dose (150 mg kg71 min71) by the same intracoronary

route, and also in dogs, to selectively block mitochondrial
(mito)KATP channels. The dose of diazoxide (1 mg kg71) was
calculated from that used in rat isolated hearts to selectively

open mitoKATP channels by Garlid et al. (1997).

Ethics

The origin and upkeep of these dogs were in accord with
Hungarian law (XXVIII, chapter IV, paragraph 31) regarding
large experimental animals, which comply with those of the

European Commission as described in the regulations dated
December 16, 1991.

Statistical evaluation

All the data are expressed as means+s.e.mean and

di�erences between means compared by a Student's t-test
corrected for multiple comparisons using a two-way
ANOVA. Ventricular premature beats were compared using
the Mann ±Whitney Rank Sum test, and the incidences of

arrhythmias (such as VT, VF) and survival from the
combined ischaemia ± reperfusion insult were compared using
the Fisher Exact test. Di�erences between groups were

considered signi®cant when P50.05.

Results

Haemodynamic effects of 5-hydroxydecanoate and of
diazoxide

There were no signi®cant haemodynamic changes following
the intracoronary administration of either 5-HD and

diazoxide, except that diazoxide markedly increased coronary
blood ¯ow in the circum¯ex branch of the left coronary
artery (from 118+8 to 174+26 ml min71; P50.05) com-

pared to the control dogs infused with saline (from 99+8 to
96+7) and reduced coronary vascular resistance during
diastole (from 0.73+0.03 to 0.47+0.06 mmHg ml71 min71;

P50.0.5 cf. controls from 0.97+0.10 to 0.95+0.1
mmHg ml71 min71).

Haemodynamic changes following the 25 min occlusion of
the LAD

The changes in the most important haemodynamic para-

meters are illustrated in Table 1. There were no signi®cant
changes between groups in any of these parameters when
measured immediately prior to coronary artery occlusion.

There was only one exception; in dogs given diazoxide the
diastolic coronary blood ¯ow was higher prior to occlusion
than in the other groups. Coronary artery occlusion resulted

in similar haemodynamic changes in all groups; arterial blood
pressure and LVdP/dtmax were signi®cantly reduced, whereas
LVEDP was markedly increased, except in dogs subjected to
preconditioning. In these dogs the elevation of LVEDP was

signi®cantly less than in the controls (Table 1). Following
occlusion of the LAD there was a marked increase in LCX
coronary blood ¯ow in all the groups, but especially in the

dogs that had been subjected to preconditioning. This
`compensatory' increase in coronary blood ¯ow was not
modi®ed by 5-HD (Table 1).

Figure 1 Experimental protocol for the studies examining the role
of mitochondrial KATP channels in the antiarrhythmic e�ects of
ischaemic preconditioning in anaesthetized dogs. Preconditioning was
induced by a 5 min occlusion of the left anterior descending (LAD)
coronary artery 20 min prior to a 25 min occlusion of the same
artery (PC group, n=14). Two groups of preconditioned dogs were
given 5-hydroxydecanoate (5-HD) in a dose of 150 mg kg71 min71 by
intracoronary infusion over a 30 min period, either before (5-
HD+PC); n=10) or immediately after (PC+5-HD; n=10) pre-
conditioning. In some dogs diazoxide was injected, by the
intracoronary route, in a dose of 1 mg kg71 20 min prior to the
prolonged occlusion either alone (n=3) or in the presence of 5-HD
(n=6). Control dogs (n=10) were given intracoronary saline
(0.5 ml min71) over a period of 30 min and then subjected to
prolonged (25 min) ischaemia.
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The severity of ventricular arrhythmias during a
preconditioning coronary artery occlusion; effects of the
prior administration of 5-HD

In normal dogs there are relatively few ventricular premature
beats during a 5 min coronary artery occlusion. For example,
in the present study, of the 24 dogs subjected to such a single

(preconditioning) occlusion period there was a mean of only
18+14 ventricular premature beats (VBPs). Further, two
dogs exhibited just a single episode of VT (Figure 2), no dog

®brillated during the preconditioning occlusion, and only one
of these 24 dogs ®brillated during reperfusion. However,
when the 5 min preconditioning procedure was performed in

the presence of 5-HD, the number of VPBs and of episodes
of VT were both signi®cantly increased (to 76+33 and
4.1+1.2 episodes, respectively). Indeed, it proved di�cult to
precondition dogs in the presence of 5-HD, since seven out of

the 10 dogs exhibited VT and three out of 10 of the animals
®brillated during the preconditioning occlusion. Further,
another three dogs out of the remaining seven dogs ®brillated

during reperfusion. Thus, only four of the 10 dogs in this
group survived to be subjected to prolonged ischaemia.

The severity of ventricular arrhythmias during the 25 min
coronary artery occlusion

This is illustrated in Figures 3 and 4. In control dogs, there
was marked ventricular ectopic activity (VPBs 295+67) and
a high incidence (100%) and many episodes (8.3+4.2) of VT
during coronary artery occlusion (Figure 3). In contrast,

these arrhythmias were signi®cantly less in dogs subjected to
preconditioning. Thus, there were only 89+28 VPBs,
1.6+0.9 episodes of VT (P50.05) and a 43% incidence of

VT during the prolonged occlusion in these preconditioned
dogs. The incidences of VF during ischaemia and reperfusion
were also modi®ed by preconditioning (Figure 4). During

coronary artery occlusion VF occurred in 60% of the control
dogs and no dog survived the combined ischaemia-reperfu-
sion insult (Figure 4). In contrast, no preconditioned dog

died during occlusion and there was a 43% survival from the
occlusion/reperfusion insult.

A protection similar to that following preconditioning was

achieved against ischaemia-induced arrhythmias with diaz-
oxide. Thus, there were only few VPBs (19+11) and episodes
of VT (0.2+0.1) and a much lower incidence of VT (33%)
during the prolonged period of ischaemia (Figure 3).

Furthermore, no dog given diazoxide ®brillated during
occlusion, and 58% of these dogs survived the combined
ischaemia-reperfusion insult (Figure 4; all P50.05 compared

to controls).
Administration of 5-HD prior to the prolonged occlusion

attenuated, but did not abolish, the antiarrhythmic e�ects of

preconditioning (Figure 4). For example, only one of these
dogs ®brillated during the prolonged occlusion (P50.05 c.p.
controls) and 30% survived reperfusion. In those four dogs
given 5-HD prior to the preconditioning occlusion (see

above) and which survived long enough to be subjected to
a prolonged occlusion, VF occurred in three of these dogs
(Figure 4), in each case preceded by a brief period of VT

(Figure 3), and the remaining dog ®brillated during
reperfusion. 5-HD also completely abolished the protective
e�ect of diazoxide; there were many VPBs (754+139) and all

the dogs exhibited VT with many episodes (37.5+2.5). The
greater number of VPB's in these dogs compared to controls
(ns) was due entirely to an exceedingly high number (2053

ectopic beats) and many more episodes of VT (109 episodes)
in one particular dog. Only 50% of these dogs survived the
ischaemic period (P50.05 c.p. those dogs given diazoxide
alone) and no dog survived reperfusion (compared to 58% in

those dogs given diazoxide but not 5-HD; P50.05).

The severity of myocardial ischaemia during a 25 min
occlusion of the LAD

This was assessed in two ways; by changes in the ST-segment

recorded from epicardial electrodes and in the degree of
inhomogeneity of electrical activation, both measured from
the ischaemic area. Compared to controls, both precondition-

Table 1 Haemodynamic changes following coronary artery occlusion

MABP HR LVEDP LV+dP/dtmax CBF (diast)
(mmHg) (beats/min) (mmHg) (mmHg s71) (ml mins71)

Control (n=10)
Pre-occlusion 103+3 118+5 5.0+3.0 3788+130 83+5
change 713+3* 7+2 16.8+0.8* 7863+99* 19+2*
PC (n=14)
Pre-occlusion 101+2 117+5 6.3+0.6 3784+177 93+8
change 711+3* 2+1 4.8+1.5*a 7532+102* 31+7*a

5HD+PC (n=4)
Pre-occlusion 95+8 120+5 6.3+1.3 3453+305 98+3
change 711+3* 7+3 13.8+2.0 7541+285* 21+5*
PC+5HD (n=9)
Pre-occlusion 98+4 125+8 5.7+0.4 3497+251 103+4
change 76+2* 1+1 13.5+1.2* 7794+122* 25+7*
Diazoxide (n=13)
Pre-occlusion 101+6 126+6 6.3+0.7 3661+201 121+8a

change 714+3* 3+1 11.7+1.1* 7654+106* 27+7*
5HD+Diazoxide (n=6)
Pre-occlusion 91+3 125+11 6.0+0.6 3898+266 109+18
change 78+3* 4+2 15.0+2.3* 7828+126* 22+5*

*P50.05 cp. pre-occlusion. aP50.05 cp. control group. Values, immediately prior to occlusion and 5 min afterwards, are given as
means+s.e.mean.
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Figure 2 The severity of ventricular arrhythmias (number of VPBs, VT episodes, incidences of VT, VF and survival) during the
5 min preconditioning procedure in dogs given either saline (PC) or 5-HD (5-HD +PC). It was di�cult to precondition dogs in the
presence of 5-HD. In these dogs the number of VPBs and VT episodes, and the incidence of VT, were markedly increased during
the 5 min preconditioning occlusion and there was a high incidence of VF both during occlusion and reperfusion. Values are
means+s.e.mean. *P50.05 compared to preconditioned dogs without 5-HD.

Figure 3 Ventricular premature beats (VPBs) and the incidence (%) and number of episodes of ventricular tachycardia (VT) in
control dogs (C), in preconditioned dogs (PC), in dogs given diazoxide (D) and in preconditioned dogs given 5-hydroxydecanoate
after preconditioning (PC+5-HD). In dogs given 5-HD prior to preconditioning (5-HD+PC) only the incidence of VT is shown.
The antiarrhythmic e�ect of PC is prevented by 5-HD. Values are means+s.e.mean. *P50.05 compared to controls; #P50.05
compared to preconditioned dogs.
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ing and diazozide markedly reduced both epicardial ST-
segment elevation (Figure 5) and the degree of inhomogeneity
(Figure 6). These protective e�ects against ischaemia were

attenuated or abolished by 5-HD, depending on the timing of
its administration.
There were no signi®cant di�erences in the area at risk

between controls (38+2%), preconditioned dogs (41+3%)

preconditioned dogs given 5-HD prior to preconditioning
(35+2%) or prior to prolonged occlusion (36+1%), or in
dogs given diazoxide in the absence (38+1%) or in the

presence of 5-HD (36+2%).

Discussion

In the present study we con®rm our previous ®ndings that

preconditioning induced by brief (5 min) periods of
coronary artery occlusion, protects the myocardium against
the severe ventricular arrhythmias that occur during a
subsequent, more prolonged period of ischaemia (VeÂ gh et

al., 1990; 1992a). We now demonstrate that even a single
preconditioning occlusion of 5 min is profoundly antiar-
rhythmic. This, as with other manifestations of the protection

a�orded by ischaemic preconditioning (such as infarct size

Figure 4 Ventricular ®brillation (VF; %) during a 25 min coronary artery occlusion (VF occlusion), following reperfusion (VF
reperfusion) and survival following the combined ischaemia-reperfusion insult in control dogs (C), in preconditioned dogs (PC), in
dogs given diazoxide (D), and in preconditioned dogs given 5-HD either prior to, or immediately after, the preconditioning
occlusion. The reduction in VF and the increase in survival following ischaemic preconditioning is prevented by the administration
of 5-HD prior to preconditioning. *P50.05 compared to controls; #P50.05 compared to preconditioned dogs.

Figure 5 Changes in epicardial ST-segment elevation (mV) during a 25 min coronary artery occlusion in control (C) dogs, in
preconditioned dogs (PC), in preconditioned dogs given 5-HD before (5-HD+PC) or after (PC+5-HD) preconditioning, and in
dogs treated with diazoxide alone (D) or in the presence of 5-HD (5-HD+D). The preconditioning and diazoxide-induced
reductions in this index of ischaemia severity are prevented by 5-HD. Values are means+s.e.mean. *P50.05 compared to control.
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reduction and the enhanced recovery of contractile function

following a period of ischaemia and reperfusion) probably
involves the opening of mitochondrial KATP channels. This
observation is important because it shows, we think for the
®rst time, that all three major protective e�ects of

preconditioning involve a similar common mechanism. In
the past this has been the subject of debate (reviewed by
Parratt & Kane, 1994).

The evidence for the involvement of these channels in
arrhythmia suppression following preconditioning is that (1)
blocking these channels with 5-hydroxydecanoate abolishes

the protection against arrhythmias resulting from precondi-
tioning and (2) that opening these channels by pharmacolo-
gical means with diazoxide results in a similar protection

against arrhythmias during ischaemia and reperfusion as that
resulting from ischaemic preconditioning. The marked
protection a�orded by diazoxide is also 5-HD sensitive; it is
abolished if diazoxide is given in the presence of 5-HD.

We found, and this is in apparent contrast to others,
that it was di�cult to precondition dogs in the presence of
5-HD. Few of the dogs survived the preconditioning

occlusion since, during attempts to precondition with even
a single 5 min occlusion in the presence of 5-HD,
arrhythmias were severe; this was true both during this

brief period of ischaemia (occlusion) and during reperfusion
(Figure 2). It seems that mitoKATP channels are opened by
even such a brief (5 min) period of ischaemia and that this
is necessary for the e�ectiveness of preconditioning to

reduce the severity of those life-threatening arrhythmias
which result from a subsequent, more prolonged, coronary
artery occlusion commencing 20 min later. MitoKATP

channel opening is thus (following mediator release?) a
prerequisite (`trigger') for the protection. What is not so
clear from the present results is whether, for protection,

they need to remain open during the subsequent more
prolonged ischaemic period.

Although the antiarrhythmic e�ect of preconditioning was

still evidence when 5-HD was given after the preconditioning
occlusion but before (and during) the prolonged (25 min)
period of ischaemia we also do not know whether, once
opened, the channels can be closed by 5-HD administration.

Presumably other events downstream to mitoKATP channel
opening have already taken place and it is these events that
lead to protection against arrhythmias. This important

question, that is whether these channels are involved, not
only in the trigger mechanism for protection but are also as
the end-target (mediator) of this protection, has been recently

discussed by Patel & Gross (2001). They have suggested that
the opening of these channels generates reactive oxygen
species (ROS) and that these are part of the cascade leading

to cardioprotection. They have discussed the evidence
suggesting that the opening of mitoKATP channels is indeed
upstream to ROS generation.
The di�culty we found in preconditioning in the presence

of 5-HD is similar to our previous studies when, prior to the
preconditioning occlusion(s), drugs had already been given to
block the important initial (i.e. trigger) chemical mediators of

this protection, namely bradykinin (VeÂ gh et al., 1994),
prostacyclin (VeÂ gh et al., 1990) and nitric oxide (VeÂ gh et
al., 1992b). In this regard, a role for nitric oxide is supported

by the ®nding that, albeit in a di�erent species and system, a
NO donor (S-nitroso-N-acetylpenicillamine; SNAP) directly
activates mitochondrial KATP systems and indeed, also
potentiates the ability of diazoxide to open these same

channels by a cGMP-independent mechanism (Sasaki et al.,
2000). This has led to speculation that NO might function as
an endogenous mitochondrial KATP channel opener (Hor-

imoto et al., 2000). Our suggestion would be that it is the
bradykinin-mediated release of NO leading to the opening of
these channels that is a key triggering mechanism leading to

arrhythmia protection (Parratt et al., 1997). It is of interest
that Wang et al. (2001) have recently demonstrated, albeit in

Figure 6 Changes in the degree of inhomogeneity of electrical activation (ms) within the ischaemic area during a 25 min coronary
artery occlusion in control dogs (C), in preconditioned dogs (PC), in preconditioned dogs given 5-HD before (5-HD+PC) or after
(PC+5-HD) preconditioning, and in dogs treated with diazoxide alone (D) or in the presence of 5-HD (5-HD+D). The
preconditioning and diazoxide-induced reductions in this index of ischaemia severity are prevented by 5-HD. Values are
means+s.e.mean. *P50.05 compared to control.
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a model of late (delayed) cardioprotection, that the protective
e�ects of diazoxide are not observed in iNOS knockout mice.
The present studies, using arrhythmia severity rather than

infarct size as the endpoint, suggest to us that not only do the
mitochondrial KATP channels have to be opened (by
preconditioning or diazoxide) to provide protection, a
conclusion that is generally accepted, but also, since 5-HD

given after preconditioning and continued well into the
prolonged ischaemic period fails to signi®cantly modify
preconditioning-induced protection against arrhythmias, that

mitoKATP channels are a trigger, but not the end-e�ector of
this protection. This accords well with the conclusion of
Downey's group (Downey & Cohen, 2000; 2001; Pain et al.,

2000) that the opening of these channels, like activation of
protein kinase C, tyrosine kinase and the generation of nitric
oxide, is involved in the cascade(s) leading to protection but

that these channels are not the end-e�ector, which remains
elusive. The evidence leading to the proposal, that mitochon-
drial KATP channels are both the trigger and the end-e�ector

of protection by ischaemic preconditioning has been recently
summarized by Gross & Fryer (2000). However, neither we
nor Downey's group (Pain et al., 2000), have been successful

in demonstrating convincingly that these channels are indeed
also the end-e�ector. The reasonable conclusion (Gross &
Fryer, 2000) that `obviously, additional studies are necessary
to determine the critical juncture at which mitochondrial

KATP channel activation elicits its important cardioprotective
function' still stands.
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