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1 Activation of ATP-dependent potassium channels (KATP) is involved in ischaemic preconditioning
(IP). In isolated buffer-perfused rabbit hearts, activation of mitochondrial KATP – through a
generation of free radicals – acted as a trigger rather than a mediator of IP; the isolated buffer-
perfused heart preparation, however, favours free radical generation. In contrast, in vivo studies in rats
and dogs suggested that activation of KATP acts as a mediator of IP’s protection. A detailed analysis
on the role of KATP in IP’s protection in vivo by varying the time and dose of KATP blocker
administration is, however, lacking.

2 In 54 enflurane-anaesthetized pigs, the left anterior descending coronary artery was perfused by an
extracorporeal circuit. Infarct size (IS, %, TTC) following 90min sustained low-flow ischaemia and
120min reperfusion was 26.673.5 (s.e.m.) (n¼ 8). IP with one cycle of 10min ischaemia and 15min
reperfusion reduced IS to 6.572.1 (n¼ 7, Po0.05). Blockade of KATP with glibenclamide (0.5mg kg�1

i.v., 50 mgmin�1 continuous infusion) starting 10min before or immediately following the
preconditioning ischaemia abolished IS reduction by IP (20.772.7, n¼ 7 and 21.976.6, n¼ 6,
respectively) while having no effect on IS per se (22.275.2, n¼ 7), supporting a trigger role of KATP in
IP. In contrast, starting glibenclamide following the preconditioning ischaemia 10min prior to the
sustained ischaemia did not prevent IS reduction by IP (3.772.3, n¼ 6), even when its bolus dose was
increased to 1.5mg kg�1 (26.673.8 with IP vs 37.572.9 without IP; n¼ 7 and 6 respectively, Po0.05),
thereby refuting a mediator role of KATP in IP.

3 In conclusion, activation of KATP in the immediate reperfusion following the preconditioning
ischaemia is pivotal for triggering IP.
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Introduction

Ischaemic preconditioning (IP) is a potent cardioprotective

phenomenon, first described by Murry et al. (1986), in which

brief episodes of ischaemia/reperfusion reduce infarct size

resulting from a subsequent sustained ischaemia, and it has

been confirmed in all species tested so far (Yellon et al., 1998),

possibly also including humans (Yellon & Dana, 2000;

Heusch, 2001). The signal transduction cascade of IP involves

endogenous triggers (such as adenosine, bradykinin, opioids

and free radicals) and mediators (such as protein kinase C,

protein tyrosine kinases and mitogen-activated protein ki-

nases) (for a review, see Baxter, 1997; Schulz et al., 2001).

Conceptually, triggers are important during the precondition-

ing phase, while mediators are important during the sustained

ischaemia. ATP-dependent potassium channels (KATP) are

involved in the cardioprotection obtained by IP. Their

blockade prior to the preconditioning ischaemia abolishes

the infarct size reduction by IP in rats (Schultz et al., 1997a, b),

rabbits (Munch-Ellingsen et al., 1996; Morita et al., 1997;

Munch-Ellingsen et al., 2000), dogs (Gross & Auchampach,

1992; Sanada et al., 2001) and pigs (Schulz et al., 1994). Apart

from the controversy on whether sarcolemmal or mitochon-

drial KATP are important for the observed cardioprotection

(for a review, see Gross & Fryer, 1999; O’Rourke, 2000;

Schulz, 2000; Oldenburg et al., 2002a; Gross, 2002), it also

remains controversial whether or not KATP act as triggers

or mediators in IP’s protection. In vitro studies in isolated

buffer-perfused rabbit hearts support the notion that activa-

tion of KATP acts as a trigger rather than a mediator in

preconditioning’s protection (Pain et al., 2000). In this study,

200 mM 5-HD (mitochondrial KATP antagonist) or glibencla-

mide (nonselective KATP antagonist) abolished the infarct size

reduction by IP when administered to bracket the precondi-

tioning ischaemic period, while having no effect on infarct size

when administered to bracket the sustained ischaemic period.

In contrast, data from rats and dogs in vivo suggest that the

activation of mitochondrial KATP is involved in both triggering

and mediating IP’s protection (Auchampach et al., 1992;

Gross & Auchampach, 1992; Fryer et al., 2001). In these

studies, 5-HD (Fryer et al., 2001) or glibenclamide (Aucham-

pach et al., 1992; Gross & Auchampach, 1992) not only when

given prior to (Auchampach et al., 1992; Gross & Aucham-

pach, 1992; Fryer et al., 2001) but also when given immediately

at the end of the preconditioning ischaemia (Gross &*Author for correspondence; E-mail: rainer_schulz@uni-essen.de
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Auchampach, 1992; Fryer et al., 2001) or during the initial

10min of the sustained ischaemic period (Auchampach et al.,

1992) attenuated infarct size reduction by IP. From these

results, the authors concluded that the activation of KATP acts

as a mediator rather than a trigger of IP’s. Opening of

mitochondrial KATP leads to the generation of free radicals as

demonstrated in vascular smooth muscle cells (Krenz et al.,

2002; Oldenburg et al., 2002b) and isolated cardiomyocytes

(Yao et al., 1999), and free radical generation is involved in

triggering cardioprotection by IP (Tanaka et al., 1994; Patel

et al., 2001; Skyschally et al., 2002). Therefore, the reperfusion

phase following the preconditioning ischaemia might be

pivotal for triggering preconditioning’s protection, since the

free radical production following short periods of ischaemia is

increased only during the first few minutes of the subsequent

reperfusion (Bolli et al., 1988, 1989; Skyschally et al., 2002).

Thus, part of the controversy on KATP acting as a trigger or

mediator may relate to model (in vitro vs in vivo) or species

differences (rabbit vs rat and dog). Importantly, the time of

drug administration may also be decisive (treatment starting

immediately following the end of the preconditioning ischae-

mia vs treatment starting just prior to the sustained ischaemia).

We have therefore now tested in an established pig model in

vivo whether the activation of KATP acts as trigger or mediator

in ischaemic preconditioning by varying the time and dose of

drug administration. Pigs were used, since their coronary

anatomy and infarct development closely resemble that

observed in humans (Schaper et al., 1988). We used the KATP

channel blocker glibenclamide to block both sarcolemmal and

mitochondrial KATP channels.

Methods

The experimental protocols employed in this study were

approved by the bioethical committee of the district of

Düsseldorf, Germany, and they adhere to the guiding

principles of the American Physiological Society.

Experimental preparation

A total of 54 Göttinger minipigs (20 – 40 kg) of either sex were

initially sedated using ketamine hydrochloride (1 g i.m.) and

then anaesthetized with thiopental (Trapanal, 500mg i.v., Byk

Gulden, Konstanz, FRG). Through a midline cervical incision,

the trachea was intubated for connection to a respirator

(Dräger, Lübeck, FRG). Anaesthesia was then maintained

using enflurane (1 – 1.5%) with an oxygen/nitrous oxide

mixture (40%:60%). Arterial blood gases were monitored

frequently in the initial stages of the preparation until stable,

and then, periodically throughout the study (Radiometer,

Copenhagen, Denmark). Rectal temperature was monitored

and kept between 37 and 381C using heating pads. Pigs were

instrumented for the measurement of left ventricular (LV)

pressure and wall thickness (Heusch et al., 2000). After

heparinization, the left anterior descending (LAD) coronary

artery and adjacent vein were cannulated, and the artery was

perfused from an extracorporeal circuit, including a roller

pump. To induce ischaemia, blood flow into the cannulated

LAD coronary artery was reduced (see below) by reducing the

speed of the roller pump; a residual blood flow of approxi-

mately 15 – 20% of baseline was maintained.

Regional myocardial function and regional myocardial
blood flow

Regional myocardial work was determined as the sum of the

instantaneous LV pressure – wall thickness product over the

time of the cardiac cycle. The maximal work value during

systole is reported as WI (Heusch et al., 1996). Regional

myocardial blood flow was measured with radioactive micro-

spheres (Schulz et al., 1989), and in a subset of experiments

(n¼ 13) regional myocardial oxygen consumption was mea-

sured by multiplying the arteriocoronary venous oxygen

difference with the transmural myocardial blood flow at the

crystal site. Myocardial efficiency was calculated as the ratio of

WI to regional myocardial oxygen consumption during

normoperfusion without and with glibenclamide either at a

low dose (LD) or high dose (HD).

Morphology

Up to six transverse myocardial slices from each heart were

incubated in triphenyl tetrazolium chloride solution to identify

necrotic tissue (Schulz et al., 2002). The amount of infarcted

tissue is expressed as a percentage of the LV area at risk, as

determined by the microspheres technique (Post et al., 1998).

Experimental protocols (Figure 1)

Control (n¼ 8)

Following baseline measurements of systemic haemodynamics,

WI and regional myocardial blood flow, coronary inflow was

reduced to achieve a 90% reduction in WI. At 5 and 85min

ischaemia, measurements were repeated, and thereafter the

myocardium was reperfused for 2 h.

(IP)

Control 90 min 120 min90 min 120 min90 min 120 min

15 min 90 min 120 minIP 15 min 90 min 120 min10 min 15 min 90 min 120 min

Ischemia ReperfusionIschemia ReperfusionIschemia ReperfusionIschemia ReperfusionIschemia ReperfusionIschemia Reperfusion

15 min 90 min 120 minGLIB-LD + IP 15 min 90 min 120 min10 min 15 min 90 min 120 min

Glib-HD 90 min 120 min90 min 120 min

90 min 120 minGlib-LD 90 min 120 min90 min 120 min

10 min 15 min 90 min 120 minIP + GLIB-HD late 10 min 15 min 90 min 120 min

15 min 90 min 120 minIP + GLIB-LD late 10 min 15 min 90 min 120 min

IP+GLIB-LD early 15 min 90 min 120 min10 min 15 min 90 min 120 min

 Experimental protocol

Glib (0.5 mg kg-1)

Glib (0.5 mg kg-1)

Glib (0.5 mg kg-1)

Glib (0.5 mg kg-1)

Glib (1.5 mg kg-1)

Glib (1.5 mg .

.

.

.

.

.

kg-1)

Figure 1 Schematic diagram of the experimental protocol.
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Ischaemic preconditioning (IP, n¼ 7)

Following baseline measurements of systemic haemodynamics,

WI and regional myocardial blood flow, the myocardium was

subjected to one cycle of 10min preconditioning ischaemia,

with a 90% reduction in WI, and 15min reperfusion. During

reperfusion, coronary arterial pressure was maintained at the

level measured prior to ischaemia by continuously adapting

coronary inflow with the roller pump, thus permitting reactive

hyperemia. Following reperfusion, coronary inflow was once

again reduced to the same level as during the preconditioning

ischaemia. Thereafter, the protocol was identical to that of the

control group.

LD glibenclamide (Glib-LD, n¼ 7)

Following baseline measurements of systemic haemodynamics,

WI, regional myocardial blood flow and oxygen consumption,

glibenclamide dissolved in a mixture (ratio of 35:4:1) of NaCl

(0.9%), ethanol (70%) and NaOH (80mM), was given

intravenously as a bolus dose of 0.5mg kg�1 (LD) followed

by a continuous infusion of 50mgmin�1 until the end of the

sustained ischaemia. At 10min after the bolus administration

of glibenclamide, measurements of systemic haemodynamics,

WI and regional myocardial blood flow and oxygen consump-

tion were repeated before coronary inflow was reduced to

achieve an approximately 90% reduction in WI. At 5 and

85min ischaemia, measurements of systemic haemodynamics,

WI and regional myocardial blood flow were repeated, and

thereafter the myocardium was reperfused for 2 h.

Glib-LD+IP (n¼ 7)

The protocol of this group was identical to that of the IP

group, except that starting 10min before the preconditioning

ischaemia, glibenclamide at a bolus dose of 0.5mg kg�1 (LD)

was administered followed by a continuous infusion of

50 mgmin�1 until the end of the sustained ischaemia.

IP+Glib-LD early (n¼ 6) or late (n¼ 6)

The protocols of both groups were identical to that of the IP

group, except that glibenclamide at a bolus dose of 0.5mg kg�1

(LD) was administered immediately following the precondi-

tioning ischaemia (early) or at 10min prior to the sustained

ischaemia (late), each followed by a continuous infusion of

50 mgmin�1 until the end of the sustained ischaemia.

HD Glib (Glib-HD, n¼ 6)

Since a previous study in rabbits suggested that treatment with

KATP-antagonists starting between the preconditioning and the

sustained ischaemia required a higher drug concentration to be

effective (Wang et al., 2001), glibenclamide was now adminis-

tered at a bolus dose of 1.5mgkg�1 (HD) followed by a

continuous infusion of 150mgmin�1 until the end of the

sustained ischaemia.

At 10min after the bolus administration of glibenclamide,

measurements of systemic haemodynamics, WI and regional

myocardial blood flow and oxygen consumption were repeated

before coronary inflow was reduced to achieve an approxi-

mately 90% reduction in WI. At 5 and 85min ischaemia,

measurements of systemic haemodynamics, WI and regional

myocardial function and blood flow were repeated, and

thereafter the myocardium was reperfused for 2 h.

IP+Glib-HD late (n¼ 6)

The protocol was identical to that of the IP group, except that

glibenclamide was now administered at a bolus dose of

1.5mg kg�1 (HD) 10min prior to the sustained ischaemia

followed by a continuous infusion of 150mgmin�1 until the end

of the sustained ischaemia.

Data analysis and statistics

Data are reported as mean values7s.e.m. Statistical analysis

for all groups comprised two-way ANOVA for repeated

measures and Fisher’s LSD tests when significant overall

effects were detected. Infarct size, area at risk and ischaemic

subendocardial blood flow were analysed by one-way ANOVA

and Fisher’s LSD tests. Data on WI, regional myocardial

oxygen consumption and myocardial efficiency during normo-

perfusion without and with glibenclamide at a LD or HD were

compared by paired t-tests. A P-value less than 0.05 was

accepted as indicating a significant difference in the mean

values.

Results

Haemodynamics

Heart rate did not change significantly during the time course

of the protocol within the individual groups and was also not

different among the groups (Table 1). Glibenclamide given

prior to ischaemia (Glib-LD, Glib-LD+IP, Glib-HD) in-

creased LV peak pressure. However, except for an increased

LV peak pressure at 5min of the sustained ischaemia in the

HD glibenclamide groups (Glib-HD, IP-Glib-HD late),

systemic haemodynamics did not differ among groups during

the sustained ischaemia (Table 1).

Regional myocardial function of the posterior control wall

remained stable throughout the experimental protocol in each

group. With glibenclamide at a low (Glib-LD) or high (Glib-

HD) dose, WI of the anterior wall remained unchanged

(Figure 2a). While regional myocardial oxygen consumption of

the anterior myocardium remained unchanged following LD

glibenclamide, it increased with the HD of glibenclamide

(Figure 2b). In consequence, regional myocardial efficiency

was reduced with the HD glibenclamide (Figure 2c).

During sustained ischaemia, WI did not differ among

groups.

Infarct size

Area at risk (Figure 3a) and ischaemic myocardial blood flow

(Figure 3b) were comparable between groups. Following

90min ischaemia and 120min reperfusion, infarct size was

26.673.5% (Figure 3c). Infarct size was significantly reduced

to 6.572.1% by IP with one cycle of 10min ischaemia and

15min of reperfusion. LD glibenclamide did not change infarct

size per se (22.275.2%), but when starting 10min before

the preconditioning ischaema (20.772.7%) or immediately

R Schulz et al KATP in ischaemic preconditioning 67
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Table 1 Systemic haemodynamics

Baseline Glibenclamide before
ischaemia

IP 15 min reperfusion without
or with glibenclamide

5 min ischaemia 85 min ischaemia

HR Control 9972 ND ND ND 10172 10373
IP 9771 ND 9771 9671 9671 9871
Glib-LD 9671 9671 ND ND 9671 9772
Glib-LD+IP 9871 9772 10071 10071 10071 10071
IP+Glib-LD early 10575 ND 10775 10875 10875 10875
IP+Glib-LD late 10273 ND 10174 10272 10372 10372
Glib-HD 10471 10571 ND ND 10571 10571
IP+Glib-HD late 10475 ND 10376 10576 10376 10376

LVPP Control 9573 ND ND ND 8374* 8872
IP 9774 ND 8473* 9774** 8473*,** 8373*
Glib-LD 9674 10874* ND ND 8773*** 8274*,***
Glib-LD-IP 10173 11773* 10077*** 11077** 9274**,*** 9473***
IP+Glib-LD early 9673 ND 8473* 10173** 8973** 8773
IP+Glib–LD late 9372 ND 8673 10272** 9274** 8573
Glib-HD 10373 11975* ND ND 10074***,b 9773***,c

IP+Glib-HD late 10474 ND 9176* 116711*** 10579a 9776c

dP/dt Control 1224781 ND ND ND 1019769 1378757
IP 1251755 ND 1011735 1118775 994755 1032757
Glib-LD 14157164 15107156 ND ND 1172795 1267793
Glib-LD+IP 14887155 15737175 12977179 14167275 13487278 11147196*,***
IP+Glib-LD early 13307109 ND 1066760 1246784 1120769 1150763
IP+Glib-LD late 12037130 ND 945781 1014768 966786 995766
Glib-HD 1445751 1497774 ND ND 1173760*** 1339793
IP+Glib-HD late 14397113 ND 11667133 13067159 12477130 1309799

CAP Control 11673 ND ND ND 2971* 3072*
IP 11674 ND 3072* 10973** 2972*,** 2772*
Glib-LD 11872 12976 ND ND 3373*,*** 3172*,***
Glib-LD+IP 11872 12878 3873* 107712**,*** 3673**,*** 3873*,***
IP+Glib-LD early 12274 ND 2874* 132711** 3171*,** 3572*
IP+Glib-LD late 11571 ND 2871* 12773** 3171*,** 2971*
Glib-HD 11472 14275*,d ND ND 3272*,*** 3272*,***
IP+Glib-HD late 11775 ND 2773* 141719*,*** 3374*,** 3375*

CBF Control 40.273.7 ND ND 6.070.8* 6.371.1*
IP 32.575.2 ND 5.771.7* 38.974.2** 5.771.7*,** 6.071.5*
Glib-LD 28.873.9 29.073.8 ND ND 5.070.5*,*** 4.670.5*,***
Glib-LD+IP 25.572.0 27.672.6 4.470.4*,*** 26.674.4** 4.470.4*,**,*** 4.670.6*,***
IP+Glib-LD early 39.774.1 ND 4.770.9* 59.775.6*,** 4.770.9*,** 4.770.9*
IP+Glib-LD late 35.874.1 ND 5.470.8* 48.076.4*,** 5.370.8*,** 5.3708*
Glib-HD 42.675.1 42.875.1 ND ND 6.071.1*,*** 6.071.1*,***
IP+Glib-HD late 34.974.7 ND 3.972.4* 41.8711.1** 3.872.2*,** 3.872.2*

TMBF Control 0.8470.13 ND ND ND 0.1170.01* 0.1170.02*
IP 0.7070.05 ND 0.1070.02* ND 0.1070.02* 0.1070.02*
Glib-LD 0.7470.07 0.7270.06 ND ND 0.1370.02*,*** 0.1370.02*,***
Glib-LD+IP 0.7270.08 0.7170.05 0.0970.01* ND 0.1070.01*,*** 0.1170.01*,***
IP+Glib-LD early 0.7570.07 ND 0.0870.01* 1.3070.14*,** 0.0970.02*,** 0.1170.02*
IP+Glib-LD late 0.8070.08 ND 0.0970.02* 1.0670.10** 0.0970.02*,** 0.1070.02*
Glib-HD 0.7670.07 0.7970.07 ND ND 0.1070.02*,** 0.1170.02*,***
IP+Glib-HD late 0.7970.09 ND 0.0770.01* 0.9370.13** 0.0770.01*,** 0.0970.01*

Control (n=8); IP, ischaemic preconditioning (n=7); Glib-LD, glibenclamide LD starting 10min prior to the sustained ischaemia (0.5mgkg�1 i.v. followed by 50mgmin�1, n=7); Glib-
LD+IP, glibenclamide LD starting 10min prior to the preconditioning ischaemia+IP (n=7); IP+Glib-LD early, IP+glibenclamide LD starting immediately at the end of the preconditioning
ischaemia (n=6); IP+Glib-LD late, IP+glibenclamide LD starting 10min prior to the sustained ischaemia (n=7); Glib-HD, glibenclamide HD starting 10min prior to the sustained ischaemia
(1.5mgkg�1 i.v. followed by 50mgmin�1, n=7); IP+Glib-HD late, IP+glibenclamide HD starting 10min prior to the sustained ischaemia; HR, heart rate (beats min�1); LVPP, left ventricular
peak pressure (mmHg); dP/dt, maximum of the first derivative of LV pressure (mmHg s�1); CAP, coronary arterial pressure (mmHg); CBF, coronary blood flow (mlmin�1); TMBF, transmural
myocardial blood flow (mlmin�1 g�1). *Po0.05 vs baseline. **Po0.05 vs preceding value, ***Po0.05 vs glibenclamide. aPo0.05 vs all groups; bPo0.05 vs control, IP, Glib-LD, IP+Glib-LD
early; cPo0.05 vs IP, Glib-LD, IP+Glib-LD late; dPo0.05 vs Glib-LD, Glib-LD+IP. ND; not determined.
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following the preconditioning ischaemia (21.9716.6%) abol-

ished the protection by IP. In contrast, LD glibenclamide

starting 10min prior to the sustained ischaemia did not

prevent infarct size reduction by IP (3.772.3%). Pretreatment

of the myocardium with HD glibenclamide per se increased

infarct size following 90min ischaemia and 120min reperfu-

sion to 37.572.9 (Po0.05 vs control and LD-Glib). However,

the HD of glibenclamide starting 10min prior to the sustained

ischaemia did not prevent IP’s protection, since infarct size was

still significantly reduced to 26.673.8% (Po0.05 vs HD-

Glib).

Discussion

The major finding of the present study is that blockade of

KATP with glibenclamide just before the sustained ischaemia

External efficiency
(mmHg mm min g µl-1)

0

1

2

3

4

5

6

7

Baseline Glibenclamide

*

Myocardial oxygen
consumption

(µl min-1 g-1)

0

20

40

60

80

100

120

Baseline Glibenclamide

*

Myocardial work
index (mmHg.

.

. . ..

.

.
.

mm)

0

100

200

300

400

500

Baseline Glibenclamide

Low dose (0.5 mg kg-1 iv)

High dose (1.5 mg kg-1 iv)

a

b

c
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groups. Area at risk and ischaemic blood flow did not differ between
the groups. Infarct size was significantly reduced in hearts
preconditioned by one cycle of 10min ischaemia and 15min
reperfusion (IP) compared to hearts undergoing 90min ischaemia
only (control). A low-dose glibenclamide (Glib-LD) did not alter
infarct size per se, but completely abolished the infarct size reducing
effect of IP when given before (Glib-LD+IP) or immediately
following (IP+Glib-LD early) the preconditioning cycle of 10min
ischaemia and 15min reperfusion. A low-dose glibenclamide did not
affect the infarct size reducing effect of ischaemic preconditioning
when given 10min before the sustained ischaemia (IP+Glib-LD
late). The high-dose glibenclamide (Glib-HD) increased infarct size
per se, but when given 10min prior to the sustained ischaemia did
not abolish IP’s protection (IP+Glib-HD late).
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did not affect the infarct size reducing effect of IP, whereas

blockade of KATP before the preconditioning ischaemia or

during the immediate reperfusion following the precondition-

ing ischaemia abolished IP’s protection, suggesting that

activation of KATP is a trigger rather than a mediator of IP

in pigs.

Critique of methods

The strengths and limitations of the experimental model have

been discussed in detail elsewhere (Schulz et al., 1998).

HD glibenclamide increased infarct size following 90min

sustained ischaemia without or with IP over the respective

infarct sizes obtained in the control or IP groups, but it did not

abolish the cardioprotective action of IP as such. Also in a

previous study in rabbits in vivo, glibenclamide increased

infarct size above that in the respective control group

(Thornton et al., 1993). In the present study, the HD

glibenclamide increased LV pressure during early sustained

ischaemia. However, such an increase in LV pressure is

unlikely to account for the observed increase in infarct size,

since a similar increase in LV pressure by aortic banding did

not affect the extent of myocardial infarction in the same

animal model (Heusch et al., 2000; Post et al., 2000). A more

likely explanation for the increased infarct size with the HD

glibenclamide is a decreased myocardial efficiency (Figure 2).

Such decreased efficiency following blockade of KATP was

recently demonstrated also in isolated rat hearts perfused at

constant flow (Laclau et al., 2002), and a decreased efficiency

of oxygen usage in the presence of a limited oxygen supply

during ischaemia is indeed expected to favour the development

of irreversible tissue damage. In the present study, anaesthesia

was maintained by enflurane. Enflurane reduced infarct size in

rabbits in vivo, although the infarct size reduction by enflurane

was less than that obtained with halothane or isoflurane (Cope

et al., 1997). In rabbits, the reduction of infarct size by

isoflurane involved free radical production, since it was

blocked by the free radical scavenger MPG (Tanaka et al.,

2002). In contrast, in the same animal model as in the present

study, scavenging free radicals by vitamin C had no effect on

infarct development per se, while the infarct size reduction by

IP was completely abolished (Skyschally et al., 2003), arguing

against a significant enflurane/free radical-mediated cardio-

protection in the present study. In isolated cardiomyocytes,

isoflurane and servoflurane induced flavoprotein oxidation

through opening of mitochondrial KATP channels (Kohro et al.,

2001) and reduced the number of trypan-blue-positive

cardiomyocytes following ischaemia/reperfusion (Zaugg et al.,

2002), the latter effect being additive to that of diazoxide-

induced cardiomyocyte protection. Again, LD glibenclamide –

which effectively inhibited cardioprotection by IP – did not

affect infarct size per se. The increase in infarct size observed

with the higher dose of glibenclamide in the present study was

also observed in rabbits in vivo anaesthetized with sodium

pentobarbital (Thornton et al., 1993). Therefore, although we

cannot definitely rule out any effect of enflurane on infarct size

development per se, the above findings make a significant

contribution of enflurane to the results of the present study

unlikely.

In the present study, we were not able to distinguish between

sarcolemmal and mitochondrial KATP in the cardioprotection

by IP. In a recent study in pigs, 5-HD when given prior to the

preconditioning ischaemia failed to attenuate infarct size

reduction by IP, suggesting that mitochondrial KATP are less

important in pigs (Schwartz et al., 2002). However, in this

study a single dose of 5 or 10mg kg�1 5-HD (which equals

approximately 40 – 80mM) was administered 15min prior to

the preconditioning ischaemia.

This finding contrasts previous reports in dogs (Aucham-

pach et al., 1992) and rats (Fryer et al., 2001) in which 5-HD

abolished the infarct size reduction by IP, and a more recent

report in which 5-HD also abolished the IP-induced reduction

of arrhythmias in dogs (Vegh & Parratt, 2002). Potential

explanations for the observed differences might again relate

to species differences (pigs vs dogs and rats), the dose of

5-HD (dogs 300 (Vegh & Parratt, 2002) – 500 (Auchampach

et al., 1992) mM) or the intensity of the preconditioning

stimulus. Schwartz et al. used two cycles of preconditioning

ischaemia/reperfusion, while the other two studies used only a

single cycle of ischaemia/reperfusion. It is plausible that it is

more difficult to block the protective effect of multiple

preconditioning cycles as opposed to a single cycle of

ischaemia/reperfusion (Gross, 2002). Indeed, a less intense

preconditioning stimulus primarily involves bradykinin

(Schulz et al., 1998) and prostaglandins (Gres et al., 2002),

while a more intense preconditioning stimulus involves

adenosine (Schulz et al., 1998) and opioids (Schulz et al.,

2000). For adenosine, however, it has recently been shown in

rabbit hearts that its cardioprotection cannot be blocked by

5-HD (Cohen et al., 2001).

KATP as trigger vs mediator

The signal transduction of IP can be classified into triggers,

such as adenosine, bradykinin, opioids and free radicals, and

mediators, such as protein kinase C, protein tyrosine kinase

and mitogen-activated protein kinases. Free radicals can

trigger the entrance into a preconditioned state by activating

protein kinases (for review see Schulz et al., 2001).

Although undoubtedly activation of KATP is involved in IP’s

protection, their involvement as a trigger or a mediator is still

controversial (Auchampach et al., 1992; Gross & Aucham-

pach, 1992; Pain et al., 2000; Fryer et al., 2001). While part of

the controversy might relate to the use of either in vitro (Pain

et al., 2000) or in vivo (Gross & Auchampach, 1992; Fryer et al.,

2001) models or species differences (rabbit vs rat vs dog), the

present study highlights another important issue, that is, time

of drug administration. In anaesthetized rats (Fryer et al.,

2001) and dogs (Gross & Auchampach, 1992), blockade of

KATP with 5-HD (Fryer et al., 2001) or glibenclamide (Gross &

Auchampach, 1992) attenuated infarct size reduction by IP

when administered either prior to or immediately following the

preconditioning ischaemia. These results were confirmed also

in the present study in pigs. However, when – in the present

study – glibenclamide treatment was started several minutes

after established reperfusion, it did not block preconditioning’s

protection, both at a LD and HD. This finding confirms the

results obtained in the isolated rabbit hearts, in which

treatment with 5-HD or glibenclamide just prior to the

sustained ischaemia failed to block infarct size reduction by

IP (Pain et al., 2000), but remains in contrast to a study in dogs

in which glibenclamide given during the early phase of the

sustained ischaemia still abolished infarct size reduction by IP

(Auchampach et al., 1992).
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Conclusion

The results of the present study reconcile some of the existing

controversies on the role of KATP in the signal transduction

cascade of IP, in that activation of KATP in the immediate

reperfusion following the preconditioning ischaemia is pivotal

for triggering IP. Full reperfusion is not necessarily mandatory

for IP’s protection, since in the same pig model, a brief episode

of no-flow ischaemia increased the tolerance to subsequent

sustained severe low-flow ischaemia without an intermittent

period of full reperfusion (Schulz et al., 1995). This cardio-

protective effect was again glibenclamide-sensitive and appar-

ently mediated by activation of KATP.

The signal cascade downstream of the activation of KATP

involves the generation of free radicals in vitro (Pain et al.,

2000). Also in vivo, free radicals are generated upon immediate

reperfusion following short periods of ischaemia/reperfusion

(Bolli et al., 1988; 1989; Skyschally et al., 2003), and clearly

those radicals are involved in IP’s protection in pigs

(Skyschally et al., 2003). However, further studies are required

to elucidate the role of mitochondrial vs sarcolemmal KATP in

pigs in vivo.
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