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1 Inhibition of cardiomyocyte-speci®c ATP-sensitive potassium (KATP) channels prolongs the
action potential during intense ischaemia with attendant antiarrhythmic e�ects. However, this is
accompanied by contractile depression in some models. These changes may be particularly
troublesome in dilated cardiomyopathic hearts that display basal systolic dysfunction, limited energy
reserve, and prolonged repolarization favouring arrhythmia. Mechanical e�ects of selective myocyte
KATP channel blockade on basal, b-adrenergic stimulated, and ischemic responses were therefore
tested in dogs with cardiac failure induced by tachypacing.

2 Cardiovascular function was assessed by pressure ± dimension relationships in 10 conscious,
chronically instrumented dogs (sonomicrometry/micromanometry), with or without cardiac failure.
Cardiomyocyte KATP channels were inhibited by HMR 1098, and data obtained under basal
conditions, during epinephrine infusion to raise metabolic demand, during regional ischaemia, and
with combined ischaemia+epinephrine.

3 HMR 1098 had no e�ect on baseline cardiac function nor did it induce arrhythmia in normal or
failing hearts. Epinephrine raised cardiac work 65% and oxygen consumption 55%, yet HMR 1098
had no functional e�ect in either heart condition. Regional ischaemia with or without epinephrine
co-stimulation depressed regional and global function, yet both were also una�ected by HMR 1098.
There was minimal arrhythmia without HMR 1098, and drug infusion did not alter this.

4 Thus, myocyte-KATP channels play a negligible role modulating intact in vivo cardiac contraction
or arrhythmia in normal and failing heart with and without increased metabolic demand and/or
regional ischaemia. This supports the feasibility of administering such agents to depressed hearts,
despite underlying contractile and electrophysiologic abnormalities.
British Journal of Pharmacology (2002) 135, 657 ± 662

Keywords: KATP channels; HMR 1098; heart failure; ischaemia; ventricular function; contractility

Abbreviations: 4-AP, 4-aminopyridine; APD, action potential duration; AVO2, cardiac arterial-venous oxygen di�erence; CHF,
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Introduction

ATP-sensitive potassium channels (KATP) are widely ex-
pressed in many cell types including b-islet pancreatic, cardiac
and vascular smooth muscle cells (Yokoshiki et al., 1998). In
myocytes, these channels are normally closed but open in
response to a marked decline in intracellular ATP (Grover &

Garlid, 2000) such as with anoxia or metabolic inhibition,
and this in turn can result in interstitial K+ accumulation in
ischaemic myocardium (Hill & Gettes, 1980). Cardiac

myocyte KATP channel opening shortens the action potential
(Wilde et al., 1990) and combined with increased interstitial
K+, this e�ect can be arrhythmogenic, leading to sudden
death (Janse & Wit, 1989). KATP channel activation

exacerbates ischaemia-induced ventricular ®brillation (VF),
and its blockade attenuates reperfusion-triggered VF in

working rat hearts (Ferdinandy et al., 1995; Wirth et al.,
1999a). Blockade of these channels by gliburide reduced

®brillation, while a more recently developed myocyte-speci®c
KATP-channel antagonist (the sulfonylthiourea HMR 1883,
or its sodium salt HMR 1098) prevented ®brillation induced

by 2-min coronary occlusion superimposed on exercise in
conscious dogs (Billman et al., 1993; 1998). Moreover, ST
segment elevation was attenuated by HMR 1883 in a porcine

ischaemia model (Wirth et al., 1999b), while transgenic mice
lacking the myocyte-speci®c KATP-channel displayed no ST-
segment elevation during coronary occlusion, suggesting its
key role in mediating the injury current (Li et al., 2000).

The failing heart re¯ects various abnormal basal substrates
compared to the normal ventricle or even normal heart made
acutely ischemic. In particular, the failure state is character-

ized by basal prolongation of the action potential related in
part to a decline in key repolarizing K+ current proteins and
respective currents, and to Ca2+ cycling abnormalities (KaÈ aÈ b
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et al., 1996; O'Rourke et al., 1999; Tomaselli & Marban,
1999), and energetic ine�ciency with limited high energy
phosphate reserve (Ekelund et al., 1999; Neubauer et al.,

1995). Both changes likely contribute to the increased
incidence of malignant arrhythmias and sudden cardiac death
with heart failure. Given these changes, one might speculate
that modulation of KATP channels could play a more

prominent role in failure, and that their blockade might
actually be pro-arrhythmic associated with APD lengthening.
Furthermore, recent studies in isolated rat heart subjected to

low-¯ow ischaemia raised the concern of a decline in
contractile performance associated with HMR 1098 treatment
(GoÈ gelein et al., 2001). Such decrement would be poorly

tolerated in the failing heart. Accordingly, we performed
studies in a canine tachycardia-pacing model of failure to
establish the in¯uence of selective myocyte KATP channel

blockade on basal function, stimulated function (epine-
phrine), ischaemia response, and combined ischaemia and
epinephrine. The rapid-pacing model of cardiac failure has
been shown to recapitulate many of the relevant mechanical,

biochemical, molecular and electrophysiologic changes ob-
served in human heart failure, and thus served as a useful
platform to test these interactions.

Methods

The protocol was approved by the Animal Care and Use
Committee of the Johns Hopkins University. Ten adult

mongrel dogs weighing 25 ± 30 kg were used. Dilated
cardiomyopathy was induced after 4 weeks of pacing (210
beats min7163 weeks, 250 beats min7161 ± 2 weeks). The
evolution of cardiac failure was monitored and accepted

when the maximal rate of pressure rise (dP/dtmax) declined by
450% of the pre-pacing baseline, and LVEDP 420 mm Hg.
Animals were premedicated with acepromazine (0.1 mg kg71

IM) and diphenhydramine (25 mg IM), anesthesia induced with
thiopentathal (15 mg kg71 i.v.) and maintained following
endotracheal intubation with inhaled oxygen (3 L min71) and

iso¯uorane (1 ± 2%), maintaining arterial pO2, pCO2, and pH in
the physiological range. The chest was exposed by left lateral
thoracotomy and the animal instrumented with a perivascular
cuft occluder placed around the inferior vena cava (IVC);

sonomicrometer crystals to measure left ventricular antero-
posterior diameter and lateral wall shortening, an ultrasonic
¯ow probe (Transonics, NY, U.S.A.) and balloon occluder

placed around the mid circum¯ex artery, a coronary sinus,
aortic, and right atrial catheter for blood sampling, a
micromanometer (Konigsberg, CA, U.S.A.) placed in the LV

cavity via an apical stab to measure LV pressure, a screw-in
epicardial pacing lead at the LV apex attached to a program-
mable pacemaker, and atrial pacing wires. Dogs were provided

10 days for full surgical recovery prior to baseline study.

Experimental protocol

Studies were performed in conscious animals standing quietly
in a sling apparatus, with LV pacing suspended at least
30 min prior to study. Data were collected under ®ve

di�erent conditions: (1) baseline, (2) epinephrine infusion
(1 ± 3 mg kg71 min71 i.v) (3) re-baseline, 30 min after dis-
continuing epinephrine, (4) HMR 1098 (3 mg kg71 i.v bolus

injection followed by continuous infusion of
17 mg kg71 min71 i.v), and (5) co-infusion of HMR 1098
and epinephrine (same doses used). This dose of HMR 1098

yielded plasma levels of its free-acid (HMR 1883) of
6.8+1.9 mg ml71. This is 4 ± 5 times the level previously
reported to inhibit ventricular ®brillation in a canine-post-
infarction ischaemia model (Billman et al., 1998). We also

measured and con®rmed normal blood glucose with this dose
of HMR 1098 (mean 5.2+0.73 mmol l71), concordant with
prior results (Billman et al., 1998).

Each experimental condition was studied in ®ve control
and ®ve failing hearts. For each, resting haemodynamics and
surface ECG were recorded. Blood withdrawn from the

coronary sinus and aorta was used to assess arterial ± venous
oxygen di�erence (AVO2), and myocardial oxygen consump-
tion (MVO2) was indexed by the product of AVO2 and

circum¯ex coronary ¯ow. Cardiac e�ciency was indexed by
the ratio of oxygen consumption (MVO2) to stroke work
(SW/MVO2). Data obtained during transient IVC balloon
in¯ation were used to generate pressure ± dimension relations

(P-D). For the ischaemia protocols, circum¯ex artery blood
¯ow was monitored and a graded occlusion obtained to lower
¯ow by 75% of baseline, and regional function indexed by

segment length in the later wall region.

Data analysis and statistics

Haemodynamic and electrophysiologic data were digitized at
200 Hz, and stored to disk. Pressure ± dimension (P-D) loops

were analysed both at steady-state (average of 5 ± 10
sequential cycles), and during transient load-reduction to
derive P-D relationships. The latter yielded load-independent
measures of cardiac contractile function. Algorithms used for

this analysis have been previously reported (Senzaki et al.,
2000). Electrocardiograms were obtained from two leads.
Analysis of the QT interval was performed using previously

reported custom designed software (Berger et al., 1997).
Data were analysed using repeated measures ANOVA,

with two drug condition factors (epinephrine and HMR

1098), and a dummy variable coding for each animal. A
similar analysis was performed on the change in response to
epinephrine or to ischaemia, with HMR 1098 status as the
primary categorical variable. Statistical signi®cance was

accepted at P50.05.

Results

Table 1 provides results for the e�ect of HMR 1098 on basal

cardiac function in both normal and failing hearts. Cardiac
failure was easily discerned by a marked decline in systolic
function, prolonged relaxation, and elevated diastolic pres-

sures. None of these haemodynamic function variables were
altered by the administration of HMR 1098. Table 2 provides
summary results for the in¯uence of HMR 1098 on
epinephrine-stimulated cardiac function in both normal and

failing hearts. Epinephrine increased cardiac stroke work by
65% in controls and 51% in failing hearts associated with an
increase in contractile function and rise in LVEDP. HMR

1098 did not in¯uence the responses in any of these variables,
indicating that despite the higher level of energy demand,
myocyte KATP channel activation was not observed. There
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were no signi®cant changes in mean coronary ¯ow or
myocardial oxygen consumption due to HMR 1098,
consistent with myocyte selectivity of channel blockade.

Figure 1 displays example pressure ± dimension data for
basal and epinephrine stimulated conditions in normal and
failing hearts. These ®gures demonstrate hallmark features of

the pacing-failure model, including chamber dilation, contrac-
tile depression, and increased steepness of the diastolic
pressure ± dimension relation. As demonstrated, none of these

changes were further in¯uenced by HMR 1098. Enhanced
contractile response to epinephrine in both control and failing
heart was demonstrated by an upward-left shift of the end-

systolic pressure ± dimension relation. This change was vir-
tually identical with or without HMR 1098 treatment.
Table 3 provides data before and after regional ischaemia.

Coronary ¯ow was reduced 50 ± 75% resulting in a substantial

decline in regional fractional shortening. The decline in ¯ow
was greater in failing hearts and led to regional dyskinesis. As
shown in Figure 2, in failing hearts the dysfunction was quite

marked, with a mean decline of fractional shortening of 80 ±
100%. However, neither regional or global ischaemia responses
were altered by the addition of HMR 1098.

Under basal conditions, HMR 1098 did not alter the QT
interval, a re¯ection of action potential duration as well as
inhomogeneous repolarization. However, during ischaemia in

control hearts either under basal or epinephrine stimulated
conditions, HMR 1098 signi®cantly prolonged the QT interval
(235+32.4 to 257+31.1 ms, n=6; P50.05 by Wilcoxon). In
failing hearts, however, there was no analogous change in QT

interval due to HMR 1098 (225+20 vs 233+15 ms, P=0.29
and Figure 3.). In the absence of KATP blockade, neither
ventricular ectopy nor malignant arrhythmia (tachycardia or

®brillation) were observed in control and heart failure dogs.
This was particularly striking in the failure dogs given their
severe basal depression, severity of ischaemia in a dominant

coronary distribution (i.e. circum¯ex territory), and super-
imposition of epinephrine-induced increase in metabolic
demand. Again, KATP blockade did not elicit arrhythmia or

alter surface ECG morphology with this manoeuvre in either
control or failing hearts.

Discussion

Failing myocardium, including that induced by the rapid-
pacing model, displays abnormal repolarization with pro-
longed action potential duration, reduced repolarizing

potassium currents, abnormal calcium currents and sarco-
plasmic reticular bu�ering (O'Rourke et al., 1999; KaÈ aÈ b et
al., 1996). In the whole heart, we and others have shown that
this results in an arrhythmogenic heart (Pak et al., 1997),

with electrophysiologic behaviour that shares features with
the long-QT syndromes (Tomaselli et al., 1994; Tomaselli &
Marban, 1999). Additionally, studies have shown that high

energy phosphate metabolism is abnormal, particularly in the
endocardium, and many have hypothesized that local supply/
demand imbalance further contributes to regional electrical

and mechanical dysfunction, inhomogeneity, and arrhythmia.
Given these ®ndings, it is reasonable to anticipate that KATP

channels could play more of a role in the failing ventricle ±

particularly under conditions of increased demand.
The present study is the ®rst to test a role of these channels

in the intact failing heart. The ®nding that their blockade by
HMR 1098 had negligible e�ects on contraction/relaxation

presumably re¯ects their lack of activation and/or minimal
contribution to regional or global myocardial function. This
was true for basal function, but more importantly, it was also

observed in hearts operating at high workload with or
without superimposed regional ischaemia. While our experi-
mental conditions were physiologically relevant and re¯ected

Table 1 HMR 1098 e�ect on control CHF

Condition HR FS dP/dtmx EDP Tau Ea Ees MCF MVO2

Control
Baseline 121 (+6) 24 (+1.5) 3079.5 (+215) 8.5 (+1.5) 33 (+2.5) 16 (+1) 13.5 (+1.5) 35.5 (+5) 0.00368 (+0.00090)
HMR1098 123.8 (+5) 24 (+3) 2869.7 (+405) 11.2 (+2.5) 32.6 (+1.5) 15.2 (+1) 13 (+1.5) 38.5 (+5.5) 0.00382 (+0.00102)

CHF
Baseline 128.8 (+8) 15.3* (+4) 1730* (+140) 23* (+3) 60* (+10) 23* (+3) 8* (+1) 36.2 (+5) 0.00288 (+0.00076)
HMR1098 122 (+4) 14 (+3) 1603.5 (+121) 25.6 (+1.5) 60 (+8) 24 (+3) 8.9 (+1) 38.5 (+6) 0.00246 (+0.00078)

HR: heart rate, FS: fractional shortening, dP/dtmx: maximal rate of pressure rise, Tau: relaxation time constant, Ea: ventricular arterial
afterload; Ees: slope of end-systolic pressure ± volume relationship, MCF: mean coronary ¯ow, MVO2: myocardial oxygen
consumption. *P50.01 versus control.

Table 2 Delta epinephrine pre and post HMR 1098

Condition FS dP/dtmx Tau Ees MCF MVO2

Control
Pre-HMR 6 (+1) 1711.8 (+326) 72 (+2) 4 (+1.5) 19.5 (+7) 0.002 (+0.001)
Post-HMR 5.5 (+2) 1805.8 (+502) 0.7 (+1.5) 3 (+1.5) 19 (+6.5) 0.018 (+0.017)

CHF
Pre-HMR 2.7 (+2) 769.9 (+148) 722.7 (+10) 2.6 (+1) 5 (+4) 0.019 (+0.009)
Post-HMR 4.1 (+1.5) 862.6 (+155) 717.7 (+15) 1.5 (+1) 2.5 (+2.1) 0.001 (+0.001)

Abbreviations are as in Table 1. Heart rate was maintained constant. Increases in FS, dP/dtmx, Ees were statistically signi®cant under
all conditions, and not changed by HMR 1098. Both MCF and MVO2 rose in controls with epinephrine, but these were blunted in
failing hearts and did not achieve signi®cance.

British Journal of Pharmacology vol 135 (3)

Myocyte KATP channel and cardiac failureW.F. Saavedra et al 659



substantial basal cardiodepression in failing ventricles, they
nonetheless did not trigger marked ST-segment elevation or

ventricular ®brillation as produced by global intense
ischaemia models (Wirth et al., 1999a, b). This may partially
explain the lack of HMR 1098 e�ects. Recently, HMR 1098

was shown to depress systolic function in isolated rat heart
following an ischaemia and reperfusion protocol (GoÈ gelein et
al., 2001). A similar trend was observed in intact hearts,

although this was less pronounced. The current data suggests
that the conscious animal with a fully intact heart is not

susceptible to a similar e�ect ± even in the presence of marked
basal cardiodepression. Given concerns regarding a depressed
energy state of the failing heart, these results are important

and provide substantial insight regarding the level of ATP
depletion required to unmask functional e�ects from myocyte
KATP channels in this disease.

Figure 1 Pressure ± volume loops from an example control and heart failure dog demonstrating minimal in¯uence of HMR 1098
on either basal (A,C) or epinephrine-stimulated (B,D) cardiac function. The baseline end-systolic pressure ± dimension relation(s) is
shown at the upper left of each plot, and indexes chamber contractile function. The solid line relates to the loop which is in the
presence of HMR 1098. Dashed lines depict the relevant comparison data (either with or without epinephrine). Lastly, in the right
panels, the pre-epinephrine relations are shown (baseline) to assist in comparison.

Table 3 Data for ischaemia under epinephrine and HMR 1098

Baseline Epinephrine HMR 1098 HMR+Epi
Conditions Baseline ischaemia Epinephrine ischaemia HMR 1098 ischaemia HMR+Epi ischaemia

Control
%FS 9+2.8 3.7+2.5 10.5+1.9 8.1+2 8.2+0.5 3+1.4 10+0.6 4.5+2.2
Dp/dtmx 3614.7+565 2821+598 5441.5+184 4733.2+522 3422.2+137 3140.5+121 4891.8+189 4428.5+500
MCF 45.5+5.8 25.2+1.8 71+2.1 18.5+0.3 43+1.9 21.5+3 67.5+19 25+1

CHF
%FS 3+1.8 71.8+3 5.4+1.8 1.4+4.7 3.5+0.2 0.6+0.07 4.6+2.3 70.7+3
Dp/dtmx 1824+212 1562.9+99 2625.6+313 2250+501 1744.5+357 1450.5+147 2569+456 2088.8+369
MCF 42.5+3 9.3+1 50.6+4 14.2+7 39.5+1 4.2+1 42.1+7 6.5+1
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One potential cause for a limited e�ect of KATP channel
blockade in failing hearts would be downregulation of these

channels with cardiac failure. While no prior study
speci®cally has examined myocyte KATP channel function in
the pacing-induced model of heart failure, vascular KATP

channels have been assessed and appear enhanced (Yama-
moto et al., 2000). Furthermore, while short-term pacing
(minutes) can induce a delayed pre-conditioning e�ect (Kis et

al., 1999), there is no evidence that this leads to KATP

channel downregulation, or that sustained pacing with the
development of heart failure confers a similar e�ect.
Furthermore, the present study examined changes shortly

after suspending pacing (not after 24 ± 48 h), and found
regional dysfunction during ischaemia in CHF hearts was if

anything worse than in controls. Lastly, several studies have
examined KATP channel activity in human myocytes and
found them to be present or even enhanced. For example,
Koumi et al. (1997) reported similar KATP channel properties

in normal and failing human atrial myocytes, but more rapid
and larger action potential shortening associated with
metabolic inhibition in failing cells. Other investigators (KaÈ aÈ b

et al., 1999) have reported HMR 1883 inhibits KATP currents
in human ventricular myocytes obtained from explanted
hearts with varying levels of function. Taken together, these

data do not support the notion that KATP channel down-
regulation likely explained the present results.
Several study limitations should be noted. Given the

complexity of the study protocol ±we did not assess multiple
doses of HMR 1098, but rather employed a dose that had
been previously reported to inhibit ventricular ®brillation and
ischaemic action-potential shortening in various animal

models ± including those with post-infarction dysfunction
(Billman et al., 1998). Still, it remains possible that cardiac
failure may alter the dose-response. We also did not examine

electrophysiologic behaviour in detail, as the principal focus
was on global and regional mechanical function and gross
chamber arrhythmogenicity.

The lack of mechanical e�ects by HMR 1098 under a
myriad of experimental conditions, using sensitive and
cardiospeci®c parameters, is promising in view of the
potential therapeutic use of this agent in ischemic cardiomyo-

pathy patients who are under sustained risk of ischaemia-
induced arrhythmia. KATP channel activation shortens the
action potential, and blockade of this channel prolongs it.

DCM hearts display basal prolonged APD, and further APD
lengthening, as induced by 4-AP in isolated myocytes (KaÈ aÈ b
et al., 1996), or cesium chloride in whole heart (Pak et al.,

1997), is associated with early after-depolarizations and
increased arrhythmia. The lack of global arrhythmogenicity
of HRM 1098 in intact failing myocardium suggests that this

is unlikely to be a limitation in this setting.

We thank the technical assistance of Richard S. Tunin. This study
was supported by a grant from Adventis Pharma Deutschland
GmBH, and by National Institute of Health Grant P50-52307.

Figure 2 Regional myocardial function depicted as pressure-segment length loops before and after ischaemia in a failing heart.
Data are shown before and after treatment with HMR 1098. The e�ect of ischaemia was to substantially lower fractional
shortening, and this e�ect was unaltered by myocyte KATP channel blockade.

Figure 3 Examples of electrocardiographic recording in failing heart
before and during regional ischaemia, in the presence or absence of
HMR 1098. Slight ST elevation and peaked T-waves are observed
with ischaemia in both conditions, but there is minimal change in the
QT interval.
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