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1 The aim of this study was to analyse the effects of eliprodil, a noncardiac drug with
neuroprotective properties, on the cardiac repolarisation under in vitro circumstances, under normal
conditions and after the attenuation of the ‘repolarisation reserve’ by blocking the inward rectifier
potassium current (IK1) current with BaCl2.

2 In canine right ventricular papillary muscle by applying the conventional microelectrode
technique, under normal conditions, eliprodil (1 mM) produced a moderate reverse rate-dependent
prolongation of the action potential duration (7.471.5, 8.972.1 and 9.971.8% at cycle lengths of
300, 1000 and 5000ms, respectively; n¼ 9).
3 This effect was augmented in preparations where IK1 was previously blocked by BaCl2 (10 mM).
BaCl2 alone lengthened APD in a reverse frequency-dependent manner (7.071.3, 14.271.6 and
28.172.1% at cycle lengths of 300, 1000 and 5000ms, respectively; n¼ 8). When eliprodil (1 mM) was
administered to these preparations, the drug induced a marked further lengthening relative to the
APD values measured after the administration of BaCl2 (12.571.0, 17.671.5 and 20.570.9% at cycle
lengths of 300, 1000 and 5000ms, respectively; n¼ 8).
4 In the normal Langendorff-perfused rabbit heart, eliprodil (1 mM) produced a significant QTc
prolongation at 1Hz stimulation frequency (12.771.8%, n¼ 9). After the attenuation of the
‘repolarisation reserve’ by the IK1 blocker BaCl2 (10 mM), the eliprodil-evoked QTc prolongation was
greatly enhanced (28.577.9%, n¼ 6). In two out of six Langendorff preparations, this QTc
lengthening degenerated into torsade de pointes ventricular tachycardia.

5 Eliprodil significantly decreased the amplitude of rapid component of the delayed rectifier
potassium current (IKr), but slow component (IKs), transient outward current (Ito) and IK1 were not
considerably affected by the drug when measured in dog ventricular myocytes by applying the
whole-cell configuration of the patch-clamp technique.

6 The results indicate that eliprodil, under normal conditions, moderately lengthens cardiac
repolarisation by inhibition of IKr. However, after the attenuation of the normal ‘repolarisation
reserve’, this drug can induce marked QT interval prolongation, which may result in proarrhythmic
action.
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Introduction

Prolongation of the effective refractory period by lengthening

of the action potential duration (APD) is a common

mechanism in the mode of action of certain dysrhythmic

drugs (Singh & Vaughan Williams, 1970; Singh, 1988), which

was termed by Vaughan Williams as Class III antiarrhythmic

effect (Vaughan Williams, 1970). Although lengthening

repolarisation can terminate both ventricular tachycardia

(Anderson et al., 2002) and atrial fibrillation (Singh et al.,

1999), it can, in certain situations, also evoke torsade de pointes

(TdP) ventricular arrhythmias, which may degenerate into

ventricular fibrillation, causing sudden death. The proarrhyth-

mic potential of Class III antiarrhythmic drugs greatly limit

their usefulness in therapy. This was clearly demonstrated

in the SWORD study (Waldo et al., 1996) in which D-sotalol,

a selective blocker of the rapid delayed rectifier potassium

current (IKr), unexpectedly increased the incidence of sudden

death-related mortality in postinfarction patients.
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Under normal conditions, block of one type of outward

potassium channel is not likely to cause excessive and

potentially dangerous APD lengthening, since the other types

of potassium channels provide sufficient repolarisation

strength, which was termed by Roden (1998) as ‘repolarisation

reserve’. However, in situations where the density of one or

more types of potassium channel is decreased by inheritance

(Roden et al., 1996) or remodelling (Tomaselli & Marban,

1999), that is, the repolarisation reserve is impaired, even

relatively weak inhibition of another potassium channel may

lead to excessive APD prolongation, which can result in

increased risk of proarrhythmia.

Recently, we have demonstrated that pharmacological

attenuation of the repolarisation reserve evoked greatly

increased APD lengthening by blocking the rapid component

(IKr), the slow component (IKs) of the delayed rectifier (IK) and

the inward rectifier (IK1) potassium currents, and occasionally

induced early afterdepolarisations (Biliczki et al., 2002).

In the past few years, it became evident that several

noncardiac drugs can also moderately prolong repolarisation

(Pinney et al., 1995; De Ponti et al., 2000; Gintant et al., 2001)

by inhibition of one or more potassium currents (Antzelevitch

et al., 1996; Ducic et al., 1997; Rampe & Murawsky, 1997;

Drici & Barhanin, 2000). Eliprodil, a newly developed NMDA

(N-methyl-D-aspartate) receptor antagonist neuroprotective

agent (Reyes et al., 1998), has been at times observed to

prolong the QT interval in patients (Garreau et al., 1992),

which may involve the risk of development of proarrhythmic

complications. Despite the fact that neuroprotective drugs

for acute stroke have appeared to be effective in animals,

they have all failed in clinical trials (Gladstone et al., 2002;

Ikonomidou & Turski, 2002). However, these new selective

NMDA antagonists of the NR2B receptor subtype appear

promising tools for acute and chronic pain, and they are

currently under clinical investigation (Chizh et al., 2001).

Therefore, the aim of the present study was to analyse the

effect of eliprodil on the cardiac repolarisation under in vitro

circumstances, under normal conditions and after the attenua-

tion of the ‘repolarisation reserve’ by blocking the IK1 current

with BaCl2.

Methods

All experiments were carried out in compliance with the Guide

for the Care and Use of Laboratory Animals (USA NIH

publication no. 85-23, revised 1985). The protocols were

approved by the Review Board of the Committee on Animal

Research of the University of Szeged (54/1999 Oej).

Conventional microelectrode technique

Adult mongrel dogs (8–14 kg) of either sex were used.

Following anaesthesia (sodium pentobarbital, 30mg kg�1

administered intravenously (i.v.)), the heart of each animal

was rapidly removed through right lateral thoracotomy. The

hearts were immediately rinsed in oxygenated modified

Locke’s solution containing (in mM): NaCl 120, KCl 4, CaCl2
1.0, MgCl2 1, NaHCO3 22 and glucose, 11. The pH of this

solution was 7.35–7.40 when saturated with 95% O2 and 5%

CO2 at 371C. The tip of the papillary muscles obtained from

the right ventricle were individually mounted in a tissue

chamber (volume E50ml). Each ventricular preparation was

initially stimulated (HSE stimulator type 215/II, Hugo Sachs

Elektronik, March-Hugstetten, Germany) at a basic cycle

length of 1000ms (frequency¼ 1Hz), using rectangular con-
stant current pulses 2ms in duration. These stimuli were

isolated from ground and delivered through a bipolar platinum

electrode in contact with the preparation. At least 1 h was

allowed for each preparation to equilibrate after mounting

before experimental measurements were initiated. Tempera-

ture of the superfusate was kept constant at 371C. Trans-

membrane potentials were recorded using conventional

microelectrode technique. Microelectrodes filled with 3M

KCl and having tip resistances of 5–20MO were connected

to the input of a high impedance electrometer (HSE micro-

electrode amplifier, type 309), which was connected to the

ground. The first derivative of transmembrane potentials was

electronically obtained by an HSE differentiator (type 309).

The voltage outputs from all amplifiers were displayed on

a dual beam memory oscilloscope (Tektronix 2230 100MHz

digital storage oscilloscope, Beaverton, OR, U.S.A.).

The maximum diastolic potential, action potential ampli-

tude and APD at 50 and 90% of repolarisation (APD50 and

APD90) were automatically measured using a software devel-

oped in our laboratory (Hugo Sachs Elektronik, Action

Potential Evaluation System (HSE-APES) running on a 386-

microprocessor-based, IBM-compatible computer containing

an ADA 3300 analogue-to-digital data-aquisition board (Real

Time Devices Inc., State Collage, PA, U.S.A.)), with a

maximum sampling frequency of 40KHz. In each experiment,

baseline action potential characteristics were first determined

during continuous pacing at 1Hz, and then while pacing cycle

length was sequentially varied between 300 and 5000ms. In all,

25 action potentials were evoked at each cycle length and the

cycle length was then changed so that ‘quasi’ steady-state

frequency response relations could be rapidly generated. After

control measurements, the preparations were superfused for

40min with saline containing the compound under study, and

then the electrophysiological measurements were resumed. The

effects of eliprodil (Gedeon Richter Ltd, Budapest, Hungary)

and BaCl2 were studied at 1 and 10 mM concentrations,

respectively. Attempts were made to maintain the same

impalement throughout each experiment. If, however, an

impalement became dislodged, adjustment was attempted, and

if the action potential characteristics of the re-established

impalement deviated by less than 5% from the previous

measurement, the experiment continued.

Electrocardiogram (ECG) measurements
in Langendorff-perfused rabbit hearts

New Zealand rabbits weighing 1.5–2.0 kg of either sex were

used. Each animal was killed by cervical dislocation after an

i.v. injection of 400 IUkg�1 heparin. The chest was opened, the

heart quickly removed and immediately immersed in oxyge-

nated modified Locke’s solution. The hearts were mounted on

a Langendorff column and perfused with oxygenated Locke’s

solution warmed to 371C. After flushing blood from the

coronary vasculature for 3–5min, the heart was immersed in a

tissue chamber filled with perfusion solution maintained at

371C while continuing perfusion. Volume-conducted ECGs

were obtained as described previously (Zabel et al., 1995).

Briefly, four silver–silver chloride electrodes were positioned in
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a simulated Einthoven configuration with the reference and

‘foot’ electrodes situated beneath the heart and the ‘arm’

electrodes fixed to the upper walls of the tissue chamber to

record the six bipolar ECG leads I through augmented

unipolar foot ECG lead. All leads were acquired by an ECG

signal processing system (Haemosys, Experimetria Ltd,

Budapest, Hungary) utilising a P4-microprocessor-based,

IBM-compatible personal computer. After analogue-to-digital

conversion, the data were stored on hard disk and analysed

off-line. After an 1 h equilibration period, baseline ECGs were

obtained and a 20min perfusion period was initiated with

eliprodil either alone or after a 20min BaCl2 pretreatment.

ECG recordings were monitored continuously and com-

pared to baseline measurements at the end of this period. QT

intervals were always measured on lead II from QRS onset

to the end of the T wave; biphasic T waves were measured

to the time of final baseline return. These QT measure-

ments and simultaneously recorded RR intervals were used

to derive heart rate corrected QT intervals using Carlsson’s

formula IQTc¼QT�0.175 (RR�300)) (Carlsson et al., 1993).
ECG parameters were averaged from measures of three

consecutive complexes and a single observer performed all

analyses.

Whole-cell configuration of the patch-clamp technique

Ventricular myocytes were enzymatically dissociated from

hearts of mongrel dogs of either sex weighing 10–20 kg

following anaesthesia (sodium pentobarbital, 30mg kg�1 i.v.)

as described earlier in detail (Varró et al., 2000).

One drop of cell suspension was placed within a transparent

recording chamber mounted on the stage of an inverted

microscope (TMS, Nikon, Tokyo, Japan), and individual

myocytes were allowed to settle and adhere to the chamber

bottom for at least 5min before superfusion was initiated.

Only rod-shaped cells with clear crossstriations were used.

HEPES-buffered Tyrode’s solution served as the normal

superfusate. This solution contained (mM): NaCl 144, NaH2-

PO4 0.33, KCl 4.0, CaCl2 1.8, MgCl2 0.53, glucose 5.5 and

HEPES 5.0 at pH of 7.4.

Patch-clamp micropipettes were fabricated from borosilicate

glass capillaries (Clark, Reading, U.K.) using a P-97 Flaming/

Brown micropipette puller (Sutter Co, Novato, CA, U.S.A.).

These electrodes had resistances between 1.5 and 2.5MO when

filled with pipette solution containing (in mM): K-aspartate

100, KCl 45, ATP 3, MgCl2 1, EGTA 10 and HEPES 5. The

pH of this solution was adjusted to 7.2 by KOH. Cell

capacitance was measured by applying a 10mV hyperpolaris-

ing pulse from �10mV. The holding potential was �90mV.
Cell capacitance was measured by integration of the capacitive

transient divided by the amplitude of the voltage step (10mV).

Measuring Kþ currents, nisoldipine (1 mM) (gift from Bayer

AG, Leverkusen, Germany) was added to the external solution

to eliminate L-type Ca2þ current (ICa). The rapid IKr and slow

IKs components of the delayed rectifier potassium current

were separated by using the selective IKr blocker E-4031 (1 mM,
Institute for Drug Research, Budapest, Hungary) or the

IKs blocker L-735,821 (100 nM, a gift from Merck-Sharpe

& Dohme, West-Point, PA, U.S.A.). Membrane currents were

recorded with Axopatch-1D and 200B patch-clamp amplifiers

(Axon Instruments, Union City, CA, U.S.A.) using the whole-

cell configuration of the patch-clamp technique. After estab-

lishing a high (1–10GO) resistance seal by gentle suction, the
cell membrane beneath the tip of the electrode was disrupted

by suction or by application of 1.5V electrical pulses for

1–5ms. The series resistance was typically 4–8MO before

compensation (50–80%, depending on the voltage protocols).

Experiments where the series resistance was high, or substan-

tially increased during measurement, were discarded. Mem-

brane currents were digitised using a 333 kHz analog-to-digital

converter (Digidata 1200, Axon Instruments) under software

control (pClamp 6.0 and 7.0 Axon Instruments). Analyses

were performed using pClamp 6.0 software (Axon) after low-

pass filtering at 1 kHz. All patch-clamp data were collected

at 371C.

Statistical analysis

Results were compared using Student’s t-tests for paired and

unpaired data. Differences were considered significant when

Po0.05. Data are expressed as mean7s.e.m.

Results

Effect of eliprodil on ventricular APD in isolated canine
ventricular papillary muscle under normal conditions

The effect of eliprodil on the action potential in canine

ventricular papillary muscle at 1Hz stimulation frequency

is shown in Figure 1a. Eliprodil (1 mM) lengthened APD90

moderately (o10%) from 235.375.9 to 257.379.0ms (n¼ 9,
Po0.05) without causing significant change in the resting

membrane potential, the action potential amplitude and the

maximum upstroke velocity (dVdtmax
�1 ). To study the rate-

dependent effect of eliprodil on APD and dVdtmax
�1 , the

preparations were stimulated at cycle lengths ranging from

300 to 5000ms. Under these circumstances, eliprodil did not

change the dVdtmax
�1 . However, as shown in Figure 1b, under

normal conditions, the drug produced a moderate reverse

rate-dependent APD prolongation (7.471.5, 8.972.1 and

9.971.8% at cycle lengths of 300, 1000 and 5000ms,

respectively; n¼ 9).

Effect of eliprodil on ventricular APD in isolated canine
ventricular papillary muscle after IK1 inhibition

In canine right ventricular papillary muscles, partial block

of IK1 by 10 mM BaCl2 (Liu et al., 2001) lengthened APD in a

reverse frequency-dependent manner (7.071.3, 14.271.6 and

28.172.1% at cycle lengths of 300, 1000 and 5000ms,

respectively; n¼ 8) (Figure 2a and b). In the presence of

BaCl2, 1mM eliprodil was added to these preparations. The

drug induced a marked further lengthening relative to the

APD values measured after the administration of BaCl2
(12.571.0, 17.671.5 and 20.570.9% at cycle lengths of 300,

1000 and 5000ms, respectively; n¼ 8) (Figure 2a and b), that
is, the APD lengthening effect of eliprodil was significantly

augmented in preparations where the ‘repolarisation reserve’

was attenuated by previous application and presence of BaCl2.
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Effect of eliprodil on QTc interval in isolated
Langendorff-perfused rabbit hearts in the absence
and presence of IK1 block

In the normal Langendorff-perfused rabbit heart, eliprodil

(1 mM) produced a significant QTc prolongation (12.771.8%,

n¼ 9) (Figure 3a and b). After the attenuation of the

‘repolarisation reserve’ by the IK1 blocker BaCl2 (10mM), this
eliprodil-evoked QTc prolongation was greatly enhanced

(28.577.9%, n¼ 6) (Figure 3a and b). In two out of six

Langendorff preparations, the QTc lengthening degenerated

into TdP ventricular tachycardia (Figure 4).

Effect of eliprodil on the transmembrane potassium
currents in canine ventricular myocytes

IK1 and transient outward current (Ito) was measured by

applying 400ms long depolarising voltage pulses in the voltage

range of �120mV to þ 60mV with 3 s pulse intervals from the

holding potential of �90mV. IK1 was measured as the steady-
state current at the end of the test pulse in the voltage range

between �80 to 0mV. Ito was measured as the difference of the
peak outward current at the beginning of the pulse and the

steady-state current at the end of the pulse. As Figure 5 shows,

eliprodil (1 mM) does not considerably influence IK1 or Ito
in canine ventricular myocytes (IK1 current values at �60mV:
365.7729.2 pA as control and 321.5730.5 pA in the presence

of 1mM eliprodil, n¼ 5; Ito current values at 50mV: 6017.27
963.0 pA as control and 5617.571025.0 pA in the presence of

1mM eliprodil, n¼ 5).
IKs was measured by applying 5 s long depolarising voltage

pulses from a holding potential of �40mV. Test pulses were

Figure 1 Effect of eliprodil on the APD (APD90) in canine right
ventricular papillary muscle. In (a), he effect of 1 mM eliprodil on the
action potential at 1 s stimulation cycle length is shown, while (b)
illustrates the frequency-dependent effect of 1mM eliprodil on the
APD90 (mean7s.e.m., *Po0.05 vs control).

Figure 2 Effect of eliprodil on the APD (APD90) in the presence of
IK1 block by BaCl2 (10 mM) in canine right ventricular papillary
muscle. In (a), representative action potential traces are shown
under control conditions (open circle) in the presence of 10 mM BaCl2
alone (triangle) and after application of 1 mM eliprodil in the
presence of IK1 block (square) at 1 s stimulation cycle length, while
(b) illustrates the APD90 as a function of the stimulation frequency
under control conditions (open circles), in the presence of 10 mM
BaCl2 alone (triangles) and after application of 1 mM eliprodil in the
presence of IK1 block (squares) (mean7s.e.m., *Po0.05 vs control,
wPo0.05 vs BaCl2).
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applied every 10 s with 10mV increments in the voltage

range from �30 to þ 50mV. On clamping the cells back

to the holding potential of �40 mV, an outward tail current
was measured that was attributed to IKs. In these measure-

ments, 1mM E-4031 was used to block completely IKr. As

Figure 5 indicates, 1mM eliprodil does not significantly

affect IKs in canine ventricular myocytes (IKs tail current was

261.6753.0 pA under control conditions and 202.4740.0 pA

after application of 1mM eliprodil, at 50mV of potential of

activation, n¼ 6).
IKr was determined by applying 1 s long depolarising voltage

pulses in the voltage range of �30 and þ 50mV with 20 s pulse
intervals from the holding potential of �40mV. The amplitude
of the tail current after the end of the test pulse was considered

as IKr. In these experiments, 100 nM L-735,821 was used to

eliminate IKs. As Figure 6 indicates, 1mM eliprodil abolished

IKr tail current completely.

Discussion

The most important finding of this study is that eliprodil,

which blocks IKr current without considerably interfering with

IK1, IKs and Ito, caused moderate APD and QTc lengthening

when it was applied alone, but when the ‘repolarisation

reserve’ was attenuated by BaCl2, it evoked augmented

prolongation of repolarisation, occasionally resulting in TdP

ventricular tachycardia.

In our experiments, we applied 10mM BaCl2 to partially but

selectively inhibit IK1 (Liu et al., 2001). At this concentration,

BaCl2 does not affect IKr, IKs or Ito but depresses IK1 by about

60% (Biliczki et al., 2002). Eliprodil, which has an estimated

effective plasma concentration (Garrigou-Gadenne et al.,

1995; Malavasi et al., 1996) around the micromolar range

and of whose effect on cardiac potassium channels has not

been characterised so far, did not influence potassium currents

other than IKr in our experimental conditions. Therefore, the

present results extend our previous observation that simulta-

neous blockade of different potassium channels decreases the

‘repolarisation reserve’ and enhances APD prolongation

(Biliczki et al., 2002).

Vos et al. (1995) developed an experimental TdP arrhythmia

model in the dog, in which they found that after complete

atrioventricular block downregulation of potassium currents

increased the ability of certain Class III antiarrhythmic drugs

to produce excessive QTc lengthening and TdP arrhythmia,

which is in good agreement with our present results. It is also

known that various potassium channels are downregulated

during heart failure (Beuckelmann et al., 1993; Näbauer et al.,

1993; Näbauer & Kääb, 1998), resulting in longer APD (Kääb

et al., 1996) and increased risk of proarrhythmia. Furthermore,

in some forms of inherited long QT syndrome, mutation in the

channel protein genes (Roden et al., 1996; Priori et al., 2001)

does not necessarily lead to marked or even manifest QTc
lengthening (Priori et al., 1998; Swan et al., 1998), but

individuals with these alterations are probably more suscep-

tible to drugs that affect repolarisation. These observations

argue the role of the ‘repolarisation reserve’, that is, that

different potassium channels compensate each other to secure

the repolarisation process (Roden, 1998; Biliczki et al., 2002).

The present experiments may have important therapeutical

and practical implications. Some noncardiac drugs exhibit

Figure 3 (a) Effect of 1mM eliprodil on QTc interval of the volume-
conducted ECG recorded in isolated Langendorff-perfused rabbit
heart in the absence and presence of 10 mM BaCl2 (mean7s.e.m.,
*Po0.05 eliprodil or BaCl2 vs control in normal Locke’s solution,
wPo0.05 eliprodil in solution containing 10 mM BaCl2 vs eliprodil
in normal Locke’s solution, zPo0.05 BaCl2 vs BaCl2 and eliprodil in
the organ bath). (b) The percentage change of the eliprodil-evoked
QTc lengthening in normal and in attenuated repolarisation reserve
preparations. The changes in the attenuated repolarisation reserve
preparations was calculated by using values as baseline after
application of 10 mM BaCl2.

Figure 4 Proarrhythmic effect of 1 mM eliprodil after the adminis-
tration of 10 mM BaCl2 on volume-conducted ECG recorded in
isolated Langendorff-perfused rabbit heart.
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weak inhibition of one or more potassium, most frequently

the IKr (HERG/MiRP) channel. Since this effect does not

markedly influence repolarisation in normal situation, their

effect on QT is often masked. Therefore, the potential

proarrhythmic danger can be easily underestimated in

individuals who have decreased ‘repolarisation reserve’ in

spite of their baseline QTc falls within the normal range.

Accordingly, eliprodil or any drug, which is known to inhibit

potassium current and exert only moderate or not even

consistent repolarisation lengthening, should be administered

under repeated or continuous ECG control, and if QTc
prolongation longer than expected is noticed, the therapy with

such a drug should be discontinued. Also, the concept of

attenuated ‘repolarisation reserve’ should be considered during

safety pharmacology studies, since the rabbit and guinea-pig

possessing fast heart rate or even the dog, all of which

probably have relatively strong repolarisation reserve, can not

be expected to respond with significant QT lengthening when

drugs partially block only one type of cardiac potassium

channels. Instead of studying drug effects on the cardiac

repolarisation and proarrhythmic risk in the normal heart, it

would certainly be more useful to develop and apply screening

tests where repolarisation reserve is attenuated.

Conclusion

We conclude that the neuroprotective drug eliprodil under

normal conditions only moderately lengthens cardiac repolar-

isation by inhibition of IKr, but this drug can induce marked

QT interval/APD prolongation under circumstances where the

repolarisation reserve is attenuated, which may greatly

enhance proarrhythmic risk.
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