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Abstract

Nifekalant is a class III antiarrthythmic drug that has been shown to be effective against ventricular tachyarrhythmias in experimental
animals and humans. We examined the detailed electrophysiological effects of nifekalant on human-ether-a-go-go-related gene (HERG)
channels expressed in Xenopus oocytes. Nifekalant inhibited the HERG current in a concentration-dependent manner with an ICs, value of
7.9 uM although the drug did not inhibit the minK current in Xenopus oocytes, suggesting selective inhibition of the rapid component of the
delayed rectifier K" current (Ix,) in cardiomyocytes. Nifekalant showed a higher binding affinity for the open state than for the inactive state
of HERG channels. Nifekalant inhibited HERG channels in a frequency-dependent manner. The onset of the blockade was rapid but the
recovery from the block was slow. Nifekalant modified the voltage dependence and kinetics of HERG channel gating. Thus, nifekalant
inhibits HERG channels in a voltage-dependent and frequency-dependent manner, and the inhibitory effect may underlie the clinical efficacy

of the drug against ventricular tachyarrhythmias.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Antiarrhythmic agent; Ion channel; Voltage dependence; Frequency dependence

1. Introduction

Sudden cardiac death is primarily the result of lethal
ventricular arrhythmias. Class III antiarrhythmic drugs are
assumed to control life-threatening ventricular arrhythmias
by retarding repolarization mainly through inhibition of the
rapidly activating component of the delayed rectifier potas-
sium current (Ix,) (Mason, 1993; Waldo et al., 1995). Class
IIT antiarrhythmic agents commonly possess an unfavorable
electophysiological property, namely, they lengthen action
potential duration in a reverse use-dependent manner. More-
over, their action potential duration-prolonging effects
become more pronounced at low vs. high stimulation
frequencies, which may cause a proarrhythmic effect during
bradycardia (Hondeghem and Snyders, 1990).

Nifekalant hydrochloride is a novel class III antiarrthyth-
mic agent that has recently become available for clinical use
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(Nakaya and Uemura, 1998). It differs from most methyl-
sulfonamide class III antiarrhythmic agents (e.g., sotalol, E-
4031(N-[4-[[1-[2-(6-methyl-2-pyridinyl)ethyl]-4-piperidi-
nyl]carbonyl]phenyl]methanesulfonamide dihydrochloride
dehydrate), dofetilide) in having a nitro group rather than
a methylsulfonamide group in the p-position of the benzene
ring. The drug prolongs the action potential duration mainly
by blocking I, especially its rapid component (/x,) (Nakaya
and Uemura, 1998). This agent was also found to have an
inhibitory effect on various K' currents, including the
transient outward K" current (f,) (Nakaya et al., 1993;
Cheng et al., 1996), the ATP-sensitive K™ current (Ix arp)
(Martin et al., 1995), the muscarinic acetylcholine receptor-
operated K™ current (Ix acn) (Mori et al., 1995) and the
inward rectifier K current (Ix;) (Nakaya et al., 1993; Sato
et al.,, 1995), in high concentrations. The drug has been
shown to be effective against various experimental arrhyth-
mias (Kamiya et al., 1992; Friedrichs et al., 1994, 1995;
Hashimoto et al., 1995; Kondoh et al., 1994). In exper-
imental animals, nifekalant prevented the occurrence of
ventricular tachyarrhythmias and improved electrical defib-
rillation efficacy (Kamiya et al., 1992; Murakawa et al.,
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1997). In clinical studies, nifekalant effectively suppressed
malignant ventricular tachyarrhythmia associated with acute
myocardial infarction in humans (Takenaka et al., 2001;
Koizumi et al., 2001). It is acknowledged that human-ether-
a-go-go-related gene (HERG) encodes the channel proteins
through which I, flows (Trudeau et al., 1995). In order to
investigate the detailed pharmacological effect of nifekalant
on Ik, we examined the effects of nifekalant on HERG
channels expressed in Xenopus oocytes.

2. Methods
2.1. Oocyte preparation

The experiments were performed under the regulations of
the Animal Research Committee of Chiba University Grad-
uate School of Medicine. Xenopus oocytes were surgically
removed from Xenopus laevis (Hamamatsu Seibutu, Hama-
matu, Japan) under anesthesia in iced water. Stage V and VI
Xenopus oocytes were enzymatically defolliculated by treat-
ment with 2 mg/ml collagenase (type IA, Worthington
Biochemical, Lakewood, NJ, USA) in Ca?*-free OR-2
solution containing (mM) 82.5 NaCl, 1 KCI, 1 MgCl,, 5
HEPES, pH 7.6, for 1.5 h and washed extensively with
Ca®*-free OR-2 solution without collagenase.

2.2. cRNA preparation and injection

Full-length HERG cDNA was obtained by polymerase
chain reaction, using a human heart cDNA library (CLON-
TECH Laboratories, Palo Alto, CA, USA) as a template and
was subcloned into an expression vector pcDNA 3.1 (Invi-
trogen, Carlsbad, CA, USA). cRNAs were prepared with the
mMessage mMachine Kit (Ambion, Austin, TX, USA),
using T7 RNA polymerase after linearization of the plasmid
with EcoRlI, according to the manufacturer’s protocols.

The ooctytes were injected with 5 ng of HERG cRNA
using a Drummond Nanoject microdispensor (Drummond
Scientific, Broomhall, PA, USA) and incubated for 3-5
days at 18 °C in PS solution containing (mM) 96 NaCl, 2
KCl, 1.8 CaCl,, 1 MgCl, and 5 HEPES, 2.5 pyruvate Na,
0.5 theophylline, supplemented with penicillin (100 U/ml)
and streptomycin (100 pg/ml), pH 7.6, with NaOH.

2.3. Electrophysiological experiments

Membrane currents were recorded from oocytes with
two-microelectrode voltage-clamp techniques, using an
oocyte clamp amplifier (model OC-725C, Warner Instru-
ment, Hamden, CT, USA). The microelectrodes were
filled with 3 M KCI and had a resistance of 0.5-1.8
M(Q. Data acquisition was performed using pCLAMP
software (version 5.7.1) and Digidata 1200 B (Axon
Instrument, Foster City, CA, USA). Currents were
recorded in ND 96 bath solution containing (mM) 96

NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl, and 5 HEPES (pH 7.6
with NaOH) at room temperature. The current signals
were low-pass-filtered at 1 kHz and no leak subtraction
was used. The sampling interval for whole-cell currents
ranged from 0.5 to 8 ms.

2.4. Drugs

Nifekalant (Nihon Schering, Osaka, Japan) was prepared
as a stock solution (10 mM). Before the experiments, the
stock solution was diluted with bath solution to reach the
desired final concentration.

2.5. Statistics

All values are presented in terms of means £ S.E. Anal-
ysis by Student’s ¢-test was performed for paired or unpaired
observations. A P value of less than 0.05 was considered
significant.

3. Results

3.1. Concentration dependence of HERG channel blockade
by nifekalant

The effects of nifekalant on HERG currents elicited by
depolarization steps to voltages ranging from — 60 to +40
mV are shown in Fig. 1A. Application of nifekalant to the
bath solution inhibited the HERG currents in a concentra-
tion-dependent manner (Fig. 1B). The concentration—
response curve was constructed by plotting the tail currents
at —60 mV after a depolarization pulse to +20 mV. The
ICso value calculated from the Hill equation was 7.9 pM
(Fig. 10).

3.2. Voltage dependence of HERG channel blockade by
nifekalant

The current—voltage relationships at the end of the 3.6-s
depolarizing voltage steps were plotted in the absence and
presence of 10 pM nifekalant (Fig. 2A). The current—
voltage relationship showed a strong inward rectification
at potentials positive to — 10 mV because of fast C-type
inactivation (Smith et al., 1996). Nifekalant at a concen-
tration of 10 uM inhibited the currents at test potentials
between —40 and +40 mV. The blockade was enhanced
with stronger depolarization between —40 and 0 mV but
declined thereafter at more positive potentials up to +40
mV. The tail currents generated after the stimulating pulses
increased with voltage and then plateaued at test potentials
positive to +10 mV. HERG tail current inhibition was also
voltage-dependent. The percent block increased when the
conductance of the channels increased steeply. At potentials
positive to — 10 mV, the percent block of the tail currents
plateaued (Fig. 2B).
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Fig. 1. Effect of nifekalant on HERG channels. (A) Representative traces of HERG channel currents under control conditions (left) and after application of 10
uM nifekalant (right). Currents were recorded by applying depolarizing test pulses from a holding potential of — 80 mV to various potentials between — 60
and +40 mV in 10-mV increments for 3.6 s, followed by a hyperpolarizing pulse to — 60 mV for 3.6 s. (B) Nifekalant inhibited the HERG tail current in a
concentration-dependent manner. The tail current was elicited by a 3.6-s depolarizing pulse to +20 mV. (C) Relative tail currents were fitted with a Hill

equation, yielding an ICsy of 7.9 pM (n=4).
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Fig. 2. Block of HERG channels by nifekalant. (A) HERG channel /-1
relationships for steady-state currents before (O) and after nifekalant (@), as
determined according to the same protocol shown in Fig. 1A (n=5). (B) -V
relationships for peak tail currents (n=5). The right panels show the percent
block of the HERG channels vs. test potentials for the two /— V relationship.

The voltage dependence of HERG channel blockade by
nifekalant was assessed with other two different voltage
protocols: the fully activated /—V protocol, and the instanta-
neous /—V protocol. To determine the fully activated /—V
relationships, a 750-ms prepulse to +20 mV was applied
before each of the repolarizing pulses to test potentials
between — 120 and +20 mV. The prepulse potential at
+20 mV was positive enough to induce full conductance of
the HERG channels but also rendered a large number of the
channels in the inactivated state. The percent block was
almost equal with increasing test potentials from — 120 up
to —40 mV and declined at more positive potentials within
the range where the inward rectification became apparent
(Fig. 3A).

We next used instantaneous /—V protocols to evaluate the
voltage dependence of HERG channel blockade under
conditions by which HERG channel rectification was
removed. The channels were first inactivated by clamping
the membrane at +40 mV for 1 s, followed by a prepulse to
— 100 mV for 15 ms. This prepulse was sufficiently long to
allow rapid recovery of channels from inactivation but short
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Fig. 3. Voltage dependence of HERG channel blockade by nifekalant, as
determined with the fully activated /- protocol (A) and the instantaneous
I-V protocol (B). (A) In the fully activated /— ¥ protocol, each current was
obtained by depolarization to +20 mV for 750 ms to reach a steady-state
level before repolarization for 750 ms to potentials from +20to — 120 mV.
The peak currents before (O) and after nifekalant (@) during repolarization
steps were plotted as a function of voltage. (B) With the instantaneous /— V'
protocol, currents were recorded after a 1-s depolarization to +40 mV,
followed by a 15-ms hyperpolarizing step to — 100 mV to reverse the rapid
inactivation and then a 90-ms depolarization to potentials ranging +40 and
— 40 mV. The right panels show percent block of the HERG channels vs.
test potentials for the two voltage protocols.

enough to prevent significant channel deactivation. Follow-
ing the recovery prepulse, a series of test pulses were
delivered to potentials ranging from —40 to +40 mV.
The currents recorded were fitted by a single exponential
function with extrapolation to the initial point of the test
pulse and the amplitude was plotted against the test poten-
tial. In this protocol, the proportion of the current blocked
by nifekalant did not change significantly between — 40
and +40 mV (Fig. 3B).

3.3. Time dependence of HERG channel blockade by
nifekalant

The relationship between the level of activation of the
HERG channel and the inhibitory effect on the HERG
current exerted by nifekalant was assessed from the
amplitude of the tail currents at —60 mV after voltage
steps to +20 mV of various durations (initial duration 50
ms, increments 50 ms). In the control, the tail current
amplitude increased with prolongation of the depolariza-

tion pulses. Tail currents reached a steady state when the
depolarizing pulse lasted longer than 200 ms. In the
presence of 10 pM nifekalant, the tail current amplitude
increased in the beginning but decreased as the duration
of the voltage step increased. It can be seen from Fig. 4A
that the blocking effect of nifekalant was already present
after the first of these pulses. After HERG channels were
maximally activated, HERG channel blockade continued
to increase.

To study recovery from block by nifekalant, a test
depolarization was given at variable times after the induc-
tion of block by a conditioning pulse protocol. The change
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Fig. 4. Time course of blockade of HERG channels by nifekalant. (A) Onset
of HERG channel blockade by nifekalant using an envelope tail current
protocol. Depolarizing pulses to +20 mV of variable duration (50—800 ms)
from a holding potential of — 80 mV were applied at 15-s intervals before
(O) and after exposure to nifekalant (@). Peak tail currents relative to
control maximum tail current were plotted for control and after nifekalant
(n=28). (B) Recovery from block of HERG channel by nifekalant. Recovery
was estimated by applying a holding potential after the induction of block.
Tail current amplitude was measured at —60 mV. After measuring the
control tail current amplitude for the test pulse, the drug was applied within
2 min, while the membrane was held at — 80 mV. After 2 min, the test
pulse of 400 ms to +20 mV was applied and the tail current was measured.
The test pulse was then repeated at an interval of 5 s until the tail current
amplitude declined to a steady state. Recovery was measured at 10, 20, 60,
120, 180 and 300 s (n=3).
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summarizes the results obtained from three oocytes. After
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test voltage clamp was applied after 10, 20, 60, 120, 180 and
300 s. The holding potential was — 80 mV. As shown in
Fig. 4B, the amplitude of the tail current in the presence of
10 uM nifekalant increased with a time constant of 137 s.

Fig. 5. Effects of nifekalant on HERG channel gating kinetics. (A) Averaged activation curves, as calculated from the normalized peak tail current amplitudes
before (O) and after application of 10 pM nifekalant (@) (n=5). Smooth curves are best fits of the data to a Boltzmann function. (B) Voltage dependence of
steady-state inactivation (n=38). Following a 0.9-s step to +20 mV, 60-ms pulses were applied to potentials between — 130 and +20 mV, followed by a 240-
ms step to +20 mV. Current amplitudes elicited by the second step pulse to +20 mV were plotted as a function of potential of the preceding 60 ms step. (C)
Inactivation time constants plotted as a function of membrane potential (n = 8). Voltage protocol is the same as used in Fig. 3B. (D) Recovery from inactivation
(n=28). Time constant was determined by fitting a single exponential function to the initial hook preceding slower deactivation of tail currents elicited by
stepping to potentials between — 50 and — 10 mV following a 750-ms depolarization to +40 mV (inset). (E) Deactivation time constants were calculated by
best fits to the double exponential function (fast and slow time constant) of the currents elicited by a test pulse between — 80 and — 50 mV preceded by a 1.6-s

prepulse to +20 mV (n=8). *P<0.05 vs. control.
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Fig. 6. Use-dependent block of HERG current was tested at pulse intervals
of 2 (n=3), 6 n=3) and 15 s (n=3). The voltage-clamp protocol is
illustrated schematically in the inset. Ratios of peak tail current in the
presence of nifekalant compared with those of the control were plotted
against time after the first pulse.

3.4. Effects of nifekalant on the kinetics of HERG channel
currents

Drugs that block ion channels often alter the voltage
dependence or kinetics of channel gating. Therefore, we
examined the effects of nifekalant on the voltage depend-
ence of activation and rectification and on the kinetics of
inactivation and deactivation. The activation curves were
constructed by normalizing the tail currents recorded with
the protocol used in Fig. 1A. The normalized data were
plotted against the test pulse potentials and fitted to the
Boltzmann function. As shown in Fig. 5A, nifekalant altered
the activation properties: the V', values (the half-maximal
activation voltage) and the slope factor (k) were —24.7 £+
0.9 and 8.2+0.2 mV before and —31.0+ 1.1 and
6.8 £ 0.4 mV after nifekalant, respectively (Fig. 5A).

The inactivation characteristics were also affected by
nifekalant (Fig. 5B). To construct the inactivation curves,
the voltage protocol shown in the inset of Fig. 5B was used: a
900-ms depolarizing pulse to +20 mV to inactivate the
HERG channels, followed by varying repolarizing pulses
to potentials between — 130 and +20 mV for a short period
to allow full recovery of channels from inactivation at more
negative potentials and rapid inactivation at +20 mV. Nife-
kalant produced a negative shift of the inactivation curve.

The inactivation process was analyzed by fitting the
currents elicited by the voltage protocol described for the
voltage-dependent inactivation (Fig. 5C). A 1-s depolariza-
tion to +40 mV was followed by a 15-ms hyperpolarizing
step to — 100 mV to relieve the rapid inactivation. A second

pulse to potentials between —40 and +40 mV was then
used to elicit large currents that underwent rapid re-inacti-
vation. The time constant of inactivation was determined by
fitting a single exponential function to these currents. Fig. 5C
shows that inactivation was accelerated in the presence of 10
UM nifekalant at all potentials (t=13.4 &+ 0.8 ms before and
10.3 £ 0.7 ms after nifekalant at — 40 mV, P<0.05, n=38).

Recovery from inactivation was determined by fitting a
single exponential function to the initial hook preceding the
slower deactivation of tail currents at potentials between
—50 and — 10 mV. Nifekalant decreased the time constant
of recovery from inactivation between —40 and — 10 mV
(r=11.1 £ 0.8 ms before and 8.6 & 0.5 ms after nifekalant at
—40 mV, P<0.05, n=238) (Fig. 5D). We studied the deacti-
vation of tail currents produced by a 1.6-s pulse to +20 mV
followed by a 12-s repolarization between — 80 and — 50
mV. Nifekalant significantly delayed the slow component of
deactivation but did not affect the fast component of deac-
tivation (Fig. 5E).

3.5. Frequency dependence of HERG channel blockade by
nifekalant

We examined the use dependence (frequency depend-
ence) of inhibition of the HERG current by nifekalant

A
+40 mV 75s
-60 mV
-80 mV ——
Control Nifekalant 104 M
200 pA
5s
B
1.2
g 1
5 0.8
2 0.6
3 047
&
0.2

0 T T 1 1
-80 -60 -40 -20 0 20 40
Test Potential (mV )

Fig. 7. Effect of nifekalant on minK currents. (A) Representative traces of
minK currents under control conditions (O) and in the presence of 10 pM
nifekalant (@). Currents were recorded by applying depolarizing test pulses
from a holding potential of — 80 mV to various potentials between — 80
and +40 mV in 20-mV increments for 7.5 s, followed by a hyperpolarizing
pulse to —60 mV for 2.5 s. (B) I-V relationship for minK currents
measured at the end of the 7.5-s depolarization step (n=7).
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(Fig. 6). The HERG current was elicited by 0.4-s voltage
steps from — 80 to +20 mV, followed by a 0.4-s step to
— 60 mV to record outward tail currents at intervals of 2,
6 and 15 s. The level of steady-state block is a measure of
the use dependence of block. Block was use-dependent,
with stronger block at higher frequencies than at lower
frequencies.

3.6. Effects of nifekalant on minK channel current

We examined the effects of nifekalant on the K currents
in oocytes expressing minK channels (Fig. 7). The oocytes
expressing minK channels were voltage-clamped at — 80
mV and voltage pulses of 7.5-s duration were applied to
potentials between — 80 and +40 mV in 20-mV incre-
ments. The tail currents were recorded on repolarization to
—60 mV. The minK currents were unaffected by the
application of nifekalant (10 and 30 pM) to the bath
solution.

4. Discussion

In experiments with cardiac cells from rabbits and guinea
pigs, nifekalant was shown to decrease I, which is prob-
ably I, but not [, (Nakaya et al., 1993; Cheng et al., 1996;
Nakaya and Uemura, 1998). In the present study, we
confirmed that nifekalant effectively blocks HERG channels
expressed in Xenopus oocytes with an ICso of 7.9 uM. In
contrast, nifekalant failed to inhibit minK currents. These
findings indicate that nifekalant selectively blocks the rap-
idly activating component of the delayed rectifier potassium
current (/x,) in human cardiomyocytes.

Inhibition of HERG channels by nifekalant showed
voltage dependence. Nifekalant inhibited the HERG cur-
rents more effectively when the membrane was depolarized.
Nifekalant inhibited HERG currents ~ 5% at a depolariz-
ing potential of —40 mV and ~ 60% at 0 mV. In the fully
activated /—V protocol (Fig. 3A), where the full conduc-
tance of the HERG channels was induced, nifekalant
inhibited HERG currents ~ 50% even at a hyperpolarizing
potential of — 120 mV. These findings suggest that nifeka-
lant binds to HERG channels that are in the open state.

The magnitude of HERG current inhibition by nifekalant
decreased at more depolarizing potentials, where the frac-
tion of the inactivated HERG channels increased. HERG
current inhibition by the drug was almost similar at all
depolarizing potentials when we recorded the current using
the instantaneous /—V protocol (Fig. 3B), which attenuated
channel inactivation (Smith et al., 1996). These results
suggest that nifekalant has a lower binding affinity for the
inactivate state than for the open state.

Envelope of the tail current protocol showed that the
blocking effect of HERG channels by nifekalant was already
present when the first depolarizing pulse was applied. Nife-
kalant might have access to HERG channels immediately

after HERG channels become open. Another possibility is
that nifekalant also may have affinity for the close state and
produce tonic block.

The time course of recovery of HERG channels from
blockade by nifekalant at — 80 mV was slow, with a
recovery time constant of 137 s. In rabbit ventricular
myocytes, however, recovery from the blockade of Iy by
nifekalant was reported to be very rapid at — 75 mV (time
constant 577 ms) (Cheng et al., 1996). This discrepancy
might arise from differences in experimental protocol used
for determination of the recovery time constant in these
studies. Cheng et al. applied one conditioning pulse to + 10
mV from a holding potential of —50 mV to get a steady-
state block. In our study, we applied conditioning pulses to
+20 mV from a holding potential of —80 mV at a
frequency of 0.2 Hz for 4 min to obtain a steady-state
block. Another possibility is that native cardiac myocytes
may have endogenous channel subunits and/or regulatory
molecules that can affect the recovery from blockade
(Abbott et al., 1999). Homomultimer HERG channels
expressed in heterologous expression systems may have a
longer recovery time than that of native [, channels in
cardiac myocytes.

The onset of HERG blockade by nifekalant was very
rapid but recovery from the blockade was very slow. A slow
recovery from blockade causes use-dependent block. HERG
blockade continued to increase after HERG channels were
maximally activated in the envelope of the tail current
protocol. The envelope test protocol was applied at a pulse
interval of 15 s, but this duration was not long enough for
nifekalant to dissociate from HERG channels. The blockade
by nifekalant might become cumulative even after HERG
channels are maximally activated.

The voltage of half-maximal activation (V) was shifted
to more negative potentials. Nifekalant augmented the
HERG tail currents at membrane potentials negative to
—40 mV (Fig. 2A). The increase in the HERG current
may be ascribed to a partial agonistic effect of nifekalant. A
similar phenomenon has been reported with other class III
drugs such as almokalant (Carmeliet, 1993) or azimilide
(Jiang et al., 1999). Nifekalant inhibited the HERG currents
more effectively when the membrane was depolarized.
Therefore, when the current amplitude was normalized to
the maximum value in the presence of nifekalant, the
proportion of the current amplitude at negative potentials
apparently increased relative to that at positive potentials.
This might be responsible for the negative shift of the
activation curve.

Nifekalant also shifted the inactivation curve in a neg-
ative direction. Both the time constant of onset of inactiva-
tion and the time constant of recovery from inactivation
were accelerated in the presence of nifekalant. Other class
I antiarrhythmic drugs are suggested to bind near the pore
helix (Mitcheson et al., 2000). The binding site for nifeka-
lant on the channel may be around the pore helix that
controls channel inactivation. The binding of nifekalant
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may lead to acceleration of the transition rate between the
open and inactive state or alter the voltage dependence of
channel inactivation. Nifekalant increased 7, of deactiva-
tion, probably by preventing the activation gate from clos-
ing due to slow dissociation of the drug during channel
deactivation.

Ideally, K" channel blockade by class III antiarrhythmic
drugs should be more marked at faster heart rates, but
actually, the prolongation of the action potential duration
by many class III antiarrhythmic drugs is exaggerated at
slower heart rates. Excessive prolongation of the action
potential duration with these drugs under physiological
heart rates has been implicated as a cause of torsades de
pointes (Roden and Hoffman, 1985). This is a common
unfavorable feature of new class III antiarrhythmic drugs. It
has been reported that, in isolated rabbit ventricular cells,
nifekalant produce a bell-shaped frequency—response curve:
the maximum prolongation of action potential duration was
observed at 1.0-Hz stimulation and the action potential
duration-prolonging effect was attenuated at lower (up to
0.1 Hz) and higher stimulus frequencies (up to 3.3 Hz)
(Cheng et al., 1996). In this respect, nifekalant differs from
other conventional and newer class III drugs, such as
sotalol, E-4031, dofetilide, UK-66914 and almokalant, that
show reverse frequency-dependent block. In our study,
nifekalant inhibited HERG currents in a frequency-depend-
ent manner. Steady-state inhibition under 0.5-Hz stimulation
(interval 2 s) was greater than that at 0.17-Hz stimulation
(interval 6 s). Although we could not apply higher stimulus
frequencies in our protocol, our results under low stimulus
frequency conditions (between 0.07 and 0.5 Hz) are con-
sistent with results obtained with rabbit ventricular cells
(Cheng et al., 1996). It has been suggested that the mech-
anism responsible for the reverse use dependence of action
potential duration prolongation is not caused by the fre-
quency dependence of antiarrhythmic drugs in inhibiting a
specific current. Other currents, such as the inward rectifier
current (Ix,), the Ca®> " current, the Na"—K" pump current,
the Na'—Ca’ " exchanger current, and the slowly inactivat-
ing Na' current, also contribute to the frequency depend-
ence of action potential duration prolongation (Williams et
al., 1999; Li et al., 1999). In this study, nifekalant showed a
frequency-dependent inhibition of HERG channels. How-
ever, it has been reported that nifekalant fails to prolong the
action potential duration in a frequency-dependent manner
in native cardiomyocytes (Nakaya et al., 1993; Cheng et al.,
1996). Frequency-dependent activation of i, might mask
the inhibitory effect of nifekalant on /i, at rapid stimulation
rates since nifekalant hardly affected the minK current in
this study.

Nifekalant inhibits HERG channels in a voltage-depend-
ent as well as frequency-dependent manner because of its
high affinity for the open state of HERG channels. The
potent inhibition of HERG channels by nifekalant underlies
its remarkable effectiveness against malignant ventricular
tachyarrhythmias in clinical settings.
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