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a b s t r a c t

Nifekalant and azimilide, Class III antiarrhythmic agents, block the human ether-à-go-go-related gene K+

(hERG) channel. However, when a depolarizing membrane potential is applied, they also increase the cur-
rent at low potentials by shifting its activation curve towards hyperpolarizing voltages. This phenomenon
is called ‘facilitation’. In this study, we tried to address the mechanism underlying the facilitation by ana-
lyzing the effects of various compounds on hERG expressed in Xenopus oocytes. Like nifekalant, amioda-
rone, quinidine and carvedilol, but not by dofetilide, caused the current facilitation of hERG, suggesting
that the facilitation is a common effect to a subset of hERG blockers. As the concentration of each com-
pound was increased, the total hERG current was suppressed progressively, while the current at low
potentials was augmented. Activation curves of the remaining hERG current in the facilitation condition
could be described as the sum of two Boltzmann functions reflecting two populations of hERG currents
having different activation curves. The voltage shift in the activation curve from control was constant for
each compound even at different concentrations; �31 mV in amiodarone, �27 mV in nifekalant, �17 mV
in quinidine and �12 mV in carvedilol. Therefore, the facilitation is based on the appearance of hERG
whose voltage-dependence for the activation is shifted towards hyperpolarizing voltages.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The human ether-à-go-go related gene (hERG) encodes the pore-
forming subunits of voltage-dependent potassium (K+) channels
that mediate the cardiac rapid delayed rectifier potassium current,
IKr. This potassium current plays an important role in the repolar-
ization of action potential (AP), especially in the ventricular muscle
[1–3]. Class III antiarrhythmic agents [4] such as amiodarone de-
crease repolarizing K+ currents including IKr [5,6], prolonging both
the action potential duration (APD) and refractory period of the
cardiac muscle. Amiodarone and other Class III antiarrhythmic
agents blocked cloned hERG channel currents in heterologous
expression systems [7–13]. However, it has also become clear that
hERG channels can be blocked by a number of compounds with
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high proarrhythmic risk [2,14,15]. The unintended block of hERG
channels causes an acquired form of QT interval prolongation, in-
creases the transmural dispersion of repolarization and forms the
substrate for generating life-threatening cardiac arrhythmias,
including torsades de pointes [2,14].

Some, but not all, Class III antiarrhythmics are reported to have
a dual effect on hERG currents. They not only block the channel,
but also increase hERG current availability at potentials close to
the threshold for channel activation [9,12,16]. This latter effect is
triggered by a preconditioning depolarization [9,16] and involves
several residues (such as Ser624 or Ser649) in the channel pore
[9]. However, the underlying voltage-dependent process is not
clear. Nor is it clear neither the facilitation of hERG activation is
a common property of antiarrhythmic agents used in clinical prac-
tice rather than the potentially dangerous pure channel block.

Extending the previous observations, here we report that other
antiarrhythmic agents exhibit the same behavior. Amiodarone, car-
vedilol and quinidine can facilitate hERG currents. The effect is par-
ticularly prominent with amiodarone. We explore the phenomenon
in greater detail, showing that the conditioning depolarization pro-
motes the formation of a drug-channel interaction that shifts the
activation curve towards negative membrane potentials.
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2. Materials and methods

Frogs (Xenopus laevis) were treated in accordance with the
guidelines for the use of laboratory animals of Osaka University
Graduate School of Medicine. Isolation and maintenance of the oo-
cytes and injection with cRNA were performed as described previ-
ously [9]. hERG cDNA (NM_000238) subcloned into the pSP64
vector [1] was kindly provided by Dr. M.T. Keating and Dr. M.C.
Sanguinetti. The oocytes were injected with 5 ng hERG cRNA, and
incubated at 18 �C in ND96 solution (96 mM NaCl, 2 mM KCl,
1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.6 with NaOH)
supplemented with 50 lg/ml gentamicin. Membrane currents
were recorded using the two-electrode voltage-clamp technique
and a GeneClamp 500 amplifier (Molecular Devices, Sunnyvale,
CA) 4 to 7 days after cRNA injection. The electrical resistance of
the glass electrodes was 0.4–1.5 MX when filled with 3 M KCl. Oo-
cytes were bathed in a low-Cl� solution (96 mM Na-[2-(N-morpho-
lino)ethanesulfonic acid] (NaMes), 2 mM KMes, 2 mM CaCl2, 1 mM
MgCl2, and 5 mM HEPES, pH 7.6 with methane sulfonic acid) to
minimize interference from endogenous Cl� currents. All experi-
ments were conducted at ambient temperature (22–24 �C).

Data was collected and analyzed using Clampfit 9.2 software
(Molecular Devices), SigmaPlot (Systat Software Inc., Chicago, IL),
and Igor Pro 5 (WaveMetrics, Portland, OR). The activation curve
of the peak tail currents recorded upon repolarization to �80 mV
following voltage steps to various membrane potentials was fitted
with the following Boltzmann function:

I=Imax ¼ Fmaxð1� 1=ð1þ expððV � V1=2Þ=kÞÞÞ

where I is the tail current amplitude recorded at �80 mV in the ab-
sence or presence of drugs following voltage steps to different
membrane potentials, Imax is the current amplitude recorded at
�80 mV following a voltage step to +10 mV in the absence of drugs,
Fmax is the maximal current fraction, V and V1/2 are the membrane
potential and the half-activation voltage, respectively, and k is the
slope factor of the current. Fmax, V1/2 and k corresponding to the
activation curve of hERG were fitted as free parameters. To obtain
the current activation curve during facilitation, the current–voltage
(I/V) relationship was fitted with the sum of the two Boltzmann
functions for the control hERG, and a compound-bound and facili-
tated hERG. For compound concentration–response curves, the peak
currents were fitted with the Hill equation.
3. Results

3.1. A negative shift of the voltage-dependent activation curve of hERG
channels by amiodarone

Fig. 1 shows that 3 lM amiodarone (Fig. 1A) can markedly facil-
itate hERG channel currents. We expressed hERG in Xenopus oo-
cytes. Test pulse (4 s) from holding potential of �90 mV to
�50 mV, followed by a pulse to �80 mV (1 s) was delivered with
15 s interval. Under the control conditions, the application of a sin-
gle conditioning pulse (voltage step to +60 mV for 4 s, filled arrow-
head in Fig. 1Bb) had no effect on subsequent repetitive activation
of hERG currents by test pulse (open circles). The application of
3 lM amiodarone reduced the hERG current amplitude at every
potential (open squares, Fig. 1Bb). Once the current levels reached
a steady state in the presence of amiodarone, a single conditioning
pulse (red arrowhead) increased both the hERG currents evoked by
a voltage step to �50 mV and the tail currents recorded during the
following repolarization to �80 mV to a level greater than that re-
corded even in the absence of amiodarone (Fig. 1Ba and Bb). With
the continued presence of amiodarone, in the minutes following
the single conditioning pulse, hERG current amplitudes gradually
decreased and returned to steady-state levels similar to those ob-
served before the application of the conditioning pulse (filled cir-
cles, Fig. 1Bb). This drug effect on hERG currents could be
repetitively induced in the same cell. It should be noted that this
transient increase of drug-blocked hERG currents by a conditioning
pulse was not recorded at all voltages. Fig. 1Bc and C illustrate that
activation of hERG channels by voltage steps greater than �20 mV
was not facilitated by a prior conditioning pulse. Rather, this drug
effect corresponded to a substantial negative shift in the hERG cur-
rent voltage-dependent activation curve without increasing the
maximal activation (‘‘facilitation’’ of activation) (Fig. 1C).

3.2. Facilitation: The effect on activation of the hERG channel

We next determined the effects of amiodarone on the hERG
activation curve (Fig. 2). Amiodarone blocked the hERG currents
in a concentration-dependent manner with an IC50 of 4.3 lM and
a Hill coefficient of 1.0 (Fig. 2C), implying that a single molecule
mediates the channel block. As reported by Kiehn et al. [11], the
block was not complete with 30 lM amiodarone (67.8 ± 0.7% of
the control, n = 6).

The voltage-dependent activation curve of the control hERG
currents could be fitted with a single Boltzmann function [1]. In
our experiments, the V1/2 and k values were, respectively,
�23.8 ± 0.7 mV and 8.0 ± 0.4 mV (n = 9) (Fig. 1C and Table 1). In
the presence of amiodarone, the V1/2 and k values of the activation
curves were, respectively, �25.3 ± 1.3 mV and 7.6 ± 0.7 mV with
3 lM, �25.6 ± 1.3 mV and 7.1 ± 0.6 mV with 10 lM, �26.6 ±
1.2 mV and 6.0 ± 0.3 mV with 30 lM, and �28.4 ± 0.4 mV and
7.3 ± 0.7 mV with 60 lM amiodarone (Fig. 2B). Therefore, before
the induction of facilitation, amiodarone had no effect upon the
biophysical properties of conducting hERG channels. Prior depolar-
ization in the presence of amiodarone caused a negative shift in the
hERG current activation curve without increasing the maximum
hERG current (Figs. 1C and 3). It should also be noted that while
a low concentration of amiodarone (0.3 lM) had little effect on
the maximal amplitude of hERG currents (98.0 ± 0.8% of the con-
trol, n = 3), the conditioning voltage step negatively shifted the
activation curve, which increased the currents activated at
�50 mV by 139 ± 19% of the control (n = 3) (Fig. 2A and B). The
lower voltage limits of activation after facilitation were compara-
ble at every concentration of amiodarone (Fig. 2B). The concentra-
tion-dependent effects of amiodarone upon the conditioning pulse
facilitation of the hERG activation curve were complex. They could
not be described by a single, simple negative shift of the Boltzmann
relationship for channel activation. However, they could be de-
scribed by two Boltzmann functions representing different popula-
tions of hERG channels with different biophysical parameters
(Fig. 2A). By assuming that the high V1/2 fraction of the hERG chan-
nel population has the biophysical parameters of typical hERG
channels (V1/2, �23.8 mV; k, 8.0 mV), we postulated that the low
V1/2 fraction of the population corresponds to channels with chem-
ically modulated activation. The V1/2 of low-voltage activated hERG
channels was about 30 mV negative to that of the control hERG
channels and this seemed to be largely independent of amiodarone
concentration (Table 1). According to the titration curve, it was the
fraction of the total hERG current showing low-voltage activation
that increased with amiodarone concentration (Fig. 2A and C).
The fraction of hERG current that could show low-voltage activa-
tion saturated at approximately 48% of the total current (Fig. 2C).
The titration curve gave a Kd value of 0.7 lM, suggesting that facil-
itation is caused at lower concentrations of amiodarone than that
for the current block. The Hill coefficient for facilitation was 1.1,
indicating no positive cooperative binding reaction for facilitation.
Based on these observations, the changes evoked in the macro-
scopic currents by the conditioning pulse could be explained by a



Fig. 1. Amiodarone induces facilitation of hERG activation. (A) Chemical structure of amiodarone. (B) Effects of amiodarone on hERG currents recorded in Xenopus oocytes.
Superimposed cell currents recorded in the same oocyte before (cont) and after perfusion of 3 lM amiodarone (3 ami) with (+prepulse) or without a conditioning pulse (Ba
and Bc). Time course of changes in the hERG tail current (recorded at �80 mV) evoked by repetitive test pulses to �50 mV every 15 s (Bb). The conditioning pulses were
applied twice in this experiment, first in the absence (black arrow head) and then in the presence (red arrow head) of amiodarone. (C) Voltage-dependent hERG activation
curves. The amplitudes of hERG tail currents in the absence (open circles), and in the presence of 3 lM amiodarone with (filled circles) or without (open squares) the
conditioning pulse were measured at the peak during the repolarizing pulse to �80 mV. Data was normalized to the currents evoked by voltage steps to +10 mV in the
absence of amiodarone.

Fig. 2. Concentration dependence of block and facilitation of hERG currents by amiodarone. (A) Voltage dependence of the hERG activation curves in the presence of 0.3, 1.0, 3
and 30 lM amiodarone. The tail currents of hERG in the absence (open circles), and in the presence of various concentrations of amiodarone with (filled circles) or without
(open squares) the conditioning pulse were measured during the repolarizing pulse to �80 mV. Data was normalized to the current amplitude recorded following a voltage
step to +10 mV in the absence of amiodarone. The normalized activation curve recorded in amiodarone following facilitation (filled circles) could be fitted with two
Boltzmann functions. The first represented the conventional gating function (blue dashed lines) with V1/2 at �23.8 mV and k at 8.0 mV. The second represented the low-
voltage activated fraction (orange dashed line) with V1/2 at �55.0 mV and k at 6.1 mV. The red lines represent the sum of these two functions. (B) In the presence of
amiodarone, conditioning pulses altered the form of the hERG current activation curves. Here, data obtained under different conditions (open symbols represent experiments
conducted in the absence of a conditioning voltage step; filled symbols represent data obtained following a conditioning pulse) indicated in the panel was normalized to the
current amplitudes at +10 mV. (C) The fractions of hERG current block at each concentration of amiodarone were obtained by dividing the current amplitude recorded during
a voltage step to +10 mV in the presence of the drug by that recorded in its absence. For facilitation, the fractions of the total current corresponding to conventional and
amiodarone-associated facilitated hERG were obtained by fitting the activation curve to two Boltzmann functions. Data is means ± SEM.
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Table 1
Biophysical parameters of facilitated fraction of hERG channels.

Treatment V1/2 (mV) k DV1/2 n

Control �23.8 ± 0.7 8.0 ± 0.4 9
Amiodarone 0.1 lM �56.7 ± 3.3 5.7 ± 0.6 �32.8 3

0.3 lM �52.4 ± 1.7 9.7 ± 0.5 �28.5 4
1 lM �53.3 ± 2.4 7.9 ± 1.2 �29.5 4
3 lM �55.0 ± 0.3 6.1 ± 0.3 �31.2 3
30 lM �53.6 ± 1.4 5.7 ± 0.6 �29.9 6

Nifekalant 3 lM �50.7 ± 1.9 6.2 ± 0.7 �26.9 4
10 lM �50.7 ± 1.0 6.3 ± 0.5 �26.8 4
30 lM �48.9 ± 1.2 7.0 ± 0.5 �25.1 3
60 lM �51.0 ± 1.1 8.1 ± 0.4 �27.2 4

Carvedilol 1 lM �39.1 ± 0.8 4.7 ± 0.8 �15.3 6
3 lM �39.0 ± 0.9 5.3 ± 0.3 �15.2 6
10 lM �38.3 ± 0.7 5.6 ± 0.2 �14.4 4
30 lM �39.8 ± 0.3 4.0 ± 0.3 �16.0 4

Quinidine 0.3 lM �43.6 ± 2.2 7.4 ± 0.5 �19.8 5
1 lM �43.8 ± 1.5 8.0 ± 0.3 �20.0 6
3 lM �43.9 ± 1.7 7.7 ± 0.4 �20.1 5
10 lM �42.9 ± 1.0 8.0 ± 0.3 �19.1 5
30 lM �45.5 ± 0.7 6.6 ± 1.2 �21.7 5

Data is presented as mean ± SEM (n = number of observations).
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mode transition from conventional, but not blocked, channels to a
compound-induced facilitated mode with a negatively shifted acti-
vation curve.
3.3. Do other hERG blockers cause ‘‘facilitation’’?

Dofetilide (Class III antiarrhythmic agent) [17], quinidine (Class
Ia antiarrhythmic agent) [18], and carvedilol (b-blocker) [19] are
known to block hERG currents. Fig. 3 shows that quinidine and car-
vedilol, but not dofetilide, were also associated with depolariza-
tion-induced facilitation of hERG activation. The effects of a
conditioning pulse on hERG activation were small in quinidine
and carvedilol when compared with those associated with nifeka-
lant and amiodarone (Fig. 3), but the voltage shifts in the activation
curve were reproducible. As with amiodarone, the activation
curves were well described by the sum of two Boltzmann functions
for conventional and low-voltage activated hERG channels. V1/2

and k values for the facilitated hERG channels were, respectively,
almost �50 mV and 6–8 mV in nifekalant, almost �40 mV and 4–
6 mV in carvedilol and almost �45 mV and 6.5–8 mV in quinidine
(Table 1). It was clear that the degree of voltage shift in the activa-
tion curve differed between compounds. As with amiodarone,
facilitation by quinidine or carvedilol was observed at lower con-
centrations than that for the current block, which was not the case
for nifekalant.
4. Discussion

In the present study, we examined the mechanism of the com-
pound-induced facilitation of the hERG current. The phenomenon
is the enlargement of the current amplitude at low membrane
potentials triggered by the application of depolarizing membrane
potential. Among 5 total hERG blockers, nifekalant, amiodarone,
quinidine and carvedilol, but not dofetilide, possessed the effect
of facilitation on the hERG activation, suggesting that the part of
hERG blockers possesses the activity to facilitate the hERG current.
The facilitation elicited by these compounds could be characterized
by the appearance of hERG whose V1/2 value for the activation was
shifted to the negative potential compared to that of the com-
pound-free hERG. The voltage dependence of C-type inactivation
is insensitive to nifekalant [9,12], amiodarone [11], quinidine
[18,20,21] and carvedilol [19]. Therefore, depolarizing membrane
potential may result in the stabilization of open state conformation
of hERG by modulating the activation gating by compound.

The presence of compounds is an unambiguous prerequisite for
both the current facilitation and the current block. Four amino
acids, Thr623, Ser624 in the loop between the pore helix and the
selectivity filter, and Tyr652 and Phe656 in the S6 helix, are in-
volved in both the block and the facilitation of the hERG current
by nifekalant [9,10]. However, nifekalant makes a contact with a
side chain of Ser649 on the S6 helix to cause the facilitation, while
it is located slightly apart from the residue during the current block
[9]. Therefore, the direct association of compound with the central
cavity of hERG could yield both the current block and the current
facilitation, and the interaction configurations of nifekalant and
hERG may be different between two pharmacological effects. The
presence of these different interaction configurations is further
supported by the following two experimental observations. The
first is that the effect of a single depolarizing voltage step on the
facilitation was transient. The second is that the depolarizing
membrane potential never affected on the maximal current ampli-
tude in the presence of compounds. These results strongly indi-
cated that the current block and the current facilitation were
based on two different interaction configurations in the central
cavity of hERG, and also presented that there was no apparent
transition between the two interaction configurations.

The major interaction site of compounds on hERG is its central
cavity [2]. The central cavity possesses a widened and water-filled
interaction site for compounds with a fourfold symmetrical
arrangement of the residues involved in the compound association.
These characteristics may provide to hERG the ability to accommo-
date a large number of compounds. When focusing on two aro-
matic residues, Tyr652 and Phe656, on the S6 helix, these
residues have been identified as determinants of the current block
of hERG by nifekalant [9,10], amiodarone [22] and dofetilide
[10,13]. However, Phe656, but not Tyr652, is required for the cur-
rent block by quinidine [13]. The effects of hERG blockers such as
propafenone [23] and bepridil [10] were also reported to be selec-
tively mediated by Phe656. Therefore, the amino acids required for
the compound-association may not correspond to those essentially
for the current block. This may be interpreted by the different
interaction configurations for the modes of compound docking
on hERG, and compound preventing the ion flow. Furthermore, in
the interaction configuration of the facilitation, the compounds
may position in the central cavity of hERG without disturbing the
ion conduction. This configuration is sharply contrast to that for
the current block where compound may act as a physical con-
straint for the ion permeation. Therefore, voltage-dependent con-
formational change might be also one of the characteristics of
the central cavity of hERG which would contribute to different
interaction configurations even for a single molecule.

Multiple interaction configurations of compound and hERG
have been proposed by computational analyses by docking com-
pounds on hERG homology model [9,24,25]. These analyses
showed the multiple contacts of various hERG blockers with aro-
matic residues of hERG and the ambiguity of the function of each
amino acid involved in the compound-hERG association compared
to that predicted previously [2,26]. Therefore, the central cavity of
hERG may be able to accommodate compounds in multiple inter-
action configurations either while it is docked to interact with
hERG, while it blocks the ion flow, or while it facilitates the hERG
activation. Additional experiments on the interaction configura-
tions of compound and hERG will be required to establish how
these interaction configurations link to the modulation of channel
function.

The pure IKr blockers will not only cause the prolongation of
ventricular action potential duration, but also decrease the repolar-
ization strength leading to the worsening of transmural dispersion



Fig. 3. Comparison of facilitation of hERG activation by various hERG blockers. (A) Upper panels: Chemical structures of nifekalant, carvedilol, quinidine, and dofetilide.
Middle panels: Superimposed hERG currents recorded in the same oocyte before (cont) and after perfusion of 10 lM nifekalant, 10 lM carvedilol, 3 lM quinidine, and 1 lM
dofetilide with (+prepulse) or without the conditioning pulse. Lower panels: Time course of changes in the hERG tail current (recorded at �80 mV) evoked by repetitive test
pulses to �50 mV (4 s) every 15 s. The conditioning pulses were applied twice in this experiment, first in the absence (black arrow head) and then in the presence (red arrow
head) of compound. (B) The amplitude of hERG in the absence (open circles), and in the presence of each compound with (filled circles) or without (open squares) the
conditioning pulse was measured at the peak of the tail current recorded during the repolarizing pulse to �80 mV and normalized to those recorded in the absence of the
compound following a voltage step to +10 mV. The blue and orange dashed lines represent the conventional and the low-voltage activated fractions of hERG currents,
respectively, and the red lines indicate their sum. The biophysical parameters are summarized in Table 1. (C) The concentration–response relationships for compound-
induced block and facilitation by nifekalant, carvedilol, and quinidine. The fractions of block and facilitation were obtained as described in Fig. 2C. Data is means ± SEM.
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of repolarization, which is thought to be a major risk for the
arrhythmias. Since, in the presence of compound that causes facil-
itation, small depolarization could enhance the hERG current at
low potentials, the normal frequency of action potential might be
sufficient to induce the facilitation effect by compounds. This effect
might permit the clinical application of amiodarone for refractory
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ventricular arrhythmias, even though it possesses a variety of ef-
fects on the cardiac action potential [27–29]. Therefore, the hERG
blockers possessing the activity to facilitate the hERG current are
possible to have a lower risk for the induction of the action poten-
tial duration alternans and be more suitable for the treatment of
arrhythmias than specific IKr blockers.
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