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Abstract. We have investigated the actions of Nickel
(Ni2+) on a human cardiac potassium channel (hKv1.5),
the main component of human atrial ultra-rapid delayed
rectifier current, stably expressed in Chinese hamster
ovary cell line using the whole-cell voltage-clamp tech-
nique. External Ni2+ reversibly decreased the amplitude
of the current in a concentration-dependent manner. The
concentration for half-maximum inhibition of the current
at +50 mV was 568mM. The activation, deactivation,
reactivation kinetics of the current were not affected by
Ni2+. Block was not voltage-dependent but frequency-
dependent block was apparent. The extent of channel
block during the first pulse increased when the duration
of exposure to Ni2+, prior to channel activation, was
prolonged indicating that Ni2+ interacted with hKv1.5 in
the closed state. The percentage of current remaining in
presence of Ni2+ decreased steeply over the range of
steady-state channel inactivation, consistent with an en-
hanced block with increased inactivation. This suggests
that Ni2+ preferentially blocks nonconducting hKv1.5
channels, either in the resting or inactivated state in a
concentration-dependent manner. The data indicate that
the mechanisms of hKv1.5 channel inhibition by Ni2+ are
distinct from those of other K+ channels.
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Introduction

In the myocardium, K+ currents carried through a num-
ber of distinct voltage-dependent K+ channels play an
important role in cardiac repolarization. Molecular bio-

logical studies have led to the cloning of a variety of
genes, expressed in mammalian heart, which encode pro-
teins that underlie some of the repolarizing voltage-
dependent potassium channels. These include several
members of the family of Shaker-related voltage-gated
K+ channels, pore-forming alpha subunits discovered in
cardiac tissue (Barry et al., 1995; Roberds et al., 1993).
One of which, Kv1.5 (hKv1.5), is thought to underlie the
4-aminopyridine-sensitive ultra-rapidly activating de-
layed rectifier K+ current (IKur) found in human atrial
myocytes. Studies with antisense oligonucleotides pro-
vided direct evidence that hKv1.5 is essential to the func-
tional expression of the human atrialIKur (Feng et al.,
1997). Kv1.5 transcript (Fedida et al., 1993) and hKv1.5
protein (Mays et al., 1995) have also been detected in
human ventricle despite the absence of corresponding
current (Li et al., 1996). It is possible that the hKv1.5
alpha-protein contributes to the K+ current in the ven-
tricle through the formation of heteromultimeric K+

channels with other Shaker-like alpha-subunits (Mays et
al., 1995).

The pharmacology of hKv1.5 has been studied quite
extensively and several structurally distinct compounds
have been shown to nonspecifically block currents due to
the expression of human hKv1.5 homomultimers. Local
anesthetics like bupivacaine, ropivacaine, mepivacaine
have been shown to block hKv1.5 (Franqueza et al.,
1998; Longobardo et al., 1998), as were a fungicide (ke-
toconazole) (Dumaine, Roy & Brown, 1998) and nonse-
dating histamine antagonist (Delpon et al., 1997; Yang et
al., 1995). Class I and III antiarrhythmic agents, used to
maintain sinus rhythm and for the treatment of ventricu-
lar tachycardia, are known to block hKv1.5 in the thera-
peutical range (Franqueza et al., 1998; Malayev, Nelson
& Philipson, 1995).

Divalent and trivalent metal ions, and in particular
Ni2+, are well-established blockers of various subtypes of
voltage-dependent calcium channels and cardiac K+

Correspondence to:O. Clément-Chomienne
odile.chomienne@roche.com

J. Membrane Biol. 183, 51–60 (2001)
DOI: 10.1007/s00232-001-0052-y

The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 2001



channels. Ni2+ is thought to preferentially block the T-
type calcium channel (for review,seeHille, 1992) and
has been employed as a tool to discriminate T-type cur-
rents from other calcium current types; however, there
are a number of non-T-type calcium currents which are
highly sensitive to Ni2+, and at sufficiently high concen-
tration, Ni2+ blocks all the cloned and transiently ex-
pressed calcium channels (Zamponi, Bourinet & Snutch,
1996). Recent studies have revealed that the voltage-
gated cloned channel encoded by HERG (human ether-
a-go-go related gene) is nonselectively blocked by most
divalent cations (including Ni2+, Co2+ and Ba2+) from the
external side (Ho et al., 1999). These divalent cations
decrease the amplitude of the cardiac rapid component of
the delayed rectifier K+ current (IKr) (Song, Earm & Ho,
1999) and Shi, Wang & Wang, (2000) have demon-
strated that Ba2+, in addition to its well-known effects on
the inward rectifier K+ current, produced significant in-
hibition of the transient outward K+ channel (Ito). How-
ever, there is very little information available concerning
the action of divalent cations onIKur or shaker-type volt-
age-gated K+ channels (Wang, Fermini & Nattel, 1993).
The present study was undertaken to characterize the
concentration-, voltage-, and state-dependent blockade
by Ni2+ of hKv1.5 channels expressed in a stable mam-
malian Chinese hamster ovary (CHO) cell line.

Materials and Methods

CELL PREPARATION

Effect of Ni2+ has been determined using a stable mammalian cell line
stably expressing human Kv1.5 voltage-gated potassium current
(Tamkun et al., 1991). Endogenous voltage-gated potassium channels
are expressed in human embryonic kidney (HEK 293) cells (Yu &
Kerchner, 1998). Since no appreciable endogenous currents were de-
tected in nontransfected Chinese hamster ovary cell line (Philipson et
al., 1993), we chose a CHO cell line as an expression system to study
hKv1.5. The CHO cells were maintained at 37°C in Minimum Essen-
tial Eagle’s Medium Alpha (Gibco/BRL, Basel, Switzerland) supple-
mented with 10% fetal bovine serum (Gibco/BRL) and 1% penicillin-
streptomycin (Gibco/BRL) under a 5% CO2 atmosphere. Cells were
plated on Poly-D-lysin (PDL)-treated culture dishes (Sigma, Buchs,
Switzerland) every 2–3 days after brief treatment with trypsin-EDTA
(Gibco/BRL). For electrical recordings, cells were trypsinized and
seeded on acid-washed and PDL-coated coverslips and used within 48
hours. Nontransfected CHO cells did not display any voltage- or time-
dependent outward current (seeFig. 1A).

ELECTRICAL RECORDING

CHO cells on coverslips were placed in a perfused recording chamber
RCP-10T (Dagan, Minneapolis, MN, USA) on the stage of an inverted
microscope (Eclipse, Nikon, Basel, Switzerland). Bath solution flow-
ing out of a quartz micromanifold (ALA Scientific Instruments, NY,
USA) was directed onto individual cells to quickly apply various ex-
ternal drug-containing solutions. Outward potassium currents were

measured at room temperature (18–19°C) using the whole-cell con-
figuration of the patch-clamp technique (Hamill et al., 1981). Pipettes
were prepared from borosilicate capillary glass (Hilgenberg, Malsfeld,
Germany) with a Sutter P-97 puller (Sutter Instrument, Novato, NY)
and CPM-2 ALA microforge (ALA Scientific Instruments, New York,
NY, USA). Resistances of the patch pipettes were between 2 and 3
MV. Recordings were performed using an EPC-9 double-patch-clamp
amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). Pipette po-
tential and capacitance were nulled and a 5–15 GV seal formed with
the cell membrane. Voltage-clamp protocols were applied using Pulse
software (Heka Elektronik) and whole-cell current recordings were
displayed and analyzed using Pulse and Pulsefit software (Heka Elek-
tronik). Except when specified, the amplitude of the hKv1.5 current
expressed in CHO cell line was assessed at the end of 250 msec com-
mand pulse voltages applied every 15 sec between −70 and +70 mV
from a holding potential of −70 mV. Deactivation of tail current was
recorded upon repolarization to −40 mV. Tail-current amplitude was
calculated as the difference between the peak amplitude of the tail and
the sustained level of current after 200 msec of repolarization to −40
mV. Membrane potentials were corrected for a liquid junction poten-
tial between the pipette and the bath solutions and whole-cell capaci-
tance and series resistance (Rs) compensations were optimized to mini-
mize capacitive currents and reduce voltage errors. Macroscopic cur-
rent values were normalized for cell capacitance and expressed in
picoamps per picofarad. All values are presented as mean ±SEM. 56
CHO cells were clamped and the average cell capacitance obtained was
18.2 ± 1.1 pF.

The standard bath solution employed in the experiments con-
tained the following (mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10
HEPES, 5 glucose, pH was adjusted to 7.3. The whole-cell pipette so-
lution contained the following (mM): 130 KCl, 1 MgCl2, 10 HEPES, 5
BAPTA, 3 Na2ATP, 5 glucose, pH adjusted to 7.2. Na2ATP and
BAPTA were obtained from Sigma.

STATISTICAL METHOD

All values in the text and in figures are presented as means ±SEM.
Direct comparisons between mean values in control conditions and in
the presence of Ni2+ for a single variable were performed by paired
Student’st-test. A level ofP < 0.05 was considered to be statistically
significant.

Results

CONCENTRATION-DEPENDENT AND REVERSIBLE BLOCK OF

hKv1.5 BY Ni2+

Figure 1 shows the effects of Ni2+ on macroscopic
hKv1.5 current of successfully transfected CHO cells
recorded in the whole-cell configuration. A record from
a control, nontransfected cell is also shown for compari-
son, demonstrating the lack of voltage-gated current in
absence of transfection (Fig. 1A top). Figure 1A bottom
shows superimposed hKv1.5 outward potassium current
recordings from a transfected CHO cell in control con-
ditions and in the presence of increasing concentrations
of Ni2+. hKv1.5 currents were induced by a 250 msec
clamp pulse to +50 mV from a holding potential of −70
mV every 15 sec. Under control conditions, the outward
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current rose rapidly to a peak and then partially inacti-
vated with a slow time course. Slowly decaying outward
tail currents were recorded upon repolarization to −40
mV. Ni2+ produced a concentration-dependent decrease
in both net outward and tail current amplitude. After a
tonic block of 16 ± 1% (n 4 7) was achieved during the
first pulse in the presence of 1 mM Ni2+, subsequent
pulses delivered at a frequency of 0.066 Hz induced a
slow progressive decline in the amplitude of net outward
current up to 32 ± 3% (n 4 7) of the initial level of
current. Moreover, 1 mM Ni2+ reduced the peak outward
current by 61 ± 4% (n 4 7) compared to control and did
not alter the time course of the current during depolar-
ization, so that the reduction of the current at the end of
the 250 msec depolarizing pulse was 68 ± 4% (n 4 7)
compared to control. The effect of Ni2+ was complete
and stable after a period of 5–7 min and was rapidly
reversed upon washout of the cation by superfusion with
control solution (Fig. 1B). The time course of the Ni2+

effect was not contaminated by the time course of solu-
tion exchange in the bath, since the solutions were ap-
plied directly to the cells using a quartz micromanifold.
Figure 1C shows the concentration dependence of Ni2+

block of hKv1.5 over a range of concentration between
30 mM and 6 mM. A nonlinear least-squares fit of the

concentration-response equation to the individual data
points yielded an apparent affinity constant (KD) of 568
± 24 mM and a Hill coefficient of 1.23 ± 0.06. When the
data were fitted with the Hill coefficient constrained to 1,
a similar value for the apparent affinity constant was
obtained (KD 4 567 ± 48 mM). These results suggest
that binding of one Ni2+ ion per channel is sufficient to
block potassium permeation.

VOLTAGE-INDEPENDENT BLOCK OF Kv1.5 BY Ni2+

Figure 2A shows representative families of hKv1.5 cur-
rents evoked by a series of 250 msec test pulses between
−70 and +70 mV from a holding potential of −70 mV
before and in the presence of 1 mM Ni2+. Average cur-
rent-voltage relations for net whole-cell and tail current
density in control conditions or in the presence of 1 mM

Ni2+ (n 4 7) are shown in Fig. 2B. The netI-V rela-
tionship was linear for depolarizations positive to −30
mV. Ni2+ significantly reduced the amplitude of hKv1.5
at all voltages positive to −30 mV, as is evident from the
change in net and tail currents in the families of whole-
cell current. Due to differences in expression, the am-
plitude of hKv1.5 current differed considerably between

Fig. 1. Inhibition by Ni2+ of hKv1.5 expressed in
mammalian CHO cell line. (A)
Concentration-dependent inhibition by Ni2+ of
hKv1.5 current elicited by a 250 msec pulse
applied from −70 mV to +50 mV and
corresponding tail current obtained during
repolarization at −40 mV. Nontransfected cell did
not display any current. (B) Time course of
current inhibition by 1 mM Ni2+ and reversibility.
(C) Dose-response relationship for Ni2+ block.
Data obtained from 3 to 7 cells, using the same
protocol as shown in (A) were averaged and
plotted against Ni2+ concentration. A nonlinear
least-squares equation fitted the data points with a
free Hill coefficient (continuous line) and with a
Hill coefficient fixed to 1 (dashed line).
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CHO cells and therefore average net and tail currents
recorded from 7 cells had relatively largeSEM values.
To determine and quantify the voltage-dependence of
this inhibition, the percentage of current inhibition by
Ni2+ was plotted as a function of voltage (Fig. 3) for
command steps of 250 msec and 10 sec in duration.
Between −20 and +70 mV, the level of block induced by
Ni2+ was constant for both durations of pulses and there
was no evidence of any voltage-dependence of inhibition
by Ni2+.

LACK OF EFFECT OFNi2+
ON KINETICS OF ACTIVATION,

DEACTIVATION AND RECOVERY OFhKv1.5

Activation and deactivation kinetics for the time-
dependent current during the 250 msec command pulses
between −10 and +70 mV and tail currents at −40 mV

were determined: both activation and deactivation of
hKv1.5 were best fit with a bi-exponential function over
the entire range of incremental steps of depolarization.
Between −10 and +70 mV no significant difference was
found for the slow (Fig. 4A) and fast (Fig. 4B) time
constant of activation before and after treatment with
Ni2+. At +50 mV, the values of the fast activation time
constant were, respectively, 0.74 ± 0.26 msec and 0.86 ±
0.35 msec in control conditions and in the presence of 1
mM Ni2+. Slow time constants were 5.75 ± 3.17 msec
and 4.46 ± 1.11 msec before and after Ni2+ treatment,
respectively. Similarly, deactivation fast and slow time
constants were not affected by the Ni2+ block. During
repolarization at −40 mV after a test pulse at +50 mV, the
value of fast deactivation time constant was 20.90 ± 2.75
msec and 18.10 ± 4.53 msec in control conditions and in
the presence of 1 mM Ni2+, respectively. Slow time con-
stants were 67.10 ± 7.02 msec and 65.5 ± 6.70 msec

Fig. 2. Effect of external Ni2+ on hKv1.5 elicited by depolarizing voltage pulses. (A) Representative families of current traces elicited by
depolarizing voltage pulses of 250 msec in 10 mV steps from a holding potential of −70 mV in control conditions and in the presence of 1 mM Ni2+.
(B) Plot of the current density measured at the end of depolarizing pulsesversusthe pulse potential in control (s) and in the presence of 1 mM Ni2+

(j; n 4 7 cells). (C) Average current-voltage relationship for tail currents obtained in control (s) conditions and in the presence of 1 mM Ni2+

(j; n 4 7 cells).
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before and after Ni2+ treatment, respectively. The lack
of any change in deactivation kinetics and the absence of
a “crossover” phenomenon (Fig. 1A) might indicate that
unblock was not necessary for channel closure or that the
rate of channel unblocking might be too slow to produce
significant current during the tail recording.

Recovery from inactivation was studied using a
double-pulse protocol: whole-cell current was inacti-
vated by a 4 sec prepulse to +40 mV and the extent of
recovery from inactivation determined by applying a sec-
ond 0.7 sec pulse to the same voltage after a variable
time between 0.4 and 60 sec, at −70 mV. The very slow
inactivation kinetics of hKv1.5 precluded measurements
of recovery from a true condition of steady-state inacti-
vation. The average percentage (n 4 6) of recovery be-
tween the prepulse and each second pulse was plotted
against the interpulse interval duration in Fig. 5. In both
conditions, the data were best fitted with a bi-exponential
function yielding recovery time constants that were not
significantly different in the presence of Ni2+ (1.05 ±
0.16 sec and 17.34 ± 1.21 sec in controlversus1.03 ±
0.11 sec and 16.06 ± 0.42 sec with 1 mM Ni2+).

EFFECT OFNi2+
ON ACTIVATION AND

INACTIVATION VOLTAGE-DEPENDENCE

To assess the effect of Ni2+ on the voltage-dependence of
activation and inactivation of hKv1.5, steady-state avail-
ability and activation curves were determined for traces
obtained in the absence and in the presence of 1 mM Ni2+

in 5 cells. To determine the effect of Ni2+ on the voltage-

dependence of activation, the amplitude of tail currents
recorded at −40 mV following depolarizing steps be-
tween −70 and +70 mV were normalized to maximum
tail-current amplitude and plotted against command-step
potential (Fig. 6A andC). The data for both conditions
were best fitted with a single Boltzmann function. The
voltage-dependence of activation for the two data sets
was identical, as illustrated by a lack of significant dif-
ference in the values for the half-activation (V0.5) and
slope factor (k) of the Boltzmann functions (Fig. 6). The
value for the mid-point of activation in control condi-
tions obtained in this study is consistent with that previ-
ously reported for hKv1.5 expressed in CHO cells (Phil-
ipson et al., 1993).

Figure 6C shows the steady-state availability of
hKv1.5 determined using a standard double-pulse proto-
col. As described in panelB, ten second prepulses to
potentials between −80 and +30 mV in 10 mV intervals
were applied every 45 sec to inactivate the channels.
Each prepulse was followed by a brief 5 msec hyperpo-
larizing step to −130 mV and a 200 msec test pulse to a
constant voltage of +30 mV. Average values for peak
outward current during the test pulse were normalized to
the maximal amplitude and plotted against the voltage of
the prepulse step. Due to the slow inactivation kinetics
of hKv1.5 it was impossible to achieve a true steady-state
condition for the whole-cell current, but the duration of
the 10 sec prepulse step was sufficient for the current to
decline to a relatively stable level. Both sets of data were
best fitted with single Boltzmann functions yielding val-
ues for half maximal of availability of −24.6 ± 0.9 mV
and −24.5 ± 0.5 mV before and during Ni2+ treatment,
respectively, that were not different. The value in con-
trol conditions was consistent with that previously re-
ported for hKv1.5 expressed in CHO cells (Philipson et
al., 1993). However, in the presence of Ni2+, the level of
residual, non-inactivating current was significantly lower
(21 ± 7%,n 4 5) compared with the level obtained in
control conditions (47 ± 4%,n 4 5). This suggested to
us the possibility that Ni2+ may interact with the inacti-
vated state of hKv1.5.

FREQUENCY-DEPENDENCE OFBLOCK

The mechanism of channel block by Ni2+ was examined
first by assessing the effect of changes in stimulation
frequency on the inhibition of hKv1.5 current (Fig. 7A
and 7B). Depolarizing pulses from −70 mV to +40 mV
were applied at three different stimulation frequencies,
0.02, 0.2 and 2 Hz in the absence (control) and presence
of 1 mM Ni2+. Under control conditions, the current am-
plitude remained constant during the repetitive applica-
tion of pulses during a train of 15 pulses at 0.02 Hz.
At 0.2 Hz and 2 Hz, the control outward current declined

Fig. 3. Absence of voltage-dependence of Ni2+ inhibition. Average
percentage of inhibition of hKv1.5 by 1 mM Ni2+, measured at the end
of a 250 msec (d; n 4 7 cells) or a 10 sec (s; n 4 5 cells) test pulse,
is plotted versusthe test-voltage amplitude. No significant voltage-
dependence was observed for the block induced by Ni2+.
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by 5 and 25%, respectively, likely due to insufficient
time for complete recovery of inactivation between two
pulses (Feng et al., 1998). At all frequencies of stimu-
lation, there was an apparent frequency-dependent block
due to Ni2+ (Fig. 7A). The amplitude of current progres-
sively decreased until a new steady-state level was
reached. This additional block was completed after a
train of 20 pulses at 0.2 Hz and 40 pulses at 2 Hz. To
describe the apparent use-dependent effect of the diva-
lent cation without complications of the decline of the
current under control conditions, Fig. 7B represents the
relative current (INi/Icontrol) elicited during the applica-
tion of these pulse protocols as a function of the number
of pulses. As it is shown, the degree of hKv1.5 block
was significantly increased with the driven rate.

MECHANISM OF CHANNEL BLOCK

A lack of open-state channel block by Ni2+ was indicated
by: i) the absence of an increased rate of decay in current
amplitude during short, 250 msec test pulses, and ii) a
lack of voltage-dependence of the block, even for very
long depolarizing steps, which would be expected to per-
mit a slowly developing open channel block. If Ni2+-
binding was primarily to the open state, the block would
have been expected to increase steeply over the voltage
range of channel activation. These data suggested to us
that the block of hKv1.5 by Ni2+ occurred in a noncon-
ducting state, i.e. the resting and/or inactivated state.

As shown in Fig. 1, Ni2+ produced an immediate 16
± 1% block of hKv1.5 end pulse current after only 15 sec
of rest at −70 mV and thereafter, it declined slowly to a
maximum after about 5 min. If Ni2+ interacted with the
channel in the closed state, it would be expected that the
initial level of current suppression would be greater if the
time before the first command pulse after exposure to
Ni2+ was increased. To determine if this occurred, the
first pulse was delayed for 0.5, 2 and 5 min. Figure 7C
shows that the initial percentage of tonic block was in-
deed greater when the interval of time between applica-
tion of Ni2+ and the first 250 msec command pulse was
increased. At 2 and 5 min, the level of block increased to
approximately 62 and 68%, respectively, accounting for
most of the reduction in current amplitude and equivalent
to the maximum level of current inhibition attained after
5 min of continuous pulsing (approximately 68%). Ad-
ditional experiments were conducted employing a very
negative holding potential of −110 mV to control for
occasional transitions to the open state at −70 mV (data
not shown). No difference in the extent of block by Ni2+

was apparent and a stable level of block was attained
after 5 min. These data support the view that Ni2+ in-
teracts with the closed state of hKv1.5 channels.

The decrease in residual, non-inactivating hKv1.5
current in the presence of Ni2+ (Fig. 6) suggested the
possibility that the cation may have interacted with the
channels while in the inactivated state. To assess wheth-

Fig. 4. Effect of 1 mM Ni2+ on the kinetics
properties of hKv1.5 current. Current activation
was fitted with a double exponential function, and
the slow (A) and fast (B) time constants were
plotted against test potential. Mean ±SEM obtained
from 7 cells are represented in control conditions
(s) and in the presence of Ni2+ (j).

Fig. 5. Recovery from inactivation. Whole-cell current was inactivated
by a 4 sec prepulse to +40 mV and the extent of recovery from inac-
tivation determined by applying a second 0.7 sec pulse to the same
voltage after a variable interval at −70 mV between 0.4 and 60 sec.
Fractional recovery from inactivation was plotted as a function of in-
terpulse duration for hKv1.5 in control conditions (s) and in the pres-
ence of 1 mM Ni2+ (d). The continuous lines represent double-
exponential functions that were the best fit to the data points (n 4 6
cells).
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er channel inactivation facilitated block by Ni2+, cells
were held at different potentials between −70 and +40
mV in control conditions and after application of Ni2+.
The fractional current remaining at the end of 200 msec
depolarizing pulses in the presence of 1 mM Ni2+ was
plotted as a function of the holding potential (Fig. 8A).
According to the voltage-dependence of the inactivation
curve displayed in Fig. 6, the current began to inactivate
at −40 mV and the channel was fully inactivated at +10
mV. Figure 8A shows that the percentage of remaining
current decreased steeply over the range of steady-state
channel inactivation between −40 and +10 mV, consis-
tent with an enhanced block with increased inactivation.

In Fig. 3, the percentage of block induced by 1 mM Ni2+

was larger for long-duration protocols compared with
short-duration protocols at all voltages tested. This sug-
gested that the fraction of block obtained in the closed
state could be increased by inactivation of the channel.
To directly assess whether this was the case, we applied
depolarizing steps of increasing duration after stable
block was already obtained in the closed state with 250
msec duration pulses in the presence of 1 mM Ni2+ (n 4
3). Sequentially increasing the number of inactivated
channels by applying depolarizing steps of greater dura-
tion increased the extent of block during subsequent
pulses beyond the level achieved in the absence of inac-
tivation. This effect could not be an artifact of partial
recovery from the inactivated state (Feng et al., 1998),
since the same long-duration depolarizing protocol tested
in control conditions did not result in a subsequent de-
crease in peak current (seeinset Fig. 8B).

Discussion

In the present study we have analyzed the effect of Ni2+

on the cardiac human Kv1.5 stably expressed in a mam-
malian cell line. We have shown for the first time that
Ni2+ blocks hKv1.5 channels in a concentration-
dependent and reversible fashion. Ni2+ did not affect the
kinetics of activation, deactivation, or recovery from in-
activation of hKv1.5, nor did it modify the voltage-
dependence of activation or inactivation. There was no
evidence of voltage-dependence of block by Ni2+, sug-
gesting a lack of inhibition in the open state. However,
the extent of block by Ni2+ was increased by the duration
of exposure prior to channel activation and by the extent
of current inactivation during long depolarizing pulses
consistent with an interaction with nonconducting, rest-
ing and/or inactivated states. These results suggest that
the state-dependence of hKv1.5 channel block by Ni2+ is
different from that previously reported for other voltage-
gated K+ channels, such as HERG andIKr, which are
blocked by divalent cations in the activated state (Ho et
al., 1999; Song et al., 1999).

The interaction of Ni2+ with hKv1.5 channels was
voltage-independent between −20 and +70 mV, even for
long-duration 10 sec pulses. An increased extent of
channel block at more positive test pulses was not ob-
served. Moreover, Ni2+ did not accelerate the rate of
hKv1.5 current decay during 250 msec step depolariza-
tions and we did not observe the development of a bi-
exponential time course of current decay in the presence
of Ni2+ even for 10 sec step depolarizations. These re-
sults are all inconsistent with an open-channel block
mechanism, since an increase in block would be ex-
pected as the probability of transition to the open state
increases with the level of depolarization and duration of
depolarization during the command pulses. This conclu-

Fig. 6. Voltage-independence of hKv1.5 block. (A) Voltage protocol
used to produce activation relationships. (B) Voltage protocol used to
evaluate steady-state availability. (C) Activation curves were drawn by
fitting the normalized tail-current amplitude to the Boltzmann equation
Ỳ 4 {1 + exp[(V0.5 − V)/k]} −1. Data are mean ±SEM from 5 cells.V0.5

and slope factor (k) are −12.2 ± 0.7 and 10.6 ± 0.6 mV in control
conditions (s) and −13.5 ± 0.5 and 7.8 ± 0.5 mV in the presence of
Ni2+ (d). Steady-state availability relations for hKv1.5 channels were
obtained by plotting normalized current amplitude during test pulse at
+30 mV versusthe voltage of a 10 sec prepulse. The data points were
fitted with the Boltzmann equationỲ 4 {1 + exp[(V − V0.5)/k]} −1.
Data represent mean ±SEM from 5 cells.V0.5 and slope factor (k) were
−24.6 ± 0.9 and 7.63 ± 0.8 mV in control conditions (h) and −24.5 ±
0.5 and 4.9 ± 0.4 mV in the presence of Ni2+ (j).
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sion is also supported by the tail-current data showing
that Ni2+ did not slow deactivation of hKv1.5 current and
did not induce any crossover of the tails.

In all our experiments, hKv1.5 current was signifi-
cantly reduced during the first pulse in the presence of
Ni2+ indicating block by the cation-preceded channel ac-
tivation. Moreover, the extent of channel block during
the first pulse increased when the duration of exposure to
Ni2+ prior to channel activation, was increased. After 5
min, the extent of block was the same regardless of puls-
ing or keeping the cell at negative holding potential.
These data all indicate that Ni2+ interacts with hKv1.5 in
the closed state. Moreover, relief of Ni2+ block upon
washout of the cation was almost immediate and did not
require channel activation. These data are also consis-
tent with closed-channel block and imply that Ni2+ in-
teracts with an external binding site on the channel. The
slow onset but rapid relief of Ni2+ during washout indi-
cates very disparate rates for Ni2+-association and -dis-
sociation with closed hKv1.5 channels.

The present results also indicate that an interaction
between Ni2+ and hKv1.5 channels may also occur when
they are in the inactivated state. This view is supported
by the fact that the extent of channel block was further
increased during long-duration pulses to inactivate
hKv1.5 channels via a slow, C-type mechanism subse-
quent to achieving a maximum, stable level in the closed

state. Moreover, the extent of block increased with the
level of current inactivation during a standard double-
pulse protocol to assess the voltage-dependence of
hKv1.5 availability. This suggests that Ni2+ interacts
with greater potency following C-type inactivation of
Kv1.5 channel. This mechanism of interaction can ex-
plain the apparent frequency-dependence of Ni2+ block.
Indeed, recovery of inactivation decreases with increas-
ing frequency and the level of block in the inactivated
state should increase.

The inhibition of whole-cell hKv1.5 currents by
Ni2+ described in this study is likely not related to a
change in membrane surface charge in the presence of
the divalent cation. Varying Ca2+ concentration is well
known to affect surface charge and the activation of ion
channels, including voltage-gated K+ channels (Hille,
1992). However, even in the presence of 1 mM Ni2+, the
voltage-dependence of activation and inactivation of
hKv1.5 were unaffected. If the membrane sur-
face charge were important for the effect of Ni2+, we
would have expected to observe a shift in the voltage-
dependence of activation and inactivation.

The inhibition of hKv1.5 by Ni2+ observed in this
study appears to be different from that reported for other
voltage-gated K+ channels. For example, the potency of
Ni2+ block of hKv1.5 channels is comparable to that
reported for inhibition of HERG channels expressed in

Fig. 7. Frequency-dependence and
closed-channel block of hKv1.5. (A) Typical
data from one cell showing the outward current
amplitude measured at 0.02, 0.2 and 2 Hz in
control conditions (s) and in the presence of 1
mM Ni2+ (j) and expressed as the number of
pulses. (B) Relative current (INi2+/Icontrol) at 0.02,
0.2 and 2 Hz was plotted as a function of the
number of pulses. (C) Original records obtained
from three different cells in the absence (s) and
in the presence (j) of 1 mM Ni2+ when
increasing the time between the application of
Ni2+ and the first depolarizing test in the
presence of Ni2+.
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Xenopus laevisoocytes (Ho et al., 1999), but the mecha-
nism of block seems to be different. Ni2+ and other di-
valent cations, such as Ba2+, block HERG in a voltage-
dependent manner and affect the kinetics of activation
and deactivation, consistent with block in the open state.
Ni2+ block of hKv1.5 is 4 times more potent than its
effect onIKr from rabbit sinoatrial node cells (Song et al.,
1999). IKr channels are nonselectively blocked by Ni2+

and other divalent cations from the external side and due
to an interaction with a binding site located deep within
the pore, the block demonstrates a steep voltage-
dependence. In contrast, Ni2+ did not blockIKr of rabbit

ventricular myocytes, rather it relieved the extent of in-
ward rectification of the channel (Paquette et al., 1998).
Among the voltage-gated K+ channels thought to be ex-
pressed in cardiac muscle, it appears that hKv1.5 has a
unique mechanism of block by Ni2+. Indeed, hKv1.5
channels are alone in their interaction with Ni2+ in the
nonconducting state.

In this study, the effects of Ni2+ on hKv1.5 channels
were assessed in a mammalian cell line. It is postulated
that the hKv1.5 alpha-subunit underlies the ultra-rapid
component of the delayed rectifier K+ current of human
atrial myocytes (Feng et al., 1997). Additional studies to
evaluate the effect of Ni2+ on the native current are war-
ranted to show identity in the mechanism of block of the
cloned and native channel currents. Moreover, it would
also be of interest to assess the potency of other divalent
cations on hKv1.5 current. For example, external Ba2+

can interact with at least two distinct and sequential bind-
ing sites on the Shaker K+ channel, resulting in a fast and
a slow component of channel block (Hurst et al., 1996).

The authors express their thanks to Laurence Hilfiger for her expert
assistance in the preparation of cultured cells.
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