
Inhibition of the current of heterologously expressed HERG
potassium channels by imipramine and amitriptyline

1Anja G. Teschemacher, 1Elizabeth P. Seward, 2Jules C. Hancox & *,2Harry J. Witchel

1Department of Pharmacology, School of Medical Sciences, University of Bristol, University Walk, Bristol BS8 1TD and
2Department of Physiology and Cardiovascular Research Laboratories, School of Medical Sciences, University of Bristol,
University Walk, Bristol BS8 1TD

1 Tricyclic antidepressants (TCAs) are associated with cardiovascular side e�ects including
prolongation of the QT interval of the ECG. In this report we studied the e�ects of two TCAs
(imipramine and amitriptyline) on ionic current mediated by cloned HERG potassium channels.

2 Voltage clamp measurements of HERG currents were made from CHO cells transiently
transfected with HERG cDNA. HERG-encoded potassium channels were inhibited in a reversible
manner by both imipramine and amitriptyline. HERG tail currents (IHERG) following test pulses to
+20 mV were inhibited by imipramine with an IC50 of 3.4+0.4 mM (mean+s.e.mean) and a Hill
coe�cient of 1.17+0.03 (n=5). 3 mM amitriptyline inhibited IHERG by 34+6% (n=3). The
inhibition showed only weak voltage dependence.

3 Using an `envelope of tails' comprised of pulses to +20 mV of varying durations, the t of
activation was found to be 155+30 ms for control and 132+26 ms for 3 mM imipramine (n=5).
Once maximal channel activation was achieved after 320 ms (as demonstrated by maximal tail
currents), further prolongation of depolarization did not increase imipramine-mediated HERG
channel inhibition.

4 Taking current measurements every second during a 10 s depolarizing pulse from 780 mV to
0 mV, block was observed during the ®rst pulse in the presence of imipramine and the level of IHERG

block was similar throughout the pulse (n=5).

5 A three pulse protocol (two depolarizing pulses to +20 mV separated by 20 ms at 780 mV)
revealed that imipramine did not signi®cantly alter the kinetics of IHERG inactivation. The t of
inactivation was 8+2 ms and 5.6+0.4 ms (n=5) in the absence and presence of 3 mM imipramine,
respectively, and currents inactivated to a similar extent.

6 Our data are consistent with TCAs causing components of block of the HERG channel in both
the closed and open states. Any component of open channel block occurs rapidly upon
depolarization. Inhibition of IHERG by the prototype TCAs imipramine and amitriptyline may
suggest a mechanism for QT prolongation associated with risks of arrhythmia and sudden death
that accompany high concentrations of TCAs following overdose.
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Antidepressant; IK, delayed recti®er potassium current; IKr, `rapid' component of the delayed recti®er current;
GFP, Green Fluorescent Protein; CMV, Cytomegalovirus; s.e.mean, standard error of the mean

Introduction

Imipramine and amitriptyline are agents belonging to the

tricyclic class of antidepressants (TCAs), and are used for
treatment of depression and other conditions including panic
disorder, obsessive compulsive disorder, bulimia, and noctur-

nal enuresis (Gorman, 1996; Daly & Wilens, 1998). TCAs have
a wide spectrum of actions including inhibition of noradrena-
line and 5-hydroxytryptamine reuptake at nerve endings, as

well as anti-histaminergic, anticholinergic activities, and block
of sodium channels (Coupland et al., 1997; Stahl, 1998).

Tricyclic antidepressants such as imipramine and amitripty-
line have cardiovascular side e�ects including orthostatic

hypotension, atrioventricular conduction delay, reduced heart
rate variability in response to exercise, tachycardia, syncope,
and lengthening of the QT interval (which may be associated

with arrhythmias), particularly in cases with high dosages and
in patients with concurrent cardiovascular disease (Coupland

et al., 1997). Overdose of antidepressant agents (and

particularly TCAs) is epidemiologically important from the
standpoint of mortality (Henry, 1997).

The cardiac actions of TCAs have been suggested to result

from `quinidine-like' activity (Pentel & Benowitz, 1986).
Quinidine, a type I antiarrhythmic, is known to cause slowing
of phase 0 depolarization of the action potential resulting in

slowing of conduction through the His-Purkinje system and
myocardium. It is well-established that, in addition to its
antiarrhythmic e�ects, quinidine can have pro-arrhythmic
activity (Grace & Camm, 1998). Recent data suggest that

quinidine and mexilitene (another type I antiarrhythmic), can
also inhibit delayed recti®er potassium currents (IK; Balser et
al., 1991; Mitcheson & Hancox, 1997; Po et al., 1999). The

rapid component of the delayed recti®er potassium current
(IKr) is widely accepted as being mediated by the HERG gene-
product, and block of this current can lead to QT prolongation

and its concomitant risk of the polymorphic ventricular
tachyarrhythmia, torsade de pointes (Sanguinetti et al., 1995;*Author for correspondence; E-mail: harry.witchel@bristol.ac.uk
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Sanguinetti & Keating, 1997). Furthermore, a variety of
pharmacological agents known to cause QT elongation with
its associated risk of arrhythmia have been shown to block

IHERG, including type III antiarrhythmics (Trudeau et al., 1995;
Spector et al., 1996a; Busch et al., 1998), non-sedating
antihistamines (Roy et al., 1996; Suessbrich et al., 1996), and
antipsychotics (Suessbrich et al., 1997a).

Imipramine has been shown to inhibit IKr in guinea-pig
ventricular myocytes (Valenzuela et al., 1994), but the
characteristics and concentration-dependence of the inhibition

were not studied. In this study, therefore, we investigated the
ability of the TCAs imipramine and amitriptyline to block
heterologously expressed IHERG. The concentration-depen-

dence and mechanism underlying inhibition were also studied.

Methods

DNA for the HERG transcript (kindly provided by Mike
Sanguinetti and Mark Keating, Salt Lake City, U.S.A.) was

subcloned into pGW1H (kindly provided by Graham Roberts,
British Biotech), which includes a CMV promoter and a
polyadenylation site. GFP in pCMX (kindly provided by

Jeremy Tavare, Bristol, U.K.), also driven by a CMV
promoter, was co-transfected at a 3 : 1 HERG:GFP ratio into
CHO cells using lipofectamine (Life Technologies Interna-

tional, Basingstoke, U.K.). Lipofection followed the manufac-
turer's recommendations, with 1 mg of DNA and 7 ml of
lipofectamine used for each 30 mm culture dish; the ®rst stage

of lipofection took place in Optimem medium (Life
Technologies, Basingstoke, U.K.) and lasted for 4 h. Low
passage CHO cells were maintained in Ham's F-12 med-
ium+glutamax (Life Technologies International, Basingstoke,

U.K.) with 100 u ml71 penicillin and 100 mg ml71 streptomy-
cin (Sigma, Poole, U.K.), and for experiments the cells were
grown on glass coverslips. Cells were used for electrophysiol-

ogy within 30 h of transfection.
Perforated patch clamp of cells was achieved with

borosilicate patch pipettes (Drummond Scienti®c, Broomall,

PA, U.S.A.), with a resistance of 1 ± 2 MO. Pipettes were
sylgard-coated and ®re polished to a ®nal resistance of 2 ±
2.5 MO. The pipette ®lling solution consisted of (in mM) KCl
130, MgCl2 1, EGTA (K+) 5, ATP (Mg2+) 5, HEPES 10, at

pH 7.2. Gramicidin (Sigma, Poole, U.K.) freshly dissolved in
dimethylsulfoxide (DMSO) was added to an aliquot of the
pipette ®lling solution at a ®nal concentration of 32 mg ml71,

and used to back ®ll the pipettes; the ®nal concentration of
DMSO in the pipette solution was 0.4%. Some experiments
were performed in the whole cell mode without gramicidin,

using the same pipette ®lling solution; where appropriate these
experiments are noted in the text. Cells were continuously
superfused at the rate of 1.5 ml min71 with an extracellular

solution consisting of (in mM:) NaCl 140, KCl 4, CaCl2 2,
MgCl2 1, HEPES 5, glucose 10, pH 7.4 at ambient
temperature. Both imipramine (Sigma, Poole, U.K.) and
amitriptyline (Sigma, Poole, U.K.) were made as 10 mM stock

solutions in H2O and were diluted at least 100 fold in
extracellular solution. Imipramine and amitriptyline stocks
were added to the superfusion solution to give ®nal

concentrations between 0.1 and 100 mM. Cells were allowed
to equilibrate for ®ve (Figures 1 and 2) or 10 min (Figures 3 ±
5) in the appropriate agents before measurements were made;

similar e�ects were noted with either incubation time. Voltage
protocols were applied and currents recorded using an
Axopatch 200B patch clamp ampli®er in combination with a
DigiData 1200 A/D converter (Axon Instruments, CA,

U.S.A.), employing a PC and software written in Axobasic.
GFP positive cells were identi®ed using ¯uorescence micro-
scopy (excitation at 495 nm, emission4530 nm) and were

voltage-clamped at a holding potential of 780 mV. Following
membrane perforation with gramicidin, the series resistance
was 10 ± 15 MO and was compensated by 70 ± 80%. IHERG was
measured as the peak tail current at 740 mV following a

400 ms voltage step from 780 mV to the test voltage. During
drug equilibration the membrane potential of the cell under
study was held at 780 mV. Before measurements were made

in the presence of TCAs, protocols were applied until a steady-
state response was achieved, with the exception of the long
pulse protocol, which was always run after equilibration of the

agent at the holding potential of 780 mV. Data were stored
on PC and analysed o�-line (Axobasic; Excel, Microsoft;
Origin, Microcal). Mean values and s.e.means for the e�ects of

each concentration were calculated by pooling data for all
cells, while IC50s and Hill coe�cients were calculated for each
cell, and mean values were then calculated.

Results

HERG mediates an outward K+ current with comparatively
rapid inactivation and slow deactivation kinetics (Sanguinetti
et al., 1995). The rapid inactivation results in inward

recti®cation of the current at positive potentials (Smith et al.,
1996; Spector et al., 1996b). These properties result in a distinct
current pro®le with voltage clamp test commands to positive

potentials both in transfected cells expressing heterologous
HERG and in cardiomyocytes having native IKr (Hancox et
al., 1998). Figure 1a shows the currents elicited from a cell
transfected with HERG and from an untransfected cell from

the holding potential of 780 mV during a test pulse to
+20 mV and on repolarization to 740 mV. In the HERG-
transfected cell, outward current developed during the pulse

and was followed by a large outward tail current upon
repolarization to 740 mV. No tail currents were observed in
untransfected cells (Figure 1a).

Amitriptyline and imipramine reduced reversibly both
IHERG during the test potential and the IHERG tail (Figure 1b
and c). Using the same voltage commands as in Figure 1a,
imipramine (3 mM) reversibly inhibited 41+4% (mean+
s.e.mean) of HERG tail current, and the current at the end
of the test pulse was reduced by 42+6% in the same cells
(n=5). For each cell the degree of block observed during the

pulse and during the tail was similar (paired t-test, P=0.73).
Amitriptyline (3 mM) inhibited the IHERG tail by 34+6%, and
the current during the test pulse was reduced by 35+9%

(n=3). A similar inhibition of tail currents was observed when
making measurements in the whole cell con®guration
(41+5%, 3 mM imipramine, n=5), however, the e�ects were

not fully reversible on wash out.
The concentration-dependence of the imipramine e�ect is

shown in Figure 1d. The data were ®t with the Hill equation,
which gave an IC50 of 3.4+0.4 mM and a Hill coe�cient of

1.17+0.03 (n=5). The observed TCA inhibition of IHERG

occurred within the clinically observed range of 1 ± 5 mM for
imipramine (Marshall & Forker, 1982) and 0.05 ± 6.9 mM for

amitriptyline (Pike & Skuterud, 1982a). Complete block of
IHERG could be achieved with 30 mM imipramine or 30 mM
amitriptyline (data not shown).

The voltage dependence of the e�ects of imipramine on
IHERG was investigated over a range of test pulses from
740 mV to +60 mV. A representative current voltage plot for
the e�ects of 3 mM imipramine on HERG tail currents is shown
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in Figure 2a. The degree of imipramine block of IHERG tails is
compared at di�erent voltages in Figure 2b. The observed

inhibition of HERG appeared weakly voltage sensitive, with
more positive test potentials giving a small increase in block,
although this di�erence was not signi®cant. In particular, tail

currents elicited following a pulse to 720 mV were blocked by
28+14% by 3 mM imipramine, whereas tail currents elicited
following a pulse to +40 mV were blocked by 49+5% (n=5,

paired t test, P40.1).
A `long pulse' protocol of 10 s from 780 mV to 0 mV was

used to investigate whether the degree of block by imipramine

might alter during sustained depolarization. The pulse was ®rst
applied in imipramine-free solution. The membrane potential
was then held at 780 mV with no stimulation for 10 min in
the presence of 3 mM imipramine, after which the long pulse

protocol was again applied. In contrast to the methanesulfo-
nanilide class III antiarrhythmic agents E-4031, MK-499 and
dofetilide (Sanguinetti et al., 1995; Spector et al., 1996a;

Snyders & Chaudhary, 1996), block of IHERG was observed
during the ®rst pulse after 10 min application of the drug
(Figure 3a, n=5). An expanded view of the early part of the

pulse suggests that block may initially increase over time but
that some block is present immediately (Figure 3a, inset).
Comparing IHERG amplitudes every second, we observed that

the current during the pulse in the presence of imipramine did
not decrease, and the ratio of current in the presence of
imipramine to control showed no signi®cant decrease (Figure
3b, one-way anova, F(9,40)=0.0115, n=5 cells, not signi®-

cant).
The time course of IHERG activation is typically obtained

using an `envelope of tails' protocol (Trudeau et al., 1995), in

which tail current amplitudes following a series of pulses of

increasing duration are measured, because inactivation plays a
strong role early in the pulse. To test imipramine's e�ects on

activation, the membrane potential was held at 780 mV, and
pulses of increasing duration to +20 mV were applied. Tail
currents at 740 mV were measured after each test pulse.

Sample traces with and without imipramine (3 mM) are shown
in Figure 4a. The peak tail current for each trace is plotted
against test pulse duration in Figure 4b. Data from di�erent

cells were normalized and pooled in Figure 4c, showing that
the inhibition of HERG channels increased over the ®rst
320 ms. A further increase in pulse duration did not further

increase imipramine-mediated IHERG inhibition (n=5). The
rate of IHERG activation was determined by ®tting the peak
amplitudes of the tail currents with a single exponential
function. Figure 4d shows mean data for ®ve cells. The t of

activation was slightly reduced in the presence of imipramine
relative to control (consistent with the increase in fractional
block of tail current observed during the early part of the

envelope, Figure 4c); however, the observed di�erence was not
statistically signi®cant (P40.05). Taken collectively, the data
in Figures 3 and 4 suggest that part of the block of IHERG by

imipramine may result from drug binding to the resting
channel, with a further component which occurs rapidly
during depolarization, consistent with an open channel block.

To test whether inactivation plays a role in the block, a
three pulse protocol (Smith et al., 1996) was used in which the
cell was held at 780 mV, depolarized to +20 mV for 400 ms,
repolarized brie¯y to780 mV for 20 ms, and then depolarized

again to +20 mV for 400 ms. Representative traces in control
and with imipramine (3 mM) are shown in Figure 5a. The rapid
decrease in current after the second pulse to +20 mV (Figure

5a, inset) could be ®tted by a single exponential; the

Figure 1 TCAs inhibit current mediated by heterologous HERG. (a) shows the currents elicited from a CHO cell transfected with
HERG and from an untransfected cell. Membrane potential was held at 780 mV, depolarized to +20 mV for 400 ms, before the
tail was observed at 740 mV. Total current elicited from the untransfected cell during the pulse was under 20 pA, and no tail
current could be detected. The HERG current of a typical cell in extracellular solution is shown in (b) in the absence of drug
(control), in the presence of 3 mM imipramine, and after washout. The holding potential and voltage steps are identical to those in
(a). Interpulse interval was 15 s. (c) shows a typical cell superfused with 3 mM amitriptyline under the same conditions as in (b). The
dotted line in (b) and (c) indicates zero current level. In (d), the concentration response curve shows mean (+s.e.mean) inhibition of
tail currents measured with the same protocol as above (n=5; at 30 and 100 mM imipramine data using whole cell patch clamp and
gramicidin perforated patches were pooled).
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inactivation time course was more rapid in the presence of

imipramine, but the di�erence between the inactivation time
constants was not signi®cant (Figure 5b). The extent of current
inactivation was calculated from the ratio of the ®nal current

(at 50 ms after the second depolarization) to the peak current
(Figure 5c). The current inactivation was observed to be
increased in the presence of imipramine (3 mM), but not

signi®cantly.

Discussion

While more than one type of K+ channel can be blocked by
TCAs, for example the transient outward current Ito (Casis &

Sanchez-Chapula, 1998), it is now well-established that
pharmacological block of the HERG-encoded channel can be
associated with arrhythmia in an analogous manner to genetic

mutations in HERG being responsible for chromosome 7-
associated familial `Long QT Syndrome' (Curran et al., 1995).
Here we show that two TCAs block heterologously expressed

HERG at concentrations similar to clinically measured serum
levels. Any interpretation regarding clinical relevance must be
quali®ed, however, as the unbound concentration of these
drugs may not necessarily re¯ect drug levels in particular organ

systems (Hilberg et al., 1999; Pike et al., 1982b).
Although this is the ®rst direct demonstration of amitripty-

line a�ecting HERG current, there is evidence that imipramine

can completely block native cardiac IKr at 1 mM in guinea-pig
myocytes (Valenzuela et al., 1994). A reduced sensitivity to
drugs of heterologously expressed HERG to that of IKr has

been observed previously (Spector et al., 1996a; Suessbrich et
al., 1996), particularly for HERG expressed in oocytes, in
which either the vitelline membrane, or yolk-sac may limit

drug access to the channel and raise the apparent IC50

compared to that observed for HERG in mammalian cell
lines (e.g. Po et al., 1999). The apparently higher sensitivity of

native IKr than HERG to imipramine may be due to the
recording conditions in the two studies, intrinsic di�erences in
the two cell types, to di�erences in post-translational
modi®cations, or to di�erent auxiliary subunits (e.g. minK

and MiRP1) which can be associated with the HERG
potassium channel alpha subunit (McDonald et al., 1997;
Abbott et al., 1999). However, because guinea-pig IK is a

composite current composed of IKr and IKs, Valenzuela et al.
(1994) reported that it was not possible to study the detailed
e�ects of imipramine on IKr selectively nor to obtain an IC50 in

their experiments. By studying cloned HERG channels, we
have been able to investigate the e�ects of TCAs in more detail
than is possible with composite guinea-pig IK.

The imipramine-mediated block is complex in that it occurs
while the channel is maintained at780 mV (at which potential
HERG channels are closed; Sanguinetti et al., 1995; Zhou et
al., 1998), and the block also increases as activation increases.

Within 1 s at +20 mV the block reaches its maximum level.
This di�ers from the methanesulphonanilides dofetilide
(Snyders & Chaudhary, 1996) and MK-499 (Spector et al.,

1996a) which mediate no signi®cant block on the ®rst pulse

Figure 2 Voltage dependence of the e�ects of imipramine. (a)
demonstrates the e�ect of voltage on imipramine-mediated block of
IHERG. It shows a typical plot of the tail currents (at 740 mV) under
these conditions against test pulse potential. In (b) percentage
inhibition evoked by 3 mM imipramine at di�erent voltages is shown,
with the imipramine-sensitive current being normalized in each cell to
the current at the same voltage in the absence of imipramine (n=5).

Figure 3 Imipramine inhibition during a long pulse. The currents
from a 10 s pulse protocol applied to a typical cell before and after a
10 min application of 3 mM imipramine are shown in (a). The
membrane potential was held at 780 mV, and HERG currents were
evoked with a 10 s pulse to +20 mV. The cell was held at 780 mV
for 10 min while imipramine was applied. The inset shows an
expanded portion of the same record at the beginning of the pulse.
From the above data, the ratio of current in the presence of
imipramine to current before application of imipramine at successive
1 s time points is shown in (b). The horizontal line at the ®rst value
of 67% is provided to aid comparison of the data points (n=5).

Imipramine and HERG482 A.G. Teschemacher et al



Figure 5 Inactivation of HERG in the presence and absence of imipramine. A three-pulse protocol was used in which the cells were
held at 780 mV, depolarized to +20 mV for 400 ms, repolarized for 20 ms to 780 mV, and stepped again to +20 mV for 400 ms
as shown in (a) lower panel. Typical responses are shown in the upper panel for control and 3 mM imipramine. During the brief
pulse to 780 mV, rapid recovery from inactivation occurred; the time course for current deactivation is long with respect to this
period of time. The inset shows the same current records (just before and after the 20 ms step to 780 mV) on an expanded time
scale. The time course of inactivation during the second pulse to +20 mV was ®tted with a single exponential and compared in (b)
(paired t-test, n=5, P=0.23). The extent of inactivation in the two conditions was compared in (c) (paired t-test, n=5, P=0.21).

Figure 4 Activation time course of IHERG with and without imipramine. (a) illustrates an `envelope of tails' test performed on the
same cell before and after block with 3 mM imipramine. Membrane potential was held at 780 mV, depolarized to +20 mV for
varying durations of time, and then tail currents were observed at 740 mV. The inter-pulse interval was 30 s. In (b) the peaks of the
tail currents were plotted against the duration of the depolarizing pulse. The percentage of current blocked shown in (c) was
calculated from the ratio of the matched peak tail currents for imipramine and control at each time point (n=5). (d) shows the
mean of the calculated activation time constants (n=5) derived from a ®t with a single exponential to the currents as shown in (b)
(paired t-test, P40.05).
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after drug addition when the cells are held at 780 mV, and
which mediate signi®cant increases in block when channels are
held in the open state during a long depolarizing pulse.

Imipramine appears to decrease IHERG amplitude without
signi®cant e�ects on channel inactivation. Both the degree of
current inactivation and the time course of inactivation were
not signi®cantly changed by imipramine; this suggests that

under these conditions the block is not preferentially mediated
by binding to the inactivated channel as it is in the presence of
terfenadine (Suessbrich et al., 1996), astemizole (Suessbrich et

al., 1996), haloperidol (Suessbrich et al., 1997a) and clo®lium
(Suessbrich et al., 1997b). The block by imipramine is
equivalent during the pulse and tail currents. The data are

consistent with the drug binding both to channels in the resting
state (accounting for block observed during brief pulses and at
the start of the `long pulse' in Figure 3), and subsequent to this,

rapid binding to open channels occurring early during a
depolarizing step (Figure 4). This is consistent with the
apparent acceleration of IHERG activation observed during the
`envelope of tails', although the di�erence in t activation did

not attain statistical signi®cance. The block was only weakly
voltage dependent and not signi®cantly voltage dependent for
voltages above 0 mV, the range in which full activation occurs.

Imipramine and amitriptyline are weak bases (pKAs of 9.5 and
9.4 respectively) and thus at physiological pH they are mostly
charged (Jack, 1992). The block by the imidazolidinedione

azimilide, another class III antiarrhythmic agent, has been
shown to be reverse use-dependent and voltage independent,
and its block does not a�ect inactivation (Busch et al., 1998).

The present data show that imipramine has a pharmacological
pro®le which is more similar to azimilide's than to that of the
methanesulphonanilides.

In addition to e�ects on HERG channels in the

cardiovascular system, potassium channels in the nervous
system also may be a�ected by TCAs. In rat isolated
sympathetic neurones TCAs have been shown to block the

voltage gated delayed recti®er potassium current (Wooltorton
& Mathie, 1993). Our observations that the block of the
heterologous channel does not alter dramatically the kinetics

of IHERG, and that the block is relatively voltage independent
are in accord with observations of TCA block of the sustained
component of IKv made in sympathetic ganglia (Wooltorton &
Mathie, 1993). HERG has been demonstrated to be involved

in spike-frequency adaptation (Chiesa et al., 1997), and three
related members of the erg family have been identi®ed in
nervous tissue (Shi et al., 1997). The three erg family members

are expressed in peripheral sympathetic ganglia, potentially
implicating these transcripts in the mediation of sympathetic
out¯ow to the heart.

Previously, TCAs were known to have type I antiar-
rhythmic activity and were recommended for patients with
ventricular arrhythmias (Bigger et al., 1977). Due to more

recent evidence showing that type I antiarrhythmics have
signi®cant pro-arrhythmic e�ects after myocardial infarct, the
cardiac actions of TCAs have led to the recommendation that
TCAs be avoided under those circumstances (Glassman &

Roose, 1994). The present study shows that clinically measured
concentrations of imipramine and amitriptyline can inhibit the
current mediated by HERG. It is therefore possible that

inhibition of HERG-IKr contributes to the observed cardio-
vascular side-e�ects of TCAs; this action could be especially
marked at elevated drug concentrations which might occur

during overdose.
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