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1 We investigated the inhibition of hEAG1 potassium channels, expressed in mammalian cells and
Xenopus oocytes, by several blockers that have previously been reported to be blockers of hERG1
channels.

2 In the whole-cell mode of mammalian cells, LY97241 was shown to be a potent inhibitor of both
hEAG1 and hERG1 channels (IC50 of 4.9 and 2.2 nM, respectively). Clo®lium, E4031, and
haloperidol apparently inhibited hEAG1 channels with lower potency than hERG1 channels, but
they cannot be considered hERG1-speci®c.

3 The block of hEAG1 channels by LY97241 and clo®lium was time-, use-, and voltage-dependent,
best explained by an open-channel block mechanism.

4 Both drugs apparently bind from the intracellular side of the membrane at (a) speci®c site(s)
within the central cavity of the channel pore. They can be trapped by closure of the activation gate.

5 In inside-out patches from Xenopus oocytes, hEAG1 block by clo®lium was stronger than by
LY97241 (IC50 of 0.8 and 1.9 nM, respectively). In addition, hEAG1 block by clo®lium was much
faster than by LY97241 although there was no di�erence in the voltage dependence of the on-rate of
block.

6 Physico-chemical di�erences of clo®lium and the weak base LY97241 determine the access of the
drugs to the binding site and thereby the in¯uence of the recording mode on the apparent block
potencies. This phenomenon must be considered when assessing the inhibitory action of drugs on
ion channels.
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Introduction

hEAG1 channels are voltage dependent potassium channels
belonging to the EAG family, that consists of the EAG (ether
aÁ go-go, ERG (eag related gene) and ELK (eag like
potassium channel) subfamilies (Bauer & Schwarz, 2001).

Two members of the EAG subfamily from humans, heag1
and heag2, have been cloned and characterized (Occhiodoro
et al., 1998; SchoÈ nherr et al., 2002).

A typical feature of EAG channels is their prepulse
dependence of the activation kinetics, i.e. activation is slowed
down by hyperpolarizing prepulses, especially under physio-

logical concentrations of extracellular Mg2+ (Ludwig et al.,
1994; Terlau et al., 1996). On the basis of their prepulse
dependence, EAG currents could be identi®ed in several

human cancer cell lines (Meyer & Heinemann, 1998; Meyer et
al., 1999; Ouadid-Ahidouch et al., 2001). Recent publications
(Pardo et al., 1999; Gavrilova-Ruch et al., 2002) suggest that
the hyperpolarizing activity of EAG channels, which

previously has been shown to be necessary for myoblast

fusion (Occhiodoro et al., 1998), promotes cell-cycle progres-
sion.
In Drosophila melanogaster, mutations in the eag gene

cause repetitive ®ring and increased transmitter release in

motor neurons (Ganetzky & Wu, 1983). In contrast, little is
known about the physiological function of EAG channels in
human neuronal tissues. A modulation of excitability via

control of the resting potential seems likely, but so far no
EAG current correlate has been found in native neuronal
preparations. The strong expression of various channel types

in neuronal tissues hampers the identi®cation of EAG-
mediated currents by means of their activation kinetics.
Speci®c inhibitors of hEAG channels would be helpful tools

for the identi®cation of native EAG currents. So far,
however, only blockers with weak speci®city, like quinidine,
that inhibit EAG channels in the micromolar concentration
range (SchoÈ nherr et al., 2002), have been identi®ed.

For the related hERG channel that underlies the cardiac
repolarization current IKr, inhibitors like methanesulphona-
nilides are available (Tseng, 2001). Besides the speci®c block

by these and other class-III anti-arrhythmics, hERG channels
are inhibited by a wide range of therapeutic agents
(Vandenberg et al., 2001), which may lead to lethal
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ventricular arrhythmia. Because of such side-e�ects, the
mechanism of inhibition of the hERG channel has been
studied in detail, indicating that both the fast inactivation

and the structure of the channel pore are the major
determinants (Tseng, 2001; Vandenberg et al., 2001). An
important feature is the larger volume of the inner vestibule
of the channel pore due to the lack of a PxP motif that is

believed to induce a sharp bend in the S6 helices of Kv
channels (del Camino et al., 2000). Another characteristic is
the presence of aromatic residues in the S6 segment that

allow speci®c interactions with aromatic moieties of several
drugs by p electron stacking (Mitcheson et al., 2000a).
In contrast to hERG, hEAG channels do not inactivate,

but the pore structure of both channels is similar. Hence, we
speculated that some substances, which inhibit hERG
channels, might also block hEAG channels with high

potency.
In this study we tested the quaternary ammonium

derivative clo®lium (Steinberg & Molloy, 1979) and its
tertiary analogue LY97241 (Suessbrich et al., 1997b), the

methanesulphonanilide E4031 (Herzberg et al., 1998) as well
as the antipsychotic drug haloperidol (Suessbrich et al.,
1997a) on their ability to inhibit hEAG1 and hERG1

channels. In addition, to gain insight into the block
mechanism and to assess the validity of the assay system,
we compared the block of hEAG1 channels measured in the

whole-cell con®guration from mammalian cells with the
inside-out con®guration of membrane patches from Xenopus
oocytes.

Methods

Expression of hEAG1 and hERG1 in mammalian cell lines

hERG1 channels were stably expressed in HEK 293 cells

(SchoÈ nherr et al., 1999), hEAG1 channels in CHO-K1 cells
(Gavrilova-Ruch et al., 2002). CHO-K1 cells were routinely
grown in 250-ml culture ¯asks (Greiner, Frickenhausen,

Germany) in Nutrient Mix F-12 medium (Invitrogen,
Karlsruhe, Germany) supplemented with 10% foetal calf
serum (FCS). HEK 293 cells were cultured in Dulbecco's
modi®ed Eagle's (Invitrogen)/F-12 medium (ratio 1: 1)

supplemented with 10% FCS. Both cell lines were maintained
at 378C in a humidi®ed atmosphere with 5% CO2 and
subcultured every 3 ± 4 days. All cells were used within

passage numbers 3 to 25. hEAG1 channels were also
transiently expressed in HEK 293 cells using the Polyfect
transfection kit (Qiagen, Hilden, Germany). For electrophy-

siological recordings cells were plated on 35-mm petri-dishes.

Expression of hEAG1 in Xenopus oocytes

For heterologous expression in Xenopus occytes capped
mRNA of hEAG1 subcloned in pGEM-HE (SchoÈ nherr et
al., 2000) and hERG1 subcloned in pSP64 (Mark Keating,

University of Utah, Salt Lake City, UT, U.S.A.) was
synthesized in vitro with T7 and SP6 RNA polymerase,
respectively (mMESSAGE mMACHINE kit, Ambion, Aus-

tin, TX, U.S.A.). Oocyte preparation and injection of RNA
was performed as described previously (SchoÈ nherr &
Heinemann, 1996).

Electrophysiological recordings

As patch-clamp ampli®er we used an EPC9 (HEKA

Elektronik, Lambrecht, Germany). For recordings from
mammalian cells the patch pipettes were fabricated from
borosilicate glass (Kimble Glass, Vineland, NJ, U.S.A.)
with resistances of 1 ± 2 MO. Unless stated otherwise, the

pipettes were ®lled with (in mM): KCl 130, MgCl2 2,
EGTA 10, HEPES 10, pH 7.4 (adjusted with KOH). The
standard bath solution contained (in mM): NaCl 145, KCl

5, MgCl2 2, CaCl2 2, HEPES 10, pH 7.4 (with NaOH).
Currents were measured in the whole-cell con®guration
with access resistances below 3 MO. Series resistance

compensation was applied to 80 ± 90%. For recording
from excised patches from CHO cells the following
solutions were used (in mM): extracellular: NaAsp 145,

KCl 5, CaCl2 2, HEPES 10, pH 7.4 (with NaOH);
intracellular: KAsp 120, KCl 10, EGTA 10, HEPES 10,
pH 7.4 (with KOH).

For macro-patch recordings from Xenopus oocytes in the

inside-out and outside-out con®guration the patch pipettes
were formed from aluminum silicate glass (Hilgenberg,
Malsfeld, Germany) with tip resistances of 1 ± 2 MO.
Standard external solution was composed of (in mM): NaAsp
103.6, KCl 11.4, CaCl2 1.8, HEPES 10, pH 7.2 (NaOH).
Standard internal solution contained (in mM): KAsp 110,

KCl 15, EGTA 10, HEPES 10, pH 7.2 (KOH). Pipette tips
for both types of experiments were ®re-polished immediately
before use. All experiments were performed at room

temperature (20 ± 238C).
All chemicals used were of high grade, obtained from

Sigma (Taufkirchen, Germany). E4031 was obtained from
Waco chemicals (Neuss, Germany). LY97241 was kindly

provided by Eli Lilly (Indianapolis, Indiana, U.S.A.).
Potassium channel blockers were dissolved in the bath

solution immediately before the experiments. They were

applied to the cells under consideration with an application
pipette ensuring complete immersion of the cells/patches in
the respective solution. Blocker e�ects were allowed to

equilibrate, monitored by repetitive depolarizations. Current
block was analysed by plotting the remaining current,
normalized to the control current before blocker application
as a function of the blocker concentration. IC50 values were

obtained by ®tting a Hill equation to these data:

I=Icontrol � 1=�1� ��blocker�=IC50�nH� �1�
with the half-maximum inhibition concentration IC50 and
the Hill coe�cient nH. To quantify the time course of onset
of block an exponential function:

I�t� � I�0� ÿ �I�0� ÿ I�1���1ÿ exp�ÿ�tÿ t0�=�b�� �2�
was employed. I0 and I(?) are the current amplitudes

before blocker application (at time t0) and after block
equilibration, respectively. tb is the time constant of onset of
block.

Data acquisition and analysis were carried out with

Pulse+PulseFit (HEKA) and IgorPro (WaveMetrics, Lake
Oswego, OR, U.S.A.) software. All data are presented as
mean+s.e.mean (n) with n being the number of independent

experiments. Statistical di�erences between two groups of
data were performed using two-sided Student's t-test
indicated as P50.05 (*) or P50.005 (**).
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Results

Inhibition of hEAG1 and hERG1 channels by LY97241

hEAG1 channels mediate voltage dependent, non-inactivating
outward K+ currents with a typical prepulse and Mg2+

dependent activation time course. To assay the inhibitory

action of various drugs, repetitive 1 s depolarizations to
+50 mV were applied and currents were measured at the end
of the test pulses (Figure 1a). hERG1 channels also mediate

slowly activating K+ currents, but a rapid inactivation
prevents correct determination of blocking e�ects by
measuring outward currents. Upon repolarization, the rapid

recovery from inactivation and slow deactivation result in
slow tail currents with a peak size proportional to the

number of channels opened by the prepulse. To examine the
inhibitory action of drugs on hERG1 channels, we
determined maximum hERG1 inward tail currents at

7120 mV following repetitive 1 s prepulses to +40 mV
(Figure 1b). To enhance inward current amplitudes, measure-
ments were performed with an external K+ concentration of
40 mM.

Representative current traces from hEAG1 and hERG1
channels in the presence of increasing concentrations of
LY97241 are shown in Figure 1a and b, respectively. Block

by LY97241 was determined 8 min after drug application for
hERG1 and 4 min after drug application for hEAG1 to
quantify the concentration dependence, shown in Figure 1c.

The data were ®tted with Hill functions (equation 1) yielding
IC50 values of 4.9+1.1 nM and 2.2+0.4 nM (see Table 1) for
hEAG1 and hERG1 channels, respectively. hEAG1 channels

transiently expressed in HEK 293 cells were also potently
blocked by LY97241 (IC50: 8.3+1.4 nM; P=0.08 with respect
to hEAG1 in CHO cells). Thus, LY97241 is an e�cient
inhibitor of hEAG1 channels as it blocks in the nanomolar

concentration range similarly to hERG1 channels.

Inhibition of hEAG1 channels by other typical blockers of
hERG

As shown for LY97241, also other `hERG-speci®c' channel

blockers may potently inhibit hEAG1 channels in mamma-
lian cells. Therefore, using the same protocol as for LY97241,
we tested clo®lium, a class-III anti-arrhythmic compound

structurally related to LY97241 (see Figure 6), the classical
hERG blocker E4031, as well as the antipsychotic drug
haloperidol for their ability to inhibit hEAG1 and hERG1
channels expressed in mammalian cells. Dose-response curves

for all hERG blockers tested are shown in Figure 2a. The
corresponding IC50 values and Hill coe�cients are listed in
Table 1. As summarized in Figure 2b, all hERG blockers

tested also inhibited hEAG1 channels albeit with 1 ± 2 orders
of magnitude lower potency. In contrast to LY97241, all
drugs tested clearly discriminated between hERG1 and

hEAG1 channels.

Figure 1 Inhibition of whole-cell hEAG1 and hERG1 currents by
LY97241. Superposition of whole-cell current recordings from CHO
and HEK293 cells, stably expressing hEAG1 (a) and hERG1 (b)
channels, respectively, with the indicated concentrations of LY97241.
Cells were depolarized for 1 s to +50 and +40 mV, respectively, at
an interval of 14 s. Increasing concentrations of LY97241 were
applied to the cells and the shown current traces were taken
subsequent to block equilibration. For hEAG1 channels, block was
quanti®ed by measuring the outward current at the end of the 1-s
depolarization. For hERG1 channels, peak inward current during the
deactivation phase at 7120 mV was measured. The current
magnitudes, normalized to the control currents, are plotted in (c)
as a function of the blocker concentration. The error bars are
s.e.mean values for 4 ± 8 experiments. The superimposed curves are
®ts according to the Hill equation (equation 1).

Table 1 Inhibition of hEAG1 and hERG1 channels in
di�erent recording modes

hEAG1 hERG1
IC50 (nM) nH IC50 (nM) nH

Whole-cell configuration: mammalian cells
CHO:
LY97241 4.91+1.15 0.78+0.08 2.17+0.44 0.58+0.05
clofilium 255+35 1.31+0.13 2.59+0.71 0.62+0.08
E4031 416+44 1.07+0.11 7.32+2.01 0.59+0.10
haloperidol 590+121 0.81+0.09 18.6+10.1 0.54+0.11
HEK293:
LY97241 8.3+1.4 0.56+0.06

Inside-out configuration: Xenopus oocytes
hEAG1

IC50 (nM) nH
LY97241 1.94+0.17 1.02+0.06
clofilium 0.83+0.03 1.01+0.01
E4031 162+17 1.17+0.08
haloperidol 752+34 1.04+0.03

Data are derived from ®ts of a Hill equation to mean data
from 4 ± 7 independent experiments.
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The data show that LY97241 is a potent inhibitor of both,
hERG1 and hEAG1 channels (Figure 2b). However, only
hEAG1 ± not hERG1 ± channels seem to be extremely

more sensitive to LY97241 compared to the structurally
related clo®lium. Therefore, we characterized the inhibition
of hEAG1 channels by LY97241 in more detail.

Use-dependence of hEAG1 block by LY97241

Initial block experiments indicated that the onset of channel

block by LY97241 is rather slow. Hence, we analysed the
inhibitory action of 1 mM LY97241 monitored by 1-s
depolarizations to +50 mV. Drug was either applied during

repetitive pulses (Figure 3a, upper panel) or 3.5 min before
depolarization cycles were resumed (Figure 3a, lower panel).
Inhibition develops over time and requires channel opening,

indicative of an open-channel block. As shown in Figure 3b,
inhibition by 100 nM LY97241 is also slower in onset and
weaker at equilibrium for longer intervals between depolar-
izations. Fits of single exponential functions to the data

yielded time constants of 19, 49 and 86 s and a maximum

steady-state block of 97, 95 and 87% for pulse intervals of 5,
15 and 45 s, respectively.

The use-dependence of hEAG1 channel inhibition was

further analysed with respect to the length of depolarization
applied at a ®xed frequency. Reducing the depolarization
length from 0.5 s down to 0.1 s resulted in a marked slowing
of hEAG1 channel inhibition by 1 mM LY97241. In addition,

the steady-state block obtained was weaker (Figure 4a).
Mono-exponential ®ts yielded time constants (tb) for the
onset of block of 7, 25 and 77 s with a maximum block of

100, 95 and 86%, for 0.5-, 0.2- and 0.1-s depolarizations,
respectively.

Interestingly, using short 0.1-s depolarizations the onset of

block followed rather a sigmoid than an exponential time
course, indicating an involvement of channel gating if pulses
become too short to obtain steady-state block within one

pulse. As shown in Figure 4b, hEAG1 activation gating is
strongly a�ected by extracellular Mg2+: 5 mM external Mg2+

slowed down hEAG1 channel activation such that after
100 ms at +50 mV only 15.6+1.3% (n=5) of the maximum

open probability was reached, compared to 81.6+2.8%

Figure 2 Block of hEAG1 (CHO) and hERG1 (HEK293) channels
by clo®lium, E4031 and haloperidol, as indicated. (a) Dose-response
curves for hEAG1 (®lled symbols) and hERG1 (open symbols)
channels were obtained as described in Figure 1. Data were averaged
from 4 ± 6 experiments and ®tted to the Hill equation (equation 1).
(b) IC50 values of hEAG1 (black bars) and hERG1 (white bars)
channel inhibition by the four drugs tested.

Figure 3 Use-dependence of hEAG1 block by LY97241. (a) Whole-
cell current recordings of hEAG1 channels in CHO cells before and
after application of 1 mM LY97241 elicited by 1-s depolarizations to
+50 mV at an interval of 14 s. Compared to the pulse length, the
interpulse interval is not drawn to scale. The ®rst current traces were
recorded in the absence of drug. The ®rst trace in the presence of
drug leads to a marked increase in current (channel opening)
followed by a decrease (block). In subsequent pulses the channels
largely remain blocked. The current responses do not obviously
depend on whether drug was applied immediately (top) or 210 s
before depolarization (bottom). (b) Currents at the end of 1-s
depolarizations applied at di�erent frequencies were normalized to
the control current before application of 100 nM LY97241 and
plotted against the time. Solid lines are drawn according to ®ts of
single exponential functions to the data (n=3).
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(n=4) in the absence of Mg2+. Using repetitive 0.1-s
depolarizations we analysed the onset of inhibition 50 s after

application of 1 mM LY97241 in external solution containing
either 0 or 5 mM Mg2+. In 5 mM external Mg2+ block
developed slowly (tb=99 s) to 82% maximum block. With-

out Mg2+, already the ®rst depolarization caused substantial
block; steady-state was obtained at 97% (tb=13 s). This
clearly shows an involvement of channel gating in the onset

of block. The higher the open probability of the channel
population, the faster the inhibition occurs and the stronger
the maximum block becomes.

Voltage-dependence of hEAG1 block by LY97241

Since under steady-state conditions the open probability of

hEAG1 channels is a function of the voltage, we analysed the
onset of block by 100 nM LY97241 at di�erent voltages.
Inhibition was monitored via repetitive 1-s depolarizations

applied every 5 s from 7100 mV. Normalized current
amplitudes were plotted against the time (Figure 5a) and
®tted with mono-exponential functions yielding time con-

stants of 53, 22 and 21 s for the onset of inhibition and
maximum block of 29, 86 and 96% at 710, +20, and
+50 mV, respectively. Repetitive depolarizations to
710 mV, after (495%) steady-state inhibition at +50 mV,

resulted in a marked release of block. Hence, inhibition of
hEAG1 channels by LY97241 is voltage dependent and
reversible.

Interestingly, the ®rst depolarization to 710 mV following
preincubation of the cell in drug-containing solution resulted
in a current increase to 142+14% (n=5), suggesting

additional e�ects of LY97241 on gating characteristics of
hEAG1 channels.

Figure 4 Pulse length dependence of hEAG1 channel inhibition by
LY97241. (a) hEAG1 currents in CHO cells were repetitively evoked
every 5 s by +50 -mV depolarizations of the indicated durations
from a holding potential of 7100 mV. Currents at the end of the
pulses were plotted against the time, where time zero indicates the
application of 1 mM LY97241. The continuous curves are single
exponentials, ®tted to the mean data (n=4). (b) Normalized hEAG1
currents in response to the indicated pulse protocol in the presence
and absence of 5 mM Mg2+ in the extracellular solution. The vertical
dashed line indicates 100 ms after pulse start. (c) Onset of current
block by 1 mM LY97241 with a pulse interval of 5 s and a pulse
duration of 100 ms in the presence and absence of 5 mM Mg2+ in the
extracellular solution. The continuous curves are single-exponentials
with time constants of 13.4 and 99.1 s for 0 and 5 mM Mg2+,
respectively (n=4).

Figure 5 Voltage dependence of hEAG1 channel inhibition by
LY97241 in CHO cells. (a) Onset of hEAG1 channel inhibition after
200-s preincubation of the cells in 100 nM LY97241 for repetitive 1-s
depolarizations, as indicated, on a logarithmic scale. Solid lines
indicate single-exponential ®ts to the data points. (b) Time
dependence of recovery from LY97241 inhibition of hEAG1
channels. Representative hEAG1 current responses elicited by
depolarizations to +50 mV (left panel) before blocker application
(control) and after blocker equilibrium following recovery pulses to
740 mV of the indicated length. The dashed line indicates zero
current level, the dotted line indicates the current amplitude for
maximum block at the end of the 10-s pulses. Recovery, normalized
to the control current, was plotted against the length of the recovery
pulses to either 740 or 7120 mV (right panel). Solid lines are drawn
according to single exponential ®ts to the mean data (n=3±6). The
dashed line indicates maximum recovery observed under repetitive
10-s depolarizations (30-s interval) without application of recovery
pulses. (c) Voltage dependence of recovery from LY97241 block of
hEAG1 channels. Peak current amplitudes, following 45-s recovery-
pulses to di�erent voltages were normalized to the control current
before blocker application and plotted against the recovery voltage.
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We next analysed the recovery from block at di�erent
voltages. Maximum block was obtained by applying
repetitive 10-s depolarizations to +50 mV every 30 s from

a holding potential of 7110 mV after addition of 100 nM
LY97241. Under these conditions the current at the end of
the 10-s depolarizations and the maximum peak current were
measured and normalized to the control value before blocker

application to calculate maximum inhibition (97+1%) and
recovery (14+1%, n=20). To induce additional recovery,
conditioning pulses of increasing length to either 740 or

7120 mV were applied prior to the 10-s depolarization.
Figure 5b (left panel) shows representative current recordings
before blocker application as well as following maximum

inhibition and conditioning recovery pulses of di�erent
lengths at 740 mV. Percentage recovery was plotted as a
function of the recovery time in Figure 5b (right panel) for

740 and 7120 mV recovery voltage. Fits with mono-
exponential functions yielded maximum recoveries of 68.5
and 65.7% with time constants of 79.6 and 355 s for 740
and 7120 mV, respectively. Hence, recovery occurs at both

voltages tested, but more than 4 fold faster at 740 mV
compared to 7120 mV.
To analyse the voltage dependence of recovery in more

detail we applied 45-s recovery pulses to di�erent voltages
prior to the monitoring 10-s depolarizations. Obviously,
recovery is voltage dependent with a maximum around

740 mV (Figure 5c). For higher voltage additional re-block
might account for the apparently weaker recovery. At lower
voltages recovery might be reduced due to trapping of the

blocker within the closed channel. To test this hypothesis we

induced constant high recovery by applying a ®rst 2-min
conditioning pulse to 740 mV, followed by a second
hyperpolarizing pulse to 7120 mV of di�erent length. Then

the monitoring 10-s pulse to +50 mV was applied to
calculate recovery from the peak current. The percentage of
recovery slightly increased from 49.5+4.7 over 52.5+5.2 to
53.7+8.6% (n=5) with the length (2, 40 and 160 s) of the

second hyperpolarizing pulse (data not shown). This suggests
that at 7120 mV the weaker recovery is due to trapping of
LY97241 within the pore of hEAG1 channels.

Differences between hEAG1 channel inhibition by
LY97241 and clofilium

LY97241 and clo®lium are structurally related compounds
(Figure 6). However, in the whole-cell mode they inhibit

hEAG1 channels to a very di�erent degree (Figure 2b). To
shed light on the underlying mechanisms, we analysed the
clo®lium inhibition of hEAG1 channels in more detail. Like
for LY97241 block, inhibition by clo®lium cumulatively

developed, becoming faster with longer depolarizations
(Figure 6a). Short depolarizations also led to a sigmoid
onset of inhibition for clo®lium. Mono-exponential ®ts

yielded time constants of 54 and 214 s for 1-s and 0.2-s
depolarizations, respectively. Thus, onset of block is clearly
slower for clo®lium than for LY97241.

Accessibility problems for the drugs to reach their binding
site(s) may cause this di�erence. To test this hypothesis we
preincubated the cells in solutions containing 1 mM LY97241

and clo®lium, respectively, for 200 s before taking current

Figure 6 Contributions of drug accessibility and channel gating to hEAG1 block by LY97241 and clo®lium in CHO cells. (a)
Onset of hEAG1 channel inhibition by LY97241 (top panel) and clo®lium (lower panel). hEAG1 currents were repetitively evoked
every 5 s by +50-mV depolarizations of the indicated durations from a holding potential of 7110 mV. Currents at the end of the
pulses were plotted against the time, where time zero indicates the start of drug application. The continuous curves are single
exponentials, ®tted to the mean data (n=4). (b) hEAG1 current recordings upon depolarization to +50 mV, normalized to the
maximum current amplitude determined under control conditions. The traces shown are averages from four cells and were recorded
prior to drug application (control) and 200 s following drug application, when repetitive depolarizations (the ®rst (1st) and ®fth
(5th) pulses are shown) were started. (c) Currents at the end of the repetitive depolarizations were plotted against the time and ®tted
with mono-exponential functions. Since 1 mM LY97241 led to an almost full inhibition of hEAG1 currents during the ®rst
depolarization (panel b, top traces) a concentration of 100 nM LY97241 was used.
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records. Figure 6b shows representative current recordings
before and after blocker application. For LY97241 the ®rst
depolarization led to almost complete inhibition of the

current, while for clo®lium the onset of block was clearly
slower. Figure 6c shows a direct comparison of the time
courses of inhibition for LY97241 and clo®lium either
directly following drug application or after a 200-s pre-

incubation period. Mono-exponential ®ts to the data points
yielded time constants of 54 and 14 s for 1 mM clo®lium and
19 and 23 s for 100 nM LY97241 without and with

preincubation, respectively. While without substantial e�ect
for LY97241, preincubation of the cells in clo®lium-contain-
ing solution led to a strong acceleration of the onset of

inhibition. Also the maximum inhibition increased from 22%
(without preincubation, IC50=266 nM, data from Figure 2)
over 82% after 200 s preincubation to 95% after 400 s

preincubation, corresponding to estimated IC50 values of 24
and 5 nM, respectively. This clearly shows that drug
accessibility problems strongly a�ect onset and strength of
hEAG1 block by clo®lium.

Clofilium binds from the intracellular side

To test whether the reduced accessibility for clo®lium is due
to an intracellular binding site we expressed hEAG1
channels in Xenopus oocytes and recorded currents in the

inside-out and outside-out excised patch con®guration. As
shown in Figure 7a, inhibition by 1 mM clo®lium occurs 16
fold faster when clo®lium was applied from the intracellular

side. Time constants for onset of inhibition were 4 and 61 s
with maximum inhibition of 100 and 75%, obtained in the
inside-out and outside-out con®guration, respectively. Inter-
estingly, using the same experimental conditions for

LY97241, the speed of onset was almost indistinguishable
between application from inside and outside (Figure 7b).
Mono-exponential ®ts yielded time constants of 19 and 29 s

with maximum inhibition of 80 and 74%, for data obtained
in the inside-out and outside-out con®guration, respectively.
Recovery from block upon washout was very slow in all

cases. The data clearly show that clo®lium blocks faster,
when applied intracellularly, while LY97241 easily reaches
its binding site from both sides of the membrane. Similar
results were obtained for excised patches from hEAG1-

expressing CHO cells. Using the same protocols as in
Figure 7a, time constants for block by 1 mM clo®lium were
2.1 s in the inside-out and 20 s in the outside-out

con®guration.
To gain further insight into the underlying mechanism we

preincubated inside-out patches from Xenopus oocytes for

10 s in blocker-containing solution and assessed the onset of
block during long depolarizations. Figure 7c shows repre-
sentative current recordings upon depolarizations to 0, +40,

and +80 mV in the presence of 100 nM clo®lium (left panel)
and 1 mM LY97241 (right panel). The speed of onset was
quanti®ed by mono-exponential ®ts to the current decay,
yielding time constants of 0.71+0.26, 0.59+0.12, and

0.45+0.23 s (100 nM clo®lium, n=3) and 1.18+0.27,
0.88+0.26, and 0.71+0.17 s (1 mM LY97241, n=3) for
depolarizations to 0, +40, and +80 mV, respectively.

Although very di�erent in the time course of block, the
voltage dependencies of the on-rate are very similar for
clo®lium and LY97241. Hence, when applied to inside-out

patches, clo®lium inhibits hEAG1 channels faster and more
strongly than LY97241.

Inhibition of hEAG1 channels by hERG blockers in the
inside-out configuration

Since also other hERG-blockers may inhibit hEAG1 channels
more potently when applied from the intracellular side, we
analysed the concentration dependencies of hEAG1 block by

LY97241, clo®lium, E4031, and haloperidol in the inside-out
patch con®guration. Inhibition was determined 3 min after
drug application using repetitive 1-s depolarizations to

+50 mV. Hill ®ts to the data (Figure 8a) yielded the IC50

values and Hill coe�cients, listed in Table 1. Thus, LY97241
and clo®lium are highly potent blockers of both hEAG1 and

Figure 7 Block of hEAG1 channels by clo®lium and LY97241 in
the inside-out con®guration. (a, b) hEAG1 currents (n=4) were
measured from excised patches of Xenopus oocytes. The pulse
protocol was 0.2-s depolarization from a holding potential of
7110 mV at an interval of 5 s. The application of drugs is indicated
by the gray bars. Clo®lium blocks the channel quickly when applied
in the inside-out con®guration. LY97241 blocked the channels slowly
in both patch con®gurations. The recovery upon washout of drug
was slow (time constants in the order of 100 s) in all cases. (c) Onset
of block was also assessed after preincubation of inside-out patches
with either 100 nM clo®lium (left) or 1 mM LY97241 (right) at a
prepulse potential of 7100 mV. To obtain full recovery between
subsequent depolarizations, patches were washed at 740 mV for
3 min. Depolarizations to 0, 40 and +80 mV cause channel opening
and subsequent block, approximated with single-exponential func-
tions. Note that the onset of block is much slower for LY97241
although at 10-times higher concentration than clo®lium.
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hERG1 channels and even E4031 and haloperidol substan-

tially block hEAG1 channels in the sub-micromolar range.
In Figure 8b the IC50 values are compared with those

obtained previously in the whole-cell con®guration. For

haloperidol no di�erence in inhibition was observed for
inside-out and whole-cell con®guration. For LY97241 and
E4031 a moderate increase in the block e�ciency was found

in the inside-out con®guration. Only for clo®lium a more
than 100 fold increase in the inhibition potency was observed,
when applied from the intracellular side, which suggests that
the positive charge of clo®lium is the major determinant for

this particular phenomenon.

Discussion

LY97241 and clofilium are very potent blockers for
hEAG1 channels

In this study we show that LY97241 and clo®lium block
hEAG1 and hERG1 channels with similar potency in the low

nanomolar concentration range. E4031 and haloperidol
inhibit hEAG1 channels at submicromolar concentrations,
but the block is weaker than for hERG1 channels. Thus, this

study quantitatively compares several drugs, formerly con-
sidered hERG-speci®c blockers, under similar conditions with
respect to their e�ect on hEAG1 and hERG1 channels,

expressed in mammalian cells. The results will be of special
interest for comparison of pharmacological properties of
currents measured in native preparations, since IC50 values

formerly determined for hERG1 channels expressed in
Xenopus oocytes (Herzberg et al., 1998; Suessbrich et al.,
1997a, b) were at least 10-times higher than the values

reported here. Similar di�erences have been found for
dofetilide block of bovine EAG1 channels expressed either
in Xenopus oocytes or in CHO cells (Ficker et al., 1998),
indicating that the dependence of block e�ciency on the

expression system is a general phenomenon. It should be
noted that even expression in di�erent mammalian cells may
not lead to identical results. We report here a slightly greater

IC50 value for LY97241 block of hEAG1 channels when
expressed in HEK293 cells compared to expression in CHO
cells. It is conceivable that the expression patterns of

auxiliary subunits as well as posttranslational channel
modi®cations contribute to this phenomenon.

Nevertheless, the Xenopus oocyte expression system is a

useful system to investigate the speci®city of drugs for
di�erent ion channels: Suessbrich et al. (1997b) showed that
LY97241 (3 mM) can clearly discriminate between hERG (full
inhibition) and several di�erent cardiac potassium channels

(less than 5% inhibition). As expected, LY97241 (1 mM) and
clo®lium (10 mM) inhibited hEAG1 channels expressed in
Xenopus oocytes by about 90% (data not shown), indicating

that LY97241 and clo®lium (in equilibrium) may be used as
speci®c blockers of both hEAG1 and hERG1 channels.

In contrast, haloperidol and E4031 cannot be used as

speci®c hEAG1 blockers. Haloperidol blocks hERG1
channels with 30 fold higher e�ciency than hEAG1. In
addition, haloperidol has been shown to block also several

cardiac potassium channels (Suessbrich et al., 1997a) as well
as sodium and calcium channels (Ogata et al., 1989). E4031
discriminates between hERG1 and hEAG1 channels more
strongly (60 fold higher potency) and, therefore, constitutes a

hERG-speci®c inhibitor as has been published previously
(Herzberg et al., 1998; Sun & Herness, 1996). However, it has
to be emphasized that E4031 leads to a marked inhibition of

hEAG1 channels at concentrations of 100 nM and higher.
This ®nding has strong implications for the use of E4031 to
isolate hERG currents in native neuronal cell preparations,

where EAG channels might also be expressed (Ludwig et al.,
2000).

LY97241 and clofilium bind in the pore of hEAG1
channels

In this study we showed that LY97241 and clo®lium block

the open channel. Inhibition requires depolarization and is
enhanced by all conditions increasing the channel open
probability: higher depolarization frequency, longer pulses,

faster channel activation in the absence of extracellular Mg2+,
and higher voltage. Once inside the pore, the blocker can be
trapped if the channel gate closes. Recovery from block

occurs slowly (within minutes) with a maximum at 740 mV,
the activation threshold of hEAG1 channels.

Similar characteristics of block by clo®lium and LY97241
have been observed for Kv1.5 channels (Steidl & Yool, 2001).

However, besides the approximately 100 fold lower potency
of block by both substances, inhibition of Kv1.5 channels
di�ers substantially from that of hEAG1 channels: First,

steady-state inhibition of Kv1.5 channels is about 4 fold
stronger for clo®lium than for LY97241. Second, onset of
block as well as recovery from block are faster (milliseconds

Figure 8 Dose dependence of hEAG1 channel block in excised
patches from Xenopus oocytes. Inhibition was determined 3 min after
drug application from the current at the end of 1-s depolarization to
+50 mV applied every 6 s from a holding potential of 7110 mV. (a)
Dose-response curves for hEAG1 channel block in inside-out patches
for the indicated drugs. The continuous curves are Hill ®ts yielding
the IC50 values shown in b and listed with the corresponding Hill
coe�cients in Table 1. All data points are mean values+s.e.mean
from ®ve independent experiments. (b) Comparison of IC50 values for
steady-state block of hEAG1 channels in the whole-cell mode (black)
and in inside-out patches (white) for the indicated drugs.
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versus several seconds). Third, recovery from block for
LY97241 was less voltage dependent, compared to clo®lium.
These striking di�erences suggest the existence of a speci®c

binding site within the pore of hEAG1 channels, di�erent
from the binding site in Kv1.5 channels.

Clofilium accesses the binding site in hEAG1 channels
from the inside

The faster onset of block of hEAG1 channels by clo®lium in

the inside-out versus outside-out con®guration indicates that
clo®lium only can block the channel from the cytoplasmic
side. Similar results have been observed by Malayev et al.

(1995) who showed that Kv1.5 channels are blocked more
rapidly and more than 2 fold stronger when clo®lium is
applied from the intracellular side. The rate of onset of

clo®lium block was not voltage dependent for Kv1.5
channels, but recovery was slower at more hyperpolarized
potentials, indicating an activation trap mechanism of
channel inhibition.

For LY97241 we detected no di�erences in onset of
hEAG1 channel inhibition in the inside-out versus outside-
out con®gurations. Most surprisingly, the onset of inhibition

when applied from the intracellular side was slower,
compared to clo®lium. One explanation for this phenomenon
would be that LY97241 is able to inhibit hEAG1 channels

only in its charged (i.e. protonated) form. Another obvious
explanation would be that the permanent charge of clo®lium
helps to enter the channel at positive membrane potentials.

This would imply a strong voltage dependence of the onset of
block for clo®lium, but not for LY97241. In fact, the onset of
block by clo®lium is voltage dependent, being approximately
1.6 fold faster at +80 mV, compared to 0 mV. However, the

onset of inhibition of LY97241, which is slower even at 10
fold higher concentration, shows similar voltage dependence
(1.7 fold faster at +80 mV, compared to 0 mV). Hence, the

voltage dependence of onset of inhibition by both compounds
seems to arise either from inhibition by charged molecules
only or from the voltage dependence of channel open

probability.
The charge of clo®lium, however, may be of importance

for the faster onset of block, compared to LY97241. Since
both drugs block the open channel and can be trapped by

closure of the activation gate, both drugs likely bind within
the central cavity of the channel (Doyle et al., 1998;
Mitcheson et al., 2000b). In fact, clo®lium and LY97241

may bind near the selectivity ®lter, similar to tetrabutylam-
monium binding in KcsA channels (Zhou et al., 2001). If so,
LY97241 in its deprotonated form may interact with the

hydrophobic walls of the intracellular entry pathway, slowing
the drug on its way to the binding site. In contrast, the
permanent positive charge of clo®lium, as proposed for

permeating ions, may prevent or diminish such interactions
and the drug reaches its binding site more rapidly.
Clo®lium and LY97241 appear to bind to a speci®c

binding site within the channel cavity, where they can be

trapped e�ciently by channel closure that does not seem to
be a�ected by the presence of the drugs. We cannot exclude
di�erent binding sites for the two drugs. However, the similar

o�-rates observed in the recovery experiments (not shown for
clo®lium) favor a common binding site, as one would also
expect from the structural similarities of both drugs.

One may further speculate that hEAG1 and hERG1
channels share a common binding site. However, inhibition
of hERG1 channels by LY97241 and clo®lium, but also by

methanesulphonanilides, is strongly enhanced by the inactiva-
tion process. This may explain the stronger block of hERG1
compared to the non-inactivating hEAG1 channels by E4031
but seems to contradict the almost identical potency of

LY97241. Future mutagenesis studies have to be performed
to identify the in¯uences of inactivation and binding sites in
both channels on the molecular level.

Physico-chemical differences of LY97241 and clofilium
give rise to a strong dependence of channel block on the
recording mode

Clo®lium and LY97241 di�er in two positions, the para-

group of the aromatic ring and the substitution of the amine.
Previous studies on the inhibition of hERG1 channels by
LY97241 and clo®lium suggested an open-channel block with
a common internal binding site (Suessbrich et al., 1997b). For

hEAG1 channels the onset of block for clo®lium was
substantially slower than for LY97241 when assayed in the
whole-cell mode, resulting in an apparently weaker block

before equilibrium was reached. For hERG1 channels we did
not ®nd such a striking di�erence. The onset of block of
hERG1 channels for all drugs tested was slower compared to

hEAG1 channels. We cannot account for the underlying
reasons, but it seems to be a general phenomenon that has
also been observed by others (Ficker et al., 1998). Di�erences

in gating behaviour of hERG1 and hEAG1 channels, in
particular the slower activation (SchoÈ nherr & Heinemann,
1996) might underlie the slower onset of channel inhibition.
Hence, longer drug exposures are necessary to analyse

hERG1 channel block, which in turn mask apparently
weaker inhibition. In fact, blocker equilibration may take
very long depending on the drug tested: Castle (1991)

reported that steady-state inhibition of rat ventricular
potassium currents by clo®lium was not attained for exposure
times shorter than 30 min, compared to 5 min for a tertiary

homologue LY97119. This may also imply that, if hERG1
inhibition is analysed in the inside-out con®guration,
clo®lium will be more potent than LY97241. Unfortunately
we were not able to perform these experiments systematically,

because hERG1 channels showed almost complete rundown
following patch excision.
For hEAG1 channels we showed that the onset of block by

clo®lium is very much slower in the whole-cell (Figure 6b)
than in the inside-out (Figure 7c) con®guration. Therefore,
we can conclude that in the whole-cell mode the e�ective

clo®lium concentration within the cell is several orders of
magnitude lower than outside of the cell. This may apply for
all hydrophilic drugs, since the intracellular concentration

resembles a dynamic equilibrium between entry through the
cell membrane and exit into the hydrophilic phase of the
patch pipette, both processes that strongly depend on the
hydrophobicity of the drug. Hence, the assessment of channel

blockade by weakly membrane permeable drugs that access
an intracellular binding site in the whole-cell mode is to be
considered with great caution. Perforated-patch recordings or

comparison of inside-out and outside-out patch-clamp
recordings are more appropriate. In clinical applications it
is expected that the accumulation of the substances in the
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cells does not depend that strongly upon the physico-
chemical properties. However, this only holds true in the
absence of active transport systems (multi-drug resistance

receptors).

Possible applications of EAG inhibitors

Thus far no speci®c inhibitors of EAG channels have been
identi®ed. They would be helpful on the one hand to identify
the physiological role of EAG channels in the brain (Ludwig

et al., 2000). On the other hand, speci®c EAG blockers are
desirable for anti-cancer applications, in particular, to test,
whether the proposed oncogenic feature of EAG (Pardo et

al., 1999) depends on channel activity or not.
In this study we identi®ed the ®rst highly potent inhibitors

of hEAG1 channels and characterized their mechanism of

channel block. However, the usefulness of LY97241 for
testing the involvement of EAG channels in cell-cycle
regulation, like recently reported for imipramine (Gavrilova-
Ruch et al., 2002), has to be questioned. As we have shown,

channel inhibition strongly depends on open probability,
which is a function of membrane voltage. Typical resting

potentials of cancer cells, which may become even more
hyperpolarized upon expression and activation of hEAG1
channels, range around 730 mV. At such potentials

LY97241 is rather ine�ective and may therefore have no
strong in¯uence on EAG channels, and hence on cell
proliferation. Moreover, inhibitors that bind to an extra-
cellular site on EAG channels seem more appropriate to

prevent problems arising from the membrane permeability of
the drug and from activity of multi-drug resistance systems.

LY97241 may still be a useful tool for identifying EAG

channels in neuronal cell preparations, since ERG channels,
which are also blocked by this compound, can easily be
distinguished from EAG channels on the basis of their

voltage dependent inactivation and their very slow tail
currents.
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