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1 Di�erentiated NG108-15 neuroblastoma6glioma hybrid cells were whole-cell voltage-clamped.
Hyperpolarizing pulses, superimposed on a depolarized holding potential (730 or 720 mV), elicited
deactivation currents which consisted of two components, distinguishable by ®tting with two
exponential functions.

2 Linopirdine [DuP 996, 3,3-bis(4-pyridinylmethyl)-1-phenylindolin-2-one), a neurotransmitter-
release enhancer known as potent and selective blocker of the M-current of rat sympathetic neurons,
in concentrations of 5 or 10 mM selectively inhibited the fast component (IC50=14.7 mM). The slow
component was less sensitive to linopirdine (IC50420 mM).

3 The class III antiarrhythmics [(4-methylsulphonyl)amido]benzenesulphonamide (WAY-123.398)
and 1-[2-(6-methyl-2-pyrydinil)ethyl]-4-(4-methylsulphonylaminobenzoyl) piperidine (E-4031), selec-
tive inhibitors of the inwardly rectifying ERG (ether-aÁ-go-go-related gene) potassium channel,
inhibited predominantly the slow component (IC50=38 nM for E-4031). The time constant of the
WAY-123.398-sensitive current resembled the time constant of the slow component in size and
voltage dependence.

4 Inwardly rectifying ERG currents, recorded in K+-rich bath at strongly negative pulse
potentials, resembled the slow component of the deactivation current in their low sensitivity to
linopirdine (28% inhibition at 50 mM).

5 The size of the slow component varied greatly between cells. Accordingly, varied the e�ect of
WAY-123.398 on deactivation current and holding current.

6 RNA transcripts for the following members of the ether-aÁ-go-go gene (EAG) K+ channel family
were found in di�erentiated NG108-15 cells: ERG1, ERG2, EAG1, EAG-like (ELK)1, ELK2;
ERG3 was only present in non-di�erentiated cells. In addition, RNA transcripts for KCNQ2 and
KCNQ3 were found in di�erentiated and non-di�erentiated cells.

7 We conclude that the fast component of the deactivation current is M-like current and the slow
component is deactivating ERG current. The molecular correlates are probably KCNQ2/KCNQ3
and ERG1/ERG2, respectively.
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Introduction

Di�erentiated NG108-15 mouse neuroblastoma6rat glioma
hybrid cells possess a non-inactivating K+ current similar to
the M-current of sympathetic neurones and therefore named

M-like current IK(M, ng) or IM, ng by Robbins et al. (1992). Its
presence was detected by characteristic slow deactivation
current relaxations when the cell was suddenly hyperpolarized
from a level where IM, ng is partly activated to one where it is

deactivated (Brown & Higashida, 1988a). When this type of
experiment was done in bath solution with high [K+]o (e.g.
54 mM) additional current relaxations were seen which were

larger and slower than these expected for deactivation of IM, ng

and attributed to `some form of additional inward recti®er
current' (Brown & Higashida, 1988b). Later, the inward

recti®er of NG108-15 cells and similar cell lines was studied
in detail by Arcangeli et al. (1995); Faravelli et al. (1996); Hu &
Shi (1997). It was found to be very sensitive to class III
antiarrhythmic agents such as E-4031 and WAY-123,398,

selective blockers of ERG (ether-aÁ-go-go-related gene) chan-
nels, and thereby identi®ed as ERG current, IERG. ERG

channels in bath with low [K+] (e.g. 5 mM) can carry sustained
outward currents during depolarization and outward tail
currents upon repolarization (Shibasaki, 1987; Shi et al.,

1997; Bauer, 1998).
Our experiments began with the ®nding that in bath with

low [K+] (2.4 mM) NG108-15 cells generate deactivation
currents which are highly sensitive to the speci®c ERG channel

blockers WAY-123.398 and E-4031. To understand the origin
of these currents it became necessary to separate IM, ng and IERG

by pharmacological means and by curve ®tting.

Part of the results have been published in abstract form
(Meves & Schwarz, 1999).

Methods

Cell culture

Mouse neuroblastoma6rat glioma hybrid cells, clone NG108-
15, of passage numbers 14 ± 50 were grown in Dulbecco's

modi®ed Eagle's medium (DMEM) supplemented with 10%
foetal calf serum, 100 mM hypoxanthine, 0.4 mM aminopterin*Author for correspondence.
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and 16 mM thymidine. For the experiments, the cells were
induced to di�erentiate by DMEM containing 1% foetal calf
serum, 100 mM hypoxanthine, 16 mM thymidine, 10 mM
prostaglandin E1 and 50 mM isobutylmethylxanthine for 5 ±
12 days before use.

Recording of currents

Di�erentiated cells (diameter 30 ± 60 mm) were voltage-
clamped in the whole-cell mode with an EPC 7 ampli®er (List

Electronics) using partial series resistance compensation and
pipettes with 2 ± 4 MO resistance. Currents were ®ltered at
1 kHz. The volume of the recording chamber was reduced to

0.8 ml by inserting a perspex ring (internal and external
diameter 15 and 35 mm, respectively) into the culture dish. The
experiments were done at 30 ± 358C. A temperature controller

from Cell MicroControls (Virginia Beach, VA, U.S.A.) served
to control the temperature.

One second pulses from a holding potential of 730 or

720 mV to potentials between 7105 and 75 mV were used.
The currents at the end of the 1 s pulses were measured and
plotted against pulse potential V. Currents at V5770 mV
were taken as leakage currents, extrapolated to other

potentials and subtracted from the total current.
ERG inward currents were measured with a pulse

programme similar to that used by Bauer (1998) (see inset of

Figure 8A). Two 0.5 s prepulses from the holding potential
(720 mV) to +20 and 0 mV, respectively, preceded 160 ms
test pulses to potentials between 7120 and 0 mV. The two

prepulses served to achieve maximum activation of the ERG
channels. The currents elicited by the test pulses were recorded.
Pulse interval was 10 or 30 s. Most of the capacitative current

Figure 1 Weak e�ect of 10 mM WAY-123.398 on currents associated with hyper- and depolarizing pulses superimposed on a
holding potential of 720 mV. Cell diameter 64 mm. Temperature 348C. (A) Original currents in control; pulse potentials 795 to
75 mV, in steps of 10 mV, pulse duration 1 s. (B) Currents at the end of the 1 s pulses in control (two runs, 3 min apart) and in
10 mM WAY-123.398 applied for 4 min; the currents are corrected for leakage current (gleak=3.6 to 4.1 nS at V=785 to 765 mV)
and plotted against pulse potential. (C) Current at 745 mV in control; double exponential ®t (eq(1)), starting 20 ms after beginning
of pulse, superimposed as white curve. (D) Same current as in C and current at 745 mV in 10 mM WAY-123.398. Fit parameters:

Rate constants [s71] Initial amplitudes [nA]
slow fast slow fast ratio
K2 K4 K1 K3 K1/K3

Control 2.29 30.68 0.149 0.587 0.25
WAY-123.398 4.81 39.54 0.093 0.629 0.15
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was compensated with an analogue circuit; leakage current was
not compensated.

Solutions

Cells were continuously superfused with bath solution (¯ow
rate 0.6 ml min71). The standard bath for recording IM, ng

contained (in mM): NaCl 136, CaCl2 2.6, KCl 2.4, MgCl2 1.2,
glucose 10, tetraethylammonium (TEA) chloride 5 and HEPES
15 (pH 7.4, adjusted with NaOH). The 40 mM [K+]o bath for

recording IERG contained (in mM): NaCl 93, CaCl2 2, KCl 40,
MgCl2 2, HEPES 10 (c.f. Arcangeli et al., 1995). In the 20 mM

[K+]o bath, NaCl was increased to 113 mM and KCl decreased

to 20 mM. The 6.5 mM [K+]o bath contained (in mM): NaCl
126.5, CaCl2 2, KCl 6.5, MgCl2 2, HEPES 10. The pH of the
bath solutions was adjusted to 7.4 with NaOH. Na+ currents

were blocked by adding 0.2 mM tetrodotoxin. The composition
of the pipette solution was (in mM): K aspartate 140, KCl 30,
EGTA 3, CaCl2 0.8, MgCl2 0.15 and HEPES 10; pH 7.2,
adjusted with KOH; estimated free [Ca2+] 70 ± 80 nM.

E-4031 and WAY-123,398 were generous gifts from Eisai
(Tokyo, Japan) and Wyeth-Ayerst, Princeton (NJ, U.S.A).
The drugs were dissolved in distilled water to yield 10 mM

stock solutions. Linopirdine was dissolved in 0.1 N HCl to
give a 25 mM stock solution (c.f. Lamas et al., 1997). When
diluting from this stock solution to the ®nal concentration, pH

changes were avoided by adding an appropriate amount of
0.1 N NaOH.

Analysis

For kinetic analysis, currents were ®tted with one or two
exponentials according to the equations:

I � K0�K1exp�ÿK2 � t�
and I � K0�K1exp�ÿK2 � t� �K3exp�ÿK4 � t� �1�

with the IGOR programme. IGOR uses the Levenberg-
Marquardt algorithm to search for the coe�cient values that
minimize chi-square. This is a form of non-linear, least-squares

®tting.
For the dose-response curve we used the equation:

y � inhibition � �ymax
�cn�=�IC50

n � cn� �2�
where c is concentration, IC50 is the concentration required for
50% inhibition and n is the Hill coe�cient.

Wherever possible, averages+s.e.mean are given. We used

the t-test to decide whether the di�erence between two average
values was signi®cant at the 5% level.

RNA transcripts of members of the EAG and KCNQ
family

RNA's were extracted from cell cultures of NG108-15 cells
using RNAzolTMB (AGS; Chomczynski & Sacchi, 1987).
DNase digestion was performed before preparing cDNA.
One mg of total RNA was employed for oligo (dT) primed

reverse transcription using M-MLV reverse transcriptase
(Gibco/BRL). The cDNAs were ampli®ed with 1.25 U of
Taq DNA polymerase (Stratagene), 1.5 mM MgCl2, 0.2 mM

each dNTP in 50 ml reaction assays using 5 pmol of forward
and reverse oligonucleotide primers speci®c for the di�erent
channel cDNAs. For ampli®cation we used a predenaturation

step at 948C for 1 min followed by 40 cycles consisting of
three temperature steps (948C for 1 min, annealing tempera-
ture for 1 min and 728C for 1 min) terminated by an
elongation step at 728C for 5 min. The annealing temperature

Figure 2 Strong e�ect of 3 mM WAY-123.398 on currents associated with 1 s hyper- and depolarizing pulses superimposed on a
holding potential of 730 mV. Cell diameter 49 mm. Temperature 348C. (A) Original currents in control and in WAY-123.398 at a
pulse potential of 745 mV; double exponential ®ts, starting 20 ms after beginning of pulse, superimposed as white curves. Fit
parameters:

Rate constants [s71] Initial amplitudes [nA]
slow fast slow fast ratio
K2 K4 K1 K3 K1/K3

Control 1.05 22.39 0.119 0.169 0.70
WAY-123.398 3.80 40.59 0.027 0.133 0.20

(B) Currents at the end of the 1 s pulses in control (two runs, 2 min apart) and in 3 mM WAY-123.398 applied for 3 min; the
currents are corrected for leakage current (gleak=2.7 ± 3.9 nS at V=795 to 775 mV) and plotted against pulse potential.
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is speci®c for every primer pair and was calculated from the
G/C and A/T content of the oligonucleotide primers used in
the reaction. In some cases it was necessary to make nested

PCR-reactions using 1/50 of the ampli®cation product of the
®rst reaction as template in the second PCR-reaction.
Ampli®ed DNA fragments were analysed by agarose gel
electrophoresis. The following oligonucleotide primers were

used in the PCR-reactions:

EAG

r-erg1: accession no. Z96106, nucleotides 2602 ± 3175
Forward 5'-AACATGATTCCTGGCTCCC-3';
reverse 5'-GGGTTTCCAGCCTGTTCAG-3'

r-erg2: accession no. AF016192
nucleotides 2192 ± 2851 (®rst ampli®cation)
Forward 5'-TCTCCAGTCAACACCCCGAC-3';
reverse 5'-CTCTGGAACTCTAGCTGCTT-3'
nucleotides 2215 ± 2828 (second ampli®cation)
Forward 5'-CCCCAGGCCACCAAGACCCC-3';
reverse 5'-AACTGAGCTGAGGTGTTCAG-3'

r-erg3: accession no. AF016191, nucleotides 1176 ± 2048
Forward 5'-ATCCCGCAACTCACTCTGAAC-3';
reverse 5'-GAAGGTAAAGTAAAGTGCCGTGAC-3'

r-eag: accession no. Z34264, nucleotides 1945 ± 2268
Forward 5'-ACCTCATCTATCACGCCGGG-3';

reverse 5'-TCACGTCGCTGATCTTCCGG-3'
r-elk1: accession no. AJ007628

nucleotides 2250 ± 3112 (®rst ampli®cation)

Forward 5'-GACAAGACTCTGCCATCCAT-3';
reverse 5'-AGGAGGCTTGGGGTCAGAGG-3'
nucleotides 2395 ± 3002 (second ampli®cation)
Forward 5'-CCCCATTCTCAGCCCTTGTC-3';
reverse 5'-CCCTATCTCCACTGTCCC-3'

r-elk2: accession no. AJ007627, nucleotides 2231 ± 2901

Figure 4 E�ect of 0.1 mM E-4031 on holding current and deactivation currents. (A) Pen record showing slow increase of outward
current upon changing the holding potential to 720 mV (c.f. Schmitt & Meves, 1993), reversible reduction of holding current by
0.1 mM E-4031 and pulse families recorded before, during and after application of E-4031. (B) Currents elicited by pulse families in
control, in E-4031 and after wash; pulse potentials 7105 to 725 mV in steps of 10 mV, pulse duration 1 s. Cell diameter 53 mm.
Temperature 34.58C.

Figure 3 Inhibition of deactivation current (measured at 735 mV)
by di�erent WAY-123.398 concentrations versus amplitude ratio
slow/fast (=K1/K3) (measured in control at 745 mV).
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Forward 5'-TGGGGAGCAAGGACACACGA-3';
reverse 5'-TCAAGACTGAACCTGCTGGGG-3'

r-elk3: accession no. AJ007632 and accession no. AF061957)

nucleotides 119 ± 1141 (®rst ampli®cation)
Forward 5'-GACGGAACACATAGCAACTTCA-3';
reverse 5'-AAACATGGACATGAGCAGG-3'
nucleotides 169 ± 1057 (second ampli®cation)

Forward 5'-TTTCCCCATAGTCTACTGTTCA-3';
reverse 5'-CAGCCGAACAGTCTTCAGA-3'

KCNQ
KCNQ1: accession no U92655, nucleotides 49 ± 483

Forward 5'-GCTCTGGCCACCGGGACCCT-3';
reverse 5'-GATGCGGCCGGACTCATTCA-3'

KCNQ2: accession no AF087453, nucleotides 1907 ± 2329
Forward 5'-GAGAAGAGTTCCGAAGGGGC-3';
reverse 5'-GTCATTCTCACCCTTTTCTG-3'

KCNQ3: accession no AF087454, nucleotides 875 ± 1318
Forward 5'-GAGACTGTGTCTGGAGACTG-3';
reverse 5'-CATTTCCTCTCCTTGGGCAT-3'

Results

WAY-123.398 and E-4031 inhibit predominantly the
slow component of the deactivation currents

Figure 1A shows a record of currents usually called M-like
currents IM, ng. The cell is held at 720 mV and the holding

current is 1.6 nA. Hyperpolarizing pulses totally or partly
deactivate the current, depolarizing pulses augment it. In
Figure 1B, currents at the end of the 1 s pulses (corrected for
the small leakage current) are plotted against pulse potential.

As shown in Figure 1C, the deactivation current at 745 mV

can be ®tted by a double exponential. Slow and fast
component, respectively, have rate constants K2=2.29 and
K4=30.68 s71 and initial amplitudes K1=0.149 and

K3=0.587 nA. WAY-123.398 at a concentration of 10 mM
has a weak e�ect. It inhibits the current at 735 and 725 mV
by 19 and 16% (Figure 1B) and decreases the holding current
(Figure 1D). As indicated by the ®t parameters in the ®gure

legend, WAY-123.398 increases the rate constants K2 and K4
and decreases the slow component K1. The di�erence between
the two records in Figure 1D is the WAY-123.398-sensitive

current. The small di�erence current could be ®tted by a single
exponential with rate constant 2.39 s71 at 745 mV, similar to
the rate constant of the slow component in the control record.

The rate constant of the di�erence current increased at more
negative potentials as did the rate constants K2 and K4 (see
below and Figure 7).

An example for a stronger e�ect of WAY-123.398 is shown
in Figure 2. WAY-123.398 at a concentration of 3 mM
markedly reduces the holding current (Figure 2A) and inhibits
the currents measured at the end of the 1 s pulses by 64% at

735 mV and by 70% at 725 mV (Figure 2B). As in Figure 1,
WAY-123.398 increases the rate constants K2 and K4 and
decreases the slow component K1 more than the fast

component K3, thereby decreasing the ratio K1/K3 (see ®t
parameters in ®gure legend). The di�erence between control
record and record in WAY-123.398 was larger in Figure 2A

than in Figure 1D and required two exponentials (rate
constants 0.61 and 17.11 s71) for a proper ®t. The e�ect of
WAY-123.398 was slowly and partly reversible upon washing

for 10 min.
If WAY-123.398 a�ects predominantly the slow compo-

nent, we would expect a strong e�ect for cells with a large slow
component and a weak e�ect for cells with a small slow

component. We took the ratio K1/K3 in control as a measure

Figure 5 E�ect of 0.1 mM E-4031 on the fast and slow component of the deactivation current. (A) Original currents at 745 mV in
control and in 0.1 mM E-4031 applied for 4 min. Holding potential 720 mV, cell diameter 64 mm, temperature 338C. Double
exponential ®ts with eq (1) superimposed, starting 16 ms after beginning of pulse. Fit parameters:

Rate constants [s71] Initial amplitudes [nA]
slow fast slow fast ratio
K2 K4 K1 K3 K1/K3

Control 1.74 23.61 0.296 0.341 0.87
E-4031 2.29 25.74 0.116 0.302 0.38

(B) Inhibition of K1 (=initial amplitude of slow component) and K3 (=initial amplitude of fast component) at 755 mV plotted
against concentration of E-4031; n=3±5 per point. Values for K1 ®tted with dose-response curve. Parameters: Maximum
inhibition=82.5%, IC50=38.1 nM, Hill coe�cient=1.70.
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of the relative size of the slow component and plotted
inhibition by di�erent WAY-123.398 concentrations (mea-
sured at 735 mV in 12 di�erent experiments) against control

K1/K3 at 745 mV. As shown in Figure 3, inhibition increased
with increasing K1/K3. In the concentration range employed
(1 ± 10 mM) inhibition depended on K1/K3 rather than on
concentration.

Experiments with E-4031 were done on cells with K1/
K340.6, i.e. on cells with a well developed slow component.
Figure 4 shows as an example the reversible inhibition of

holding current and deactivation currents by 0.1 mM E-4031.
Subtraction of the small leakage current gave current voltage
relations as in Figure 1B and 2B. The inhibition at 735 and

725 mV was 65 and 67%, similar to the inhibition of the
holding current.

A control record and a record in 0.1 mM E-4031, both at

a pulse potential of 745 mV and with double exponential ®t
superimposed, are shown in Figure 5A. Like WAY-123.398,
E-4031 decreases the holding current, increases the rate
constants K2 and K4 and decreases the slow component K1

more than the fast component K3 (see ®t parameters in
®gure legend). The di�erence between the two records in
Figure 5A, i.e. the E-4031-sensitive current, could be ®tted

by a single exponential with rate constant 2.07 s71,
somewhat larger than the rate constant of the slow
component in the control record.

In Figure 5B, we collected average values for the inhibition
of the slow and fast component from 16 experiments with
di�erent E-4031 concentrations. A successful ®t with two

exponentials was only feasible when the cells produced large
currents; even then the parameters of the fast component
showed large scatter. This explains the smaller number of

points for the fast component and their large s.e.means.
Nevertheless the di�erence in E-4031 sensitivity can be seen.
For the slow component IC50 is 38 nM, for the fast component

it is 4100 nM.

Linopirdine inhibits predominantly the fast component of
the deactivation currents

The neurotransmitter-release enhancer linopirdine which
inhibits IM of rat sympathetic neurones with an IC50 as low

as 3.4 mM (Lamas et al., 1997) had a weaker blocking e�ect in
our experiments. In a total of 13 experiments, we measured
current-voltage curves as in Figures 1B and 2B and determined

the inhibition at 735 mV by four di�erent linopirdine
concentrations: 5, 10, 20 and 50 mM. The parameters of the
dose-response curve were: Maximum inhibition ®xed at 100%,

IC50=23.2 mM, Hill coe�cient=1.30, similar to the values
recently reported for IM, ng by Noda et al. (1998)
(IC50=24.7 mM, Hill coe�cient=1.1).

Comparing records in control and in 10 mM linopirdine

suggests that the drug in this concentration preferably inhibits
the fast initial part of the deactivation currents (Figure 6A; see
also the records of Noda et al., 1998). Fitting with two

exponentials con®rmed this impression (see legend of Figure
6). Average values for the inhibition of the slow and the fast
component by various linopirdine concentrations are shown in

Figure 6B. The two smallest concentrations (5 and 10 mM)
selectively block the fast component. Estimates of IC50 are
14.7 mM and 420 mM for the fast and slow component,

respectively.
The e�ects of E-4031 and linopirdine were additive, in

keeping with the idea that the two substances exert their main

Figure 6 E�ect of linopirdine on the fast and slow component of the deactivation current. (A) Original currents at 765 mV in
control and in 10 mM linopirdine applied for 3 min. Holding potential 720 mV, cell diameter 53 mm, temperature 328C. Double
exponential ®ts with eq (1), starting 30 ms after beginning of pulse, gave the following parameters:

Rate constants [s71] Initial amplitudes [nA]
slow fast slow fast ratio
K2 K4 K1 K3 K1/K3

Control 2.71 14.07 1.73 2.01 0.86
Linopirdine 2.48 12.06 1.63 1.04 1.57

(B) Inhibition of K1(=initial amplitude of slow component) and K3 (=initial amplitude of fast component) at 765 mV plotted
against concentration of linopirdine; n=1±3 per point. Values for K3 ®tted with dose-response curve. Parameters: Maximum
inhibition=96.7%, IC50=14.7 mM, Hill coe�cient=1.01.
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e�ect on di�erent components. In two cells, where 1 mM E-
4031 inhibited the deactivation current at 735 mV by 72 and
76%, 1 mM E-4031+50 mM linopirdine caused 100 and 95%

inhibition. In two other cells, where 1 mM E-4031 produced 92
and 98% inhibition, no additional e�ect of 1 mM E-
4031+50 mM linopirdine could be seen.

Figure 7 Voltage dependence of the time constants 1/K2 and 1/K4 of the slow and fast component (A) and of the time constant of
the WAY-123.398-sensitive current (B). (A) Average values from six cells at 29.0 ± 33.38C (average 31.48C). (B) Time constant 1/K2
of the WAY-123.398-sensitive current in the experiment of Figure 1, determined by ®tting the di�erence between control record and
record in WAY-123.398 with a single exponential. Temperature 348C. The slopes of the lines correspond to an e-fold change of the
time constant per 45.1 mV (1/K4 in A), 25.8 mV (1/K2 in A) and 26.3 mV (1/K2 in B).

Figure 8 Linopirdine and bradykinin inhibit ERG inward currents recorded in bath with 40 mM K+ at 33.5 ± 358C. (A) Currents
recorded with the pulse programme shown in the inset: Holding potential 720 mV, two 0.5 s prepulses (to +20 and 0 mV,
respectively), 160 ms pulses, pulse potentials 7120 to 0 mV in 10 mV steps. (B) Peak current vs pulse potential in control, 50 mM
linopirdine and wash. (C) E�ect of 50 mM linopirdine on peak current; same pulse (V=7120 mV) applied every 30 s; inset shows
currents at 1.5 and 7 min. (D) E�ect of 1 mM bradykinin on peak current; same pulse (V=7120 mV) applied every 20 s; inset
shows currents at 100 and 200 s.
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Voltage dependence of the time constants of the fast and
slow component

To compare our values with the literature (e.g. Figure 1C
of Owen et al., 1990) we converted rate constants K4 and
K2 into time constants 1/K4 and 1/K2 and plotted
ln(1/K) against pulse potential. Figure 7A shows average

values for the time constants of the fast and slow
component (1/K4 and 1/K2) versus pulse potential. Both
time constants decrease as the potential becomes more

negative, but with di�erent slope. In Figure 7B the time
constant 1/K2 of the WAY-123.398-sensitive current in the
experiment of Figure 1 is plotted against pulse potential.

It is similar to the time constant of the slow component
and has the same voltage dependence, supporting the idea
that slow component and WAY-123.398-sensitive current

are identical.

Linopirdine and bradykinin inhibit ERG current

Figure 6 shows that the slow component of the deactivation
currents (which is WAY-123.398- and E-4031-sensitive, i.e.
ERG current) is inhibited by linopirdine with IC50420 mM. To

con®rm this observation, we recorded ERG inward currents in
the customary manner (bath with 6.5 ± 40 mM K+, pulse
potential 57100 mV, c.f. Arcangeli et al., 1995; Faravelli et

al., 1996; Hu & Shi, 1997) and studied their sensitivity to
linopirdine. ERG currents in bath with 40 mM K+ are shown
in Figure 8A. The transient inward currents at V5780 mV

resemble those described by the previous authors and,
following Faravelli et al. (1996), re¯ect fast removal of

inactivation and subsequent slow deactivation. Peak current
is plotted against pulse potential in Figure 8B for another cell.
Linopirdine in a concentration of 50 mM reversibly inhibited

peak IERG by 27%. In Figure 8C the same pulse
(V=7120 mV) was given every 30 s and 50 mM linopirdine
inhibited peak IERG by 30%. On average, 50 and 20 mM
linopirdine inhibited peak IERG (measured at 7120 mV in

[K+]o=40 mM) by 28.3+3.7% (n=8) and 16.2+2.4% (n=5),
respectively. Thus, IERG is clearly less linopirdine-sensitive than
the fast component of the deactivation currents described

above (IC50=14.7 nM at 765 mV in [K+]o=2.4 mM, see
Figure 6B). Lowering [K+]o did not increase the linopirdine
sensitivity of IERG. In two experiments with [K+]o=6.5 mM, 50

and 20 mM linopirdine inhibited IERG (measured at 7120 mV)
by 37 and 17%, respectively.

Bradykinin, a well known inhibitor of IM, ng (Brown &

Higashida, 1988b; SchaÈ fer et al., 1991), also inhibited IERG. In
the experiment of Figure 8D, 1 mM bradykinin reduced peak
IERG (recorded at 7120 mV in [K+]o=40 mM) reversibly by
18%. The average inhibition in bath with 40 mM K+ was

17.8+2.1% (n=12). In bath with 6.5 mM K+, the inhibition
was signi®cantly stronger (33.2+5.8%, n=6).

We also con®rmed the high sensitivity of the ERG currents

to E-4031. According to Faravelli et al. (1996), ERG currents
of non-di�erentiated rat dorsal root ganglion6mouse neuro-
blastoma hybrid cells (clone F-11) are blocked by E-4031 with

IC50525 nM. In our experiments on di�erentiated NG108-15
cells, we measured the di�erence [peak inward current ±
current at end of the 160 ms test pulse] in control and in four

di�erent E-4031 concentrations (0.01, 0.05, 0.1 and 1 mM). The
dose-response curve for inhibition of IERG (measured at

Figure 9 RNA transcripts for EAG and KCNQ channels and deactivation kinetics in di�erentiated and non-di�erentiated NG108-
15 cells. (A) Presence or absence of RNA transcripts. (B) Gel electrophoresis of PCR reaction using primers for erg3. The following
cDNAs were used as template: brain (positive control, lane 1), H2O (negative control, lane 2), NG108-15 cells di�erentiated for 5
days (FP 28, lane 3), undi�erentiated NG108-15 cells (FP 29, lane 4). (C) Time constant of deactivation of ERG inward current
versus pulse potential for six di�erentiated cells (di�) (diameter 38 ± 53 mm) and three non-di�erentiated cells (non-di�) (diameter
38 ± 64 mm) at 33 ± 368C. Currents during 160 ms pulses were ®tted with one exponential function, starting 4 ± 30 ms after beginning
of pulse. Points are averages from 2 ± 5 measurements; bars indicate s.e.mean unless smaller than symbol size. Bath contained 6.5, 20
or 40 mM KCl. Di�erentiation was for 4 ± 10 days.
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7120 mV in [K+]o=40 or 20 mM) gave IC50=9.5 nM and Hill
coe�cient=0.95.

RNA transcipts of members of the EAG and KCNQ
families in NG108-15 cells

The EAG K channel family consists of three subfamilies: ether-

aÁ-go-go gene (eag), eag-like gene (elk) and eag-related gene
(erg) K channels (Warmke & Ganetzky, 1994). In neuro-
blastoma cells, both an erg-like current (see above) and an eag-

like current (Meyer & Heinemann, 1998) have been described.
Currents measured after heterologous expression of elk1
resemble eag-mediated currents and those after expression of

elk2 resemble erg1-mediated currents (Engeland et al., 1998).
As a ®rst step in identifying the molecular correlates of EAG-
mediated currents in NG108-15 cells we determined the RNA

transcripts for the cloned members of the rat EAG family
using RT±PCR. Figure 9A shows that transcripts for the K+

channels of all three EAG subfamilies exist in NG108-15 cells.
Interestingly, after di�erentiation the RNA transcript for erg3

disappears (Figure 9B).
In addition, KCNQ2 and KCNQ3 are expressed in NG108-

15 cells (Figure 9A). However, the ampli®cation of KCNQ3

was so weak that we could not obtain enough material for
sequencing; therefore its presence is not veri®ed. The weak
expression could indicate that the density of KCNQ3 channels

is low. Another reason for the weak ampli®cation could be that
NG108-15 cells are hybrid cells from rat and mouse and the
primers were designed according to the rat KCNQ3 cDNA.

Interestingly, after sequencing of the ampli®ed PCR product of
the KCNQ2 cDNA we detected that its sequence was almost
identical to that of the mouse cDNA (Nakamura et al., 1998),
indicating that in NG108-15 cells the mouse gene for KCNQ2

is expressed. Whether this is also true for KCNQ3 is not
known. There were also sequence deviations of the ampli®ed
PCR products of the members of the EAG family from the

corresponding rat genes, suggesting that the EAG K channel
proteins may also be expressed by the corresponding mouse
genes.

According to Shi et al. (1997), erg3 channels activate and
deactivate at signi®cantly faster rates than erg1 or erg2
channels. To detect di�erences in the kinetics of IERG, we
compared deactivation time constants of di�erentiated and

non-di�erentiated cells (Figure 9C). Deactivation at 7125 to
7105 mV was indeed faster for non-di�erentiated cells than
for di�erentiated cells, but the di�erence was much smaller

than in Shi et al.'s (1997) data; heteromultimer formation
would explain the discrepancy.

Discussion

We ®nd RNA transcripts of KCNQ2/KCNQ3 and ERG1/
ERG2 in our di�erentiated NG108-15 cells. They are probably
the molecular correlates of the M-like current IM, ng and the
ERG current IERG. Wang et al. (1998) have recently shown that

the current measured after coexpression of KCNQ2 and
KCNQ3 channel subunits in Xenopus oocytes resembles the M
current of supercervical ganglion cells. We observe pure ERG

currents as inward currents in high K+ bath at V5780 mV.
At more positive potentials a mixture of ERG current and M-
like current is recorded, either as holding current or as

deactivation current exhibiting a fast and a slow component.
The relative contribution of the two components varies from
cell to cell. We can attribute the fast component to IM, ng and
the slow component to IERG because linopirdine blocks

preferably the former and the antiarrhythmics block pre-
dominantly the latter.

Linopirdine blocks the fast component with IC50=14.7 mM,

smaller than IC50=24.7 mM reported by Noda et al. (1998), but
still higher than the IC50 values for IM of rat sympathetic
neurons (3.4 mM, Lamas et al., 1997) and rat hippocampal
neurons (8.5 mM, Aiken et al., 1995). As shown by Lamas et al.

(1997) and Schnee & Brown (1998), other types of K+ channels
are also inhibited by linopirdine, but require higher concentra-
tions. In keeping with this, we ®nd relatively low linopirdine

sensitivity for the slow component (IC50>20 mM) and the
ERG inward current (28% inhibition by 50 mM). The low
linopirdine sensitivity of IERG is consistent with the low

linopirdine sensitivity of cloned erg1 and erg3 channels
reported by Wang et al. (1998). It cannot be explained by
voltage dependence of the linopirdine e�ect, because,

according to Lamas et al. (1997), `the action of linopirdine
does not appear to be very voltage-dependent, in accordance
with its uncharged nature at neutral pH.'

E-4031 blocks the slow component with IC50=38 nM. This

value is only somewhat higher than the IC50 for the inhibition
of ERG inward currents (525 nM according to Faravelli et al.,
(1996), 9.5 nM in our experiments). The fast component is also

inhibited by E-4031 although to a lesser extent (Figure 5B).
Consistent with this, WAY-123.398- and E-4031-sensitive
currents, when they are large, require two exponentials for a

proper ®t. It seems possible that our double exponential ®ts do
not completely separate the two components. On the other
hand, the fast phase of the WAY-123.398- and E-4031-

sensitive currents may be genuine. Deactivation currents of
HERG channels expressed in Xenopus oocytes are best
described by a biexponential function (Sanguinetti et al.,
1995; Sanguinetti & Xu, 1999).

With regard to the two components distinguishable by
curve ®tting, NG108-15 cells di�er principally from rat and
bullfrog sympathetic neurons. In the latter cells, the two

components are equally sensitive to linopirdine (Lamas et al.,
1997) and muscarine (Marrion et al., 1992). In NG108-15 cells,
the apparent slow component of IM, ng is in reality IERG and

therefore pharmacologically di�erent from the fast compo-
nent.

A word of caution is necessary. Separation of the fast and
slow component relies on the use of linopirdine and class III

antiarrhythmics (E-4031, WAY-123.398). As discussed above,
linopirdine is by no means a selective blocker of M current but
in higher concentrations also inhibits other types of K+

channels. Likewise, E-4031 is not completely selective for
ERG channels. At relatively high concentrations, it also blocks
the human inward recti®er K+ channel hIRK (Kd=4.3 mM;

Kiehn et al., 1995), the ATP-regulated K+ current in rabbit
ventricular myocytes (Kd=31 mM; West et al., 1996) and
outward and inward rectifying K+ current in rat taste receptor

cells (e�ective concentration 0.01 ± 1 mM; Sun & Herness,
1996). Another point of concern are the slower and more
sigmoidal activation kinetics of KCNQ2+3 channels com-
pared with native M channels in Wang et al.'s (1998) records;

perhaps other K+ channel subunits apart from KCNQ2+3
also contribute to M current.

We did not ®nd transcripts for KCNQ1 in NG108-15 cells.

This is not astonishing because KCNQ1 is mainly expressed in
the heart where KCNQ1 proteins associate with minK b-
subunits to form a channel complex mediating the slowly

activating delayed recti®er K+ current IKs (Sanguinetti et al.,
1996). NG108-15 cells are hybrid cells of rat glioma and mouse
sympathetic neuroblastoma. Therefore, a particular K+

channel protein can be expressed either by the corresponding
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rat or mouse gene. In this study the primers were constructed
according to the rat cDNAs. A negative ampli®cation could
indicate either that this channel protein is not expressed at all

or that only the mouse K+ channel gene is expressed. We have,
however, shown (see Results) that the primers designed to
detect the rat KCNQ2 were able to amplify the KCNQ2
cDNA of the mouse, presumably due to the relatively high

homology between the corresponding rat and mouse genes. We
assume that the members of the EAG K+ channel family are
also expressed by the corresponding mouse genes. On the other

hand, ERG-like K+ currents have recently been described in
rat microglia cells (Zhou et al., 1998), suggesting that K+

channel proteins mediating the ERG current may also be

expressed by the corresponding rat genes.
We can compare our time constants of the fast and slow

component and their voltage dependence with values in the

literature. Robbins et al. (1992) found that the slow inward
current relaxations of NG108-15 cells are usually better ®tted
with two than with one exponential. In their Figure 2, the fast
and slow time constants at 760 mV are 49 and 485 ms,

respectively, similar in order of magnitude to our average
values 1/K4=38+4 ms and 1/K2=367+62 ms at 755 mV
(see Figure 7A). Their fast time constant did not change in any

consistent way with voltage. Values for the slow time constant
in their Figure 2 indicate an e-fold change per 20.5 mV, similar

to the voltage dependence of our 1/K2 (25.8 mV for e-fold
change, see Figure 7A). Consistent with our interpretation of
the slow component as ERG current, our values for the slow

time constant 1/K2 are in the same order of magnitude as the
deactivation time constant of IERG in cardiac cells. For the
latter, values between 58 and 153 ms at 765 mV can be
estimated from the literature (Shibasaki, 1987; Sanguinetti &

Jurkiewicz, 1990; Clay et al., 1995), compared with our average
value 1/K2=253+38 ms at 765 mV.

In non-di�erentiated neuroblastoma cells, ERG outward

currents, although decisive in the setting of the resting
potential, are negligible in size (Faravelli et al., 1996). By
contrast, we ®nd sizeable steady-state ERG outward currents

in di�erentiated NG108-15 cells. The outward holding current
at 730 or 720 mV is not simply IM, ng+Ileak but contains a
small (Figure 1) or large (Figures 2 and 4) contribution of IERG.
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