
E¡ect of low external calcium on the ERG current of NG108-15 cells

Hans Meves *
I. Physiologisches Institut der Universita«t des Saarlandes, D-66421 Homburg-Saar, Germany

Received 17 March 2000; received in revised form 27 July 2000; accepted 28 July 2000

Abstract

K� currents through ERG (ether-a©-go-go related gene) channels were recorded in whole-cell voltage clamped NG108-15
neuroblastomaUglioma hybrid cells. The channels were fully activated by low holding potential (VH =320 mV) and long
depolarizing prepulses. Hyperpolarizing pulses elicited inward currents which deactivated after reaching a peak. Lowering
[Ca2�]o from 5 to 1.5 or 0.5 mM decreased d31, the rate constant of deactivation. The effect can be explained by a shift of the
d31(V) curve to more negative potentials caused by an increase in surface charge density. Plotting d31 against [Ca2�]o for
different potentials yielded straight lines; their slope was independent of potential at 3140 to 3120 mV and decreased at
more positive potentials. The time to peak curve and the maximum of the steady-state inward current were also shifted to
more negative potentials. In addition, peak ERG inward current increased. Raising [Ca2�]o from 5 to 10 mM accelerated
deactivation and decreased the peak current. 5 mM Ba2� affected d31 similarly and inhibited peak current more strongly
whereas 5 mM Mg2� was less potent. As found by Faravelli et al. (J. Physiol. 496 (1996) 13), bath solutions devoid of divalent
cations (0 Ca2�, 0 Mg2�, 0.1 or 1.1 mM EGTA) abolished deactivation almost completely. The phenomenon was seen with
bath containing either 40 or 6.5 mM K�. Its occurrence was favored by raising the temperature to 34³C. It suggests a
particular requirement of channel closing for Ca2�. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In ERG (ether-a©-go-go related gene) potassium
channels, activation and deactivation are much slow-
er than inactivation and recovery from inactivation,
giving rise to the characteristic recti¢cation-like be-
havior of these channels [1^3]. The ERG current of
rat dorsal root ganglionUmouse neuroblastoma hy-
brid cells (clone F11) fails to deactivate in bath so-
lution with 120 mM K� devoid of divalent cations

[4]. Likewise, the delayed recti¢er current in rabbit
sino-atrial node cells which is encoded by ERG
hardly deactivates in Ca2�- and Mg2�-free bath
with 140 mM K� [5]. Contrary to these observations,
ERG channels expressed in Chinese hamster ovary
cells retain deactivation gating in bath with 4 mM
K� free of divalent cations [6].

Three hypotheses are discussed to explain the ex-
treme slowing of deactivation in Ca2�- and Mg2�-
free bath: (a) increase in surface charge density, (b)
absence of a cofactor for channel closing, and (c)
absence of blocking ions. Divalent cations screen
negative surface charges, thereby altering the poten-
tial across the membrane [7]. In the absence of Ca2�

and Mg2� the curve relating time or rate constant of
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deactivation to potential (e.g., Fig. 9C of [8]) would
be strongly shifted in the hyperpolarizing direction.
The cofactor hypothesis [9] assumes that Ca2� is a
necessary cofactor for the closing of K� channels. In
the view of Ho et al. [5], deactivation is not an in-
trinsic property of the ERG channel but results from
voltage-dependent blockage by Ca2� and Mg2�.
Consequently, it is absent in Ca2�- and Mg2�-free
bath.

I recorded the ERG current of NG108-15 neuro-
blastomaUglioma hybrid cells in Mg2�-free bath so-
lutions with di¡erent Ca2� concentrations and tried
to distinguish between these three hypotheses. I ¢nd
that most e¡ects of a Ca2�-poor bath solution can be
explained by an increase in surface charge density
and the resulting negative shift of the voltage-depen-
dent permeability parameters. The total absence of
deactivation in Ca2�-free bath requires, however, ad-
ditional explanations.

2. Materials and methods

2.1. Cell culture

Mouse neuroblastomaUrat glioma hybrid cells,
clone NG108-15, of passage numbers 17^36 were
grown in Dulbecco's modi¢ed Eagle's medium
(DMEM) supplemented with 10% fetal calf serum,
100 WM hypoxanthine, 0.4 WM aminopterin and
16 WM thymidine. For the experiments, the cells
were induced to di¡erentiate by DMEM containing
1% fetal calf serum, 100 WM hypoxanthine, 16 WM
thymidine, 10 WM prostaglandin E1 and 50 WM iso-
butylmethylxanthine for 5^12 days before use.

2.2. Recording of currents

Cells of 30^50 Wm diameter were voltage clamped
in the whole-cell mode with an EPC7 ampli¢er (List
Electronics) using Sylgard-coated pipettes with 2^3
M6 resistance. Series resistance was compensated
v70%. Currents were ¢ltered at 1^3 kHz. The vol-
ume 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 20^22³C and

occasionally at 33^35³C. A temperature controller
from Cell MicroControls (Virginia Beach, VA)
served to control the temperature.

ERG inward currents were recorded with a pulse
program similar to that of [10] (see Fig. 1A). Two
0.5-s prepulses from the holding potential (320 mV)
to +20 and 0 mV, respectively, preceded the 250-ms
test pulses. Test pulse potential was increased from
3120 (or 3140) mV in steps of 10 to 0 mV. The low
holding potential and the two prepulses served to
achieve maximum activation of the ERG channels.
The currents elicited by the test pulses were recorded.
Most of the capacitative current was compensated
with an analogue circuit; leakage current was not
compensated.

2.3. Solutions

Cells were continuously superfused with bath so-
lution at a £ow rate of 0.6 ml min31. ERG inward
currents were recorded in bath with 40 or 6.5 mM
K�. The bath solutions contained (in mM): KCl 40,
CaCl2 5, NaCl 91 or KCl 6.5, CaCl2 5, NaCl 125.
When the CaCl2 concentration was reduced, the
NaCl concentration was increased, assuming
7.5 mM NaCl osmotically equivalent to 5 mM
CaCl2. Solutions with 0 CaCl2 contained 0.1 or
1.1 mM EGTA. All solutions contained 10 mM
Hepes (pH 7.4, adjusted with NaOH) and 0.2 WM
tetrodotoxin. The composition of the pipette solution
was (in mM): K-aspartate 140, KCl 30, EGTA 3,
CaCl2 0.8, MgCl2 4, Na2ATP 2, Na2GTP 0.38,
Hepes 10 (pH 7.2, adjusted with KOH); estimated
free [Ca2�] 70^80 nM.

2.4. Analysis

For kinetic analysis, the falling phase of the ERG
inward currents was ¢tted with one exponential ac-
cording to the equation

I � I ss � b�exp�3t=d � �1�
with the IGOR program. IGOR uses the Levenberg^
Marquardt algorithm to search for the coe¤cient
values that minimize M2. This is a form of non-linear,
least-squares ¢tting.

Wherever possible, averages þ S.E.M. are given.
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3. Results

Fig. 1 shows ERG currents elicited by hyperpola-
rizing pulses in bath with 40 mM K�, 5 mM Ca2�

and 0 mM Mg2�. They resemble the ERG currents
of neuroblastoma cells described by previous authors
[4]. The currents consist of an instantaneous current
jump (best seen in Fig. 1C) followed by a further
increase in inward current. The inward current
reaches a peak and then declines exponentially to a
steady-state level. The current-voltage curves for
Ipeak, Iinstant and Iss in Fig. 1D are similar to Fig.
1B of Ho et al. [5]. Iss has a maximum at 370 mV
and becomes smaller than Iinstant at more negative
potentials.

In Fig. 1B, the rate constant of current decay
(henceforth called rate constant of deactivation) is
d31 = 24.1 s31 (corresponding to d= 41.5 ms) at
3120 mV. Values of d31 between 20 and 25 s31 at
3120 mV and room temperature were obtained if
care was taken to avoid series resistance artifacts.
To achieve this I used preferably small cells, low re-
sistance pipettes (6 3 M6) and s 70% series resis-
tance compensation. Cells with d31 6 20 s31 were not
included in the ¢nal analysis.

Fig. 2 illustrates two experiments with Ca2�- (and
Mg2�)-free bath containing 0.1 mM EGTA. In the
absence of Ca2�, deactivation disappeared almost
completely, regardless whether the bath contained
40 mM K� (Fig. 2A) or 6.5 mM K� (Fig. 2B). Dis-

Fig. 1. ERG current in bath with 40 mM K� and 5 mM Ca2� at 21.7³C. (A) Pulse program (see Section 2). (B) Currents recorded at
pulse potentials 3120 to 0 mV in steps of 10 mV. (C) Currents at 3100 and 380 mV on faster time base to show the instantaneous
current jump Iinstant (arrows). (D) Peak current Ipeak, steady-state current Iss and instantaneous current jump Iinstant plotted against
pulse potential. Iss was obtained by computer ¢t (Eq. 1) for pulse potentials 3120 to 350 mV; for more positive pulse potentials Iss

was taken as the current at the pulse end. Cell diameter 41 Wm.
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appearance of deactivation was accompanied by an
increase of the peak current. The phenomenon was
observed on a total of 23 cells in bath with 40 or 6.5
mM K� at 19.8^21.7³C or 32.8^34.8³C. Raising the
temperature favored the disappearance of deactiva-
tion in Ca2�-free bath. In ¢ve experiments, deactiva-
tion did not disappear in Ca2�-free bath at 21³C, but
almost horizontal currents were readily obtained at
34³C. They remained almost horizontal when the
temperature was returned to 21³C. This observation
suggests that removal of Ca2� from the vicinity of

the channel is facilitated by higher temperature (see
Section 4).

The currents in Ca2�-free bath were not exactly
horizontal but decayed very slowly. Average values
for the slope of this residual decay are collected in
Table 1. The slope was practically the same whether
the bath contained 40 or 6.5 mM K�. Also, it did not
vary with temperature between 20³C and 34³C. At
19.8^21.7³C and a pulse potential of 3120 mV the
average slope in 40 mM K�, 0 Ca2� was 2.70 nA/s.
In bath with 5 mM Ca2�, currents with a similar
slope were recorded at pulse potentials of 380 or
370 mV; i.e., a voltage shift of 340 or 350 mV
would have to be assumed to explain the almost
horizontal currents in Ca2�-free bath (see Section 4).

Upon return to 5 mM Ca2�, Ipeak was often larger
than before application of Ca2�-free bath, presum-
ably because Iinstant was larger. In the experiment of
Fig. 2A and in the two experiments included in Table
2, the change in Ipeak was fully reversible.

Lowering [Ca2�]o from 5 to 1.5 or 0.5 mM for
4 min was su¤cient to produce clear changes in the
size and time course of the ERG current. Fig. 3A,B
shows currents from the same cell in 5 and 1.5 mM
Ca2�. Bath with 1.5 mM Ca2� increased peak cur-
rent and time to peak and decreased the rate con-
stant of deactivation d31 (Fig. 3C^E). Ipeak increased
by 26% at 380 mV and by 25% at 3120 mV (Fig.
3C). In 1.5 mM Ca2�, the curves relating time to
peak and d31 to potential were shifted by 312 and
315 mV, respectively (Fig. 3D,E). Iinstant increased
only slightly (from 30.33 to 30.36 nA at 370
mV). Bath with 1.5 mM Ca2� also augmented the
steady-state current and shifted its maximum (see
below). The e¡ect of 1.5 mM Ca2� was to a large
extent reversible: 4 min after returning to 5 mM
Ca2� d31 at 3120 mV had re-increased to 24.0 s31 ;

Fig. 2. Disappearance of deactivation in Ca2�-free bath. (A)
Cell in 40 mM K� bath with 5 mM Ca2� and 0 Ca2� at
34.4³C; records taken in 5 mM Ca2�, after 11 min in 0 Ca2�

and 2.5 min after return to 5 mM Ca2�. (B) Cell in 6.5 mM
K� bath with 5 mM Ca2� and 0 Ca2� at 34.5³C; records taken
in 5 mM Ca2� and after 2, 3, 4 and 8 min in 0 Ca2�. Pulse po-
tential always 3120 mV. Cell diameter 45 Wm in A and B.

Table 1
E¡ect of [K�]o and temperature on the slope of the residual
current decay in divalent cation-free bath with 0.1 or 1.1 mM
EGTA applied for 3^14 min

Bath Temperature (³C) n Slope (nA s31)

40 mM K� 32.8^34.8 7 2.42 þ 0.44
40 mM K� 19.8^21.7 11 2.70 þ 0.36
6.5 mM K� 33.8^34.5 3 3.15 þ 0.75
6.5 mM K� 20.7^21.1 2 2.50 þ 0.00

Pulse potential 3120 mV.
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likewise, the time to peak had decreased again (aster-
isk in Fig. 3D).

In the experiment of Fig. 4, the potential range
was extended to 3140 mV. [Ca2�]o was lowered
from 5 to 1.5 to 0.5 mM and then returned to
5 mM (asterisk; one value only). As seen in Fig.
4A, d31 decreased in 1.5 mM Ca2� and further de-

creased in 0.5 mM Ca2� ; upon return to 5 mM Ca2�

d31 at 3140 mV returned to a value close to the
original value. Shifting the curve through 0 by 314
and 322 mV, respectively, produces curves which ¢t
points b and F. Repeating the experiment of Fig. 4A
on several other cells, average shifts of 314.6 þ 1.5

Table 2
E¡ect of lowering [Ca2�]o on the deactivation rate constant d31, the peak current Ipeak and the di¡erence (Ipeak3Iinstant)

Ca2� (mM) n vd31 (%) vIpeak (%) v(Ipeak3Iinstant)(%)

1.5 11 344.3 þ 4.7a +26.8 þ 3.7c +47.7 þ 10.8 (n = 7)
0.5 8 366.8 þ 5.6b +28.5 þ 3.7d +51.7 þ 7.2 (n = 6)
0 2 +45.0 þ 0 +49.0 þ 19.0 (n = 2)

Pulse potential 3120 mV. [K�]o = 40 mM. Temperature 21^22³C. Values give the percentage change of d31, Ipeak and (Ipeak3Iinstant)
relative to control values measured in 5 mM Ca2�. The average d31 in control was 22.6 þ 0.7 s31 (n = 17). Di¡erence between super-
scripts a and b signi¢cant at the 0.05 level (t-test), di¡erence between c and d not signi¢cant.

Fig. 3. ERG current in 40 mM K� bath with 5 and 1.5 mM Ca2� at 21.3³C. (A,B) Currents recorded at pulse potentials 3120 to
350 mV in steps of 10 mV in bath with 5 mM Ca2� (A) or 1.5 mM Ca2� (B). (C^E) Peak current, time to peak and rate constant of
deactivation plotted against pulse potential for 5 mM Ca2� (a) and 1.5 mM Ca2� (b). For time to peak, values measured after return
to 5 mM Ca2� are also given (*). In D and E curves are drawn through points a and shifted by 312 mV (in D) or 315 mV (in E)
to ¢t points b. Cell diameter 38 Wm.
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mV (n = 9) in 1.5 mM Ca2� and 320.0 þ 3.0 mV
(n = 7) in 0.5 mM Ca2� were obtained.

The e¡ect of [Ca2�]o on d31 in Fig. 4A is small at
3100 to 380 mV and larger at more negative poten-
tials. To test for voltage-dependence I followed the
procedure of Ho et al. [5]. I plotted d31 against
[Ca2�]o for six di¡erent potentials and ¢tted the
data by lines (Fig. 4B). The slope of the lines (see
numerical values in the legend of Fig. 4) was inde-
pendent of voltage at 3140 to 3120 mV and de-

creased at more positive potentials. Three similar ex-
periments con¢rmed this ¢nding. This type of voltage
dependence is expected if lowering [Ca2�]o shifts the
d31(V) curve to the left.

As mentioned above, lowering [Ca2�]o also aug-
mented the steady-state current Iss and shifted its
maximum. Fig. 5 shows the U-shaped current^volt-
age curves of Iss, sometimes called `window current'
[11]. In Fig. 5A, which is from the same experiment
as Fig. 3, lowering [Ca2�]o from 5 to 1.5 mM shifted

Fig. 4. Deactivation rate constant d31 as function of potential and [Ca2�]o in bath with 40 mM K� at 21.7³C. (A) d31 versus poten-
tial for 5 mM (a), 1.5 mM (b), 0.5 mM (F) and again 5 mM (*) Ca2�. Curve through a is shifted by 314 and 322 mV, respec-
tively, to ¢t points b and F. (B) Same d31 values plotted versus [Ca2�]o for six di¡erent potentials. Lines have slopes of 3.16, 3.92,
3.18, 2.51, 1.49 and 0.56 mM31 s31 from top to bottom. Cell diameter 45 Wm.

Fig. 5. Steady-state current Iss in 40 mM K� bath with 5, 1.5 and 0.5 mM Ca2�. (A) Bath with 5 mM (a) and 1.5 mM (b) Ca2� at
21.3³C. Same experiment as Fig. 3. (B) Bath with 5 mM (a), 0.5 mM (b) and again 5 mM (*) Ca2� at 34.3³C. Cell diameter 49 Wm.
Iss was obtained by computer ¢t (Eq. 1).
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the voltage dependence of Iss by 320 mV and in-
creased the maximum Iss from 30.62 to 31.09 nA
(factor 1.77). The experiment of Fig. 5B was done at
a higher temperature (34.3³C), allowing a more ac-
curate determination of Iss. In this case, [Ca2�]o was
lowered from 5 to 0.5 mM. The maximum of Iss was
again shifted by 320 mV and increased from 31.25
to 32.55 nA (factor 2.04).

As expected, increasing [Ca2�]o from 5 to 10 mM
had an e¡ect opposite to that of lowering [Ca2�]o :
Ipeak became smaller and d31 larger (Fig. 6A). The

currents in Fig. 6B show a slight shortening of the
time to peak (from 17.8 ms in 5 mM Ca2� to 13.6 ms
in 10 mM Ca2�). Adding 5 mM Ba2� to the bath had
an e¡ect similar to that of increasing Ca2� (Fig.
6C,D), but the reduction of Ipeak was stronger (cf.
[12]).

The experiments of Figs. 3^6 are representative for
a number of similar experiments. Table 2 summarizes
the e¡ects of lowering [Ca2�]o on d31, measured at
3120 mV and expressed in percent of the value in
5 mM Ca2�. It also contains average values for the

Fig. 6. E¡ect of increasing [Ca2�]o or adding Ba2� on ERG current in 40 mM K� bath. The same pulse (pulse potential 3120 mV)
was given every 30 s. (A) Deactivation rate constant (left ordinate scale) and peak current (right ordinate scale) versus time. Bath
with 10 mM Ca2� applied as indicated. (B) Original currents in 5 and 10 mM Ca2� (see arrows in A). Cell diameter 41 Wm. (C,D) A
similar experiment on another cell (diameter also 41 Wm) with 5 mM Ba2� added to the bath.
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increase of Ipeak in bath with 1.5, 0.5 or 0 mM Ca2�.
Solutions were usually applied for 5 min. When the
instantaneous current jump Iinstant could be accu-
rately measured, the di¡erence (Ipeak3Iinstant) was cal-
culated. It changed in the same sense as Ipeak, but the
changes were more pronounced. E¡ects produced by
adding 5 mM Ca2�, Mg2� or Ba2� to the bath are
collected in Table 3. Ba2� accelerated deactivation
like Ca2� but reduced Ipeak signi¢cantly stronger,
while Mg2� had a relatively weak e¡ect on both pa-
rameters.

4. Discussion

The main observations are as follows. (1) Lower-
ing [Ca2�]o from 5 to 1.5 or 0.5 mM decreases d31,
the rate constant of deactivation. The e¡ect can be
explained by a shift of the d31(V) curve to more
negative potentials. The time to peak curve and the
maximum of the steady-state inward current are also
shifted in the same direction. (2) Deactivation of
ERG current becomes very slow in Ca2�-free bath
with EGTA regardless of whether [K�]o is 40 or 6.5
mM. (3) Deactivation is clearly accelerated by in-
creasing [Ca2�]o or adding Ba2� to the bath, while
Mg2� is less e¡ective.

The shifts observed upon lowering [Ca2�]o from
5 to 1.5 or 0.5 mM are consistent with an increase
in surface charge density (see Section 1). The average
shifts of the d31(V) curve (314.6 mV in 1.5 mM
Ca2�, 320.0 mV in 0.5 mM Ca2�) are similar to
the Ca2�-dependent shifts of the sodium permeability

curves of nerve ¢bers in Fig. 1 of [13] and Fig. 3 of
[14]. According to [13,14], Mg2� and Ba2� have less
e¡ect on surface charge than Ca2�. In my experi-
ments on ERG currents, Mg2� is also less e¡ective
than Ca2� whereas adding 5 mM Ba2� or 5 mM
Ca2� to the bath accelerates deactivation to the
same extent.

According to Fig. 1 of [13] and Fig. 3 of [14],
lowering [Ca2�]o from 0.5 to 0 mM produces little
further shift. Therefore, the shift of the d31(V) curve
in 0 Ca2� (with EGTA) will not be much greater
than the 320 mV observed in 0.5 mM Ca2�. How-
ever, as mentioned above, a shift of 340 or 350 mV
would be required to explain the almost horizontal
currents in Ca2�-free bath. Thus, a di¡erent explan-
ation, in addition to the change in surface charge,
must be sought. As suggested for the squid axon
K� channel [9], Ca2� and K� (or another monova-
lent cation) compete for a site R at the channel
which must be occupied by Ca2� if deactivation is
to occur. The exchange reaction

CaR� 2K� ! K2R� Ca2�

would be favored by raising the temperature, ex-
plaining why deactivation is more easily abolished
at higher temperature.

As shown in Tables 2 and 3, the peak current
increases when [Ca2�]o is lowered and decreases
when Ca2�, Mg2� or Ba2� is added to the bath.
The inhibition was particularly strong in the case
of Ba2�, con¢rming previous observations on neuro-
blastoma cells [12]. In general, divalent and trivalent
cations inhibit current £ow through ion channels.
For instance, lowering [Ca2�]o increases the sodium
permeability of nerve ¢bers (in addition to shifting its
voltage dependence) and raising [Ca2�]o decreases it
[14,15]. Changes in Ipeak could simply result from the
kinetic changes caused by the divalent cations [6].
When deactivation is slowed, Ipeak and time to
peak will increase. In this case, the change in peak
current should parallel the change in d31. This was,
however, not observed: 5 mM Ba2� produced the
same increase in d31 as adding 5 mM Ca2� to the
bath but caused a much stronger decrease of Ipeak

(Table 3).
My results on ERG currents of NG108-15 cells

can be compared with observations on the delayed
recti¢er current IKr of rabbit sino-atrial node cells

Table 3
E¡ect of increasing [Ca2�]o or adding Mg2� or Ba2� to the
bath

Bath n vd31 (%) vIpeak (%)

[Ca2�] increased to
10 mM

6 +32.8 þ 6.2a 323.0 þ 3.6c

5 mM Mg2� added 4 +4.3 þ 4.3b 14.0 þ 1.4d

5 mM Ba2� added 5 +32.4 þ 5.9 366.2 þ 6.4e

Pulse potential 3120 mV. [K�]o = 40 mM. Temperature 21^
22³C. Values give the percentage change of d31 and Ipeak rela-
tive to control values measured in 5 mM Ca2�. Di¡erences be-
tween superscripts a and b and between c and e signi¢cant at
the 0.05 level (t-test), di¡erence between c and d not signi¢cant.
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which is encoded by ERG [5] and on ERG channels
expressed in Chinese hamster ovary (CHO) cells [6]
or Xenopus oocytes [16]. The comparison reveals
agreement in some respects and disagreement in
others. (1) My absolute d31 values are comparable
to those of [6] but much smaller than those of [5]. At
3100 mV and room temperature, d31 is 10^12 s31 in
5 mM Ca2� in my Figs. 3E and 4A and 20^27 s31 in
1.8^10 mM Ca2� in Fig. 3D of [6]. By contrast, d31

at 3100 mV and 35³C is 120 s31 in 5 mM Ca2� in
Fig. 3b of [5]. The di¡erence can hardly be explained
by the higher temperature alone. (2) The Ca2� sensi-
tivity of d31 reported by [6] is much smaller than in
my experiments and those of [5]. Lowering [Ca2�]o
from 5 to 0.5 mM reduces d31 (at 3120 mV) by
66.8% in Table 2 and d31 (at 3100 mV) by 72.5%
in Fig. 3b of [5]. However, changing [Ca2�]o from
10 to 1.8 mM in Fig. 3D of [6] decreases d31 (at
3100 mV) only from 27 to 20 s31, i.e., by 26%. In
keeping with their lower Ca2� sensitivity, ERG chan-
nels expressed in CHO cells continue to deactivate in
Ca2�-free bath [6]. (3) Mg2� has a weaker e¡ect than
Ca2� on the rate of current relaxation in my experi-
ments as in [5]. The observation that Ba2� accelerates
current decay and inhibits peak current [16] agrees
with my ¢ndings.

5. Conclusion

My experiments are compatible with the view that
deactivation is a voltage-dependent gating process
and its voltage dependence varies with [Ca2�]o ac-
cording to the change in surface charge density. To
explain the almost horizontal currents in a Ca2�-free
bath with EGTA, an additional role of Ca2� as co-
factor for channel closing is postulated. The view
that deactivation results from voltage-dependent
blocking by Ca2� (and Mg2�) [5] is not supported
by my experiments. The relation between d31 and
[Ca2�]o has a slope which is voltage-independent be-
tween 3140 and 3120 mV (Fig. 4B). A recent study
on HERG channels expressed in Xenopus oocytes
[17] comes to a similar conclusion with regard to
cobalt ions: the fast deactivation produced by Co2�

re£ects a shift in the voltage dependence of d31

rather than voltage-dependent blockade, as claimed
by [16].
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