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Abstract. K+ channels, membrane voltage, and intracel-
lular free Ca2+ are involved in regulating proliferation in
a human melanoma cell line (SK MEL 28). Using patch-
clamp techniques, we found an inwardly rectifying K+

channel and a calcium-activated K+ channel. The in-
wardly rectifying K+ channel was calcium independent,
insensitive to charybdotoxin, and carried the major part
of the whole-cell current. The K+ channel blockers quin-
idine, tetraethylammonium chloride and Ba2+ and el-
evated extracellular K+ caused a dose-dependent mem-
brane depolarization. This depolarization was correlated
to an inhibition of cell proliferation. Charybdotoxin af-
fected neither membrane voltage nor proliferation. Basic
fibroblast growth factor and fetal calf serum induced a
transient peak in intracellular Ca2+ followed by a long-
lasting Ca2+ influx. Depolarization by voltage clamp de-
creased and hyperpolarization increased intracellular
Ca2+, illustrating a transmembrane flux of Ca2+ follow-
ing its electrochemical gradient. We conclude that K+

channel blockers inhibit cell-cycle progression by mem-
brane depolarization. This in turn reduces the driving
force for the influx of Ca2+, a messenger in the mitogenic
signal cascade of human melanoma cells.
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Introduction

Melanoma is one of the most aggressive human cancers
and shows increasing incidence in Western hemisphere

countries. The tumor originates from neuroectodermal
melanocytes which normally do not proliferate in the
adult skin. The SK MEL 28 cell line has been estab-
lished from a human cutaneous melanoma [5]. These
cells are able to synthesize melanin, show anchorage-
independent growth, induce tumors in nude mice, and
have been well characterized by morphological and bio-
chemical methods [30].

There is increasing evidence that membrane ion
channels are involved in cell differentiation and cell-
cycle control. In lymphocytes, activation of K+ currents
belongs to the early events following mitotic stimulation.
K+ channels provide the driving force for the rise in
intracellular Ca2+ ([Ca2+] i) triggering T cell activation [4,
6, 8, 22]. Blockers of K+ channels arrest lymphocytes in
the early G1 phase of the cell cycle [1]. The expression
of K+ channels changes with different mitotic phases [7].
K+ channels interfere with proliferation in a variety of
different cell lines derived from breast carcinoma [33],
neuroblastoma [31], and renal epithelium [32].

Little is known about ion channels in melanoma
cells. A ‘‘delayed rectifier’’ K+ channel has been de-
scribed in one melanoma cell line (IGR1) [25]. The pro-
liferation of melanoma cells (SK MEL 28) is sensitive to
external calcium and calmodulin antagonists and can be
inhibited by K+ channel blockers (IGR1) [14, 26, 27].
Autocrine secretion of basic fibroblast growth factor
(bFGF) can enhance proliferation in a melanoma cell line
[2], but the signaling pathways of bFGF in these cells
remain unknown.

The present report characterizes the role of specific
K+ channels in melanoma cell proliferation, inhibition of
cell growth by channel blockers, and mechanisms linking
membrane K+ conductance, intracellular free Ca2+, and
cell-cycle control. We focused on Ca2+-independent andCorrespondence to:A. Lepple-Wienhues
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Ca2+-activated potassium channels and the [Ca2+] i signal
evoked by mitogens.

Materials and Methods

CELL CULTURE

SK MEL 28 cells were obtained from the Sloan Kettering Institute
(New York). Cloned cells stemming from one single cell were cultured
in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS),
2 mM glutamine, 100 IU/ml penicillin, and 100mg/ml streptomycin in
a 95% air + 5% CO2 atmosphere at 37°C. The cells were fed twice
weekly. To synchronize the cells in an early phase of the cell cycle, all
experiments were done using quiescent confluent cells 14–21 days after
seeding. Cells were transferred to a small flow chamber immediately
before experiments. When growth factors were used in experiments,
the cells were kept without FCS for 48 hr.

PATCH-CLAMP EXPERIMENTS

Cells were allowed to attach to the bottom of a small perfusion chamber
for 20 min. The chamber and the perfusate were heated to 37°C. Fluid
exchange was tested by observing the voltage response to changes in
extracellular K+ ([K+]e) and was complete in less than 3 sec. Patch
pipettes were pulled from borosilicate glass capillaries (Clark Elektro-
medical Instruments, Reading, GB) and polished using a DMZ puller
(Zeitz Instrumente, Augsburg, FRG). Pipette resistances in Ringer’s
saline averaged 3–5MV for whole-cell and 8–12MV for single-channel
recordings. For single-channel analysis, pipette capacity was reduced
by silicone oil (200® Fluid, Dow Corning, La Hulpe, Belgium) layered
upon the aqueous phase in the chamber [29]. An EPC9 patch-clamp
amplifier (HEKA, Lambrecht, FRG) was used for voltage clamp and
data acquisition. Data were sampled at 10 kHz (single-channel data) or
1 kHz (whole-cell data). We used REVIEW software (HEKA, Lam-
brecht, FRG) for analysis of whole-cell data (700 Hz filter) and the
programs PATCH (A. Rabe, Frankfurt/M., FRG) and TAC (HEKA,
Lambrecht, FRG) for single-channel data analysis (1 kHz filter). Re-
cordings containing more than 200 events were used for statistical
analysis. To determine time constants, more than 1,000 events were
analyzed. Membrane capacitance (28 ± 1.5 pF) and access resistance
(9.6 ± 0.7MV) were monitored during whole-cell experiments (n 4

132) using theCslow update feature of the EPC9. The corresponding
values with perforated patches were 25 ± 5.2 pF and 17 ± 6.3MV (n4

17), respectively. According to convention, all voltages are given rela-
tive to the electrode at the outside of the cell membrane, and positive
current means flow of positive charges from inside to outside.

CELL-PROLIFERATION ASSAY

The fluorescent dye 4-methylumbelliferyl-heptanoate (MUH) is con-
verted into its fluorescent form only in viable cells [9]. Therefore the
dye provides an excellent tool to determine cell numbers. Fluorescence
intensity has been shown to linearly correlate with the number of SK
MEL 28 cells assayed by thymidine incorporation or visual cell counting
[14]. The cells were plated in 96-well microtiter plates at a density of
104 cells/well. RPMI medium containing K+ channel blockers or el-
evated K+ was added two days after seeding. All values were normal-
ized to controls treated with RPMI medium containing 5% FCS only.
On day 5, cells were incubated for 1 hr in phosphate buffered saline
containing 10−4 M MUH. Fluorescence was measured using a Titertec

Fluoroscan II (Flow Laboratories, Meckenheim, Germany). The data
represent means ±SEM of 1–5 experiments, and every assay was per-
formed 6-fold in each experiment.

MEASUREMENT OFINTRACELLULAR FREECA2+

Intracellular free Ca2+ was measured in single cells at 37°C using the
dye fura-2 [13]. Cells were either loaded with 10−4 M fura-2 pentapo-
tassium salt via the patch pipette or, for long-term recordings, in RPMI
medium containing 10mM fura-2-acetoxymethylester (60 min., 20°C).
Dual-wavelength photometry was done either using a Fura-2 Data Ac-
quisition System (Max Plank Institut fu¨r Biophysikalische Chemie,
Göttingen, FRG) or with a Spex DM 3000 CM spectrofluorometer
(Spex Industries, NJ). The fluorescence data were analyzed using a
personal computer as described elsewhere [28].

SOLUTIONS AND CHEMICALS

The standard external solution for all experiments contained (all values
in mM): 151 Na+, 5 K+, 1 Mg2+, 1.7 Ca2+, 158 Cl−, 1 SO4

2−, 1 H2PO4
−
,

10 HEPES, 5 glucose (pH 7.4). For whole-cell patch-clamp recordings
the internal solution contained 135 K+, 10 Cl−, 125 methanesulpho-
nate−, 10 HEPES, 10 EGTA, and 1 MgATP (pH 7.2). For single-
channel analysis the bath solution contained 150 K+, 150 Cl−, 10
HEPES, and 10 EGTA (pH 7.2). The pipette solution contained 150
K+, 153 Cl−, 10 HEPES and 1.7 Ca2+ (pH 7.4). Free Ca2+ in internal
solutions was varied using a Ca2+-saturated EGTA solution as de-
scribed [24] and buffered to 3 × 10−7 M unless otherwise indicated.
In experiments with variable potassium concentrations, K+ was re-
placed by Na+. For perforated patch experiments, a stock solution of
nystatin in dimethylsulfoxide was prepared and diluted 1:1000, yield-
ing a final nystatin concentration of 100mg/ml. The tips of the pipettes
were then filled with nystatin-free solution and backfilled with the
nystatin-containing solution. In some experiments methanesulpho-
nate− replaced Cl− in order to exclude Cl− currents (not shown). Cell
culture media were purchased from Biochrom (Berlin, FRG), charyb-
dotoxin (CTX) from Alomone Labs (Jerusalem, Israel) and recombi-
nant human bFGF from Bachem (Bubendorf, Switzerland). All other
chemicals were obtained from Sigma (Deisenhofen, FRG).

Results

SINGLE-CHANNEL CURRENTS

Cell-attached K+ Channels

We observed 2 different K+-channels (Fig. 1a andb).
The first channel was inwardly rectifying (KIR). This
channel showed an open probability (po of 58 ± 8.4% in
the cell attached mode and was seen in 14% of all
patches. It probably mediated the main resting K+ con-
ductance in these melanoma cells. A second, faster gat-
ing channel (KCa) was present in 30% of the patches with
a lowpo in the attached mode (1.8 ± 0.6%). This channel
was routinely activated by excising the patch into Ca2+-
containing solutions (Fig. 1a, see below).
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The KIR Channel

In excised inside-out patches the single-channel currents
showed inward rectification (Fig. 1d). The slope con-
ductance determined from the linear portion of the in-
ward current averaged 45 pS ([K+] i/[K

+]e 4 150/150
mM) and 31 pS ([K+] i/ [K

+]e 4 150/35 mM). The gating
of KIR-channels was characteristically slow. Mean open
times were 30.0 ± 11.3 msec at 40 mV and 21.3 ± 9.8
msec at −40 mV (Fig. 1c).

Due to unstable patches at positive holding poten-
tials, we reduced [K+]e to test for ionic selectivity. The
reversal potential shifted <−30 mV when the pipette con-
tained 35 mM instead of 150 mM K+ (Fig. 1d) and whole
cell currents at different external potassium concentra-
tions showed a high selectivity for K+ over Na+ (see
below).

Neitherpo nor gating characteristics of the channel
were altered when the internal [Ca2+] was withdrawn and
10 mM EGTA was added (mean open time4 26.2 ± 13.1
msec, n4 4, Fig. 1a). Internal Ba2+ blocked the channel
in excised inside-out patches (n4 3, Fig. 1b). Backfill-
ing the pipette with 5 mM Ba2+ completely blocked the
initial channel activity within 2–5 min; CTX (10−7 M)
had no effect (n4 3,n4 4,not shown). Without block-
ers in the pipette, channel activity remained stable for up
to 20 min.

The KCa Channel

This channel had flickering kinetics (mean open time
1.02 ± 0.2 msec) and could therefore be easily distin-
guished from the KIR channel (Fig. 1a, andb). It was
activated by excision into a Ca2+-containing solution

Fig. 1. Two different K+ channels in an excised inside-out patch. (a) The slower gating channel (KIR) opens in the absence of Ca
2+ in the bath (10

mM EGTA), the faster gating channel (KCa) is activated by addition of Ca
2+. C> indicates closed level, A> opening of the KIR and B> (2B>) opening

of 1 (2) KCa channels. (b) Typical traces of a patch containing both channels, which are both reversibly blocked by addition of Ba2+ to the bath.
The lowest trace shows recovery of the channel activity after wash. (c) Open-time and closed-time distribution of a KIR channel in an excised
inside-out membrane patch at −80 mV ([K+] i 4 [K+]e 4 150 mM) showing the number of open and closed events on a square root transformed
ordinate. Exponentials are fitted to the data. Time constants were 0.167 msec, 1.9 msec, and 51.1 msec for the open-time and 0.194 msec, 5.5 msec,
and 141 msec for the closed-time distribution. (d) Current voltage relation of excised KIR-channels (d measured with 150 mM symmetrical K+, s

with [K+] i/[K
+]e 4 150/35 mM, n 4 3–5). The lines fit data points below −10 mV to the Goldmann-Hodkin-Katz equation demonstrating

single-channel inward rectification.
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(Fig. 2a). No correlation was apparent betweenpo and
the holding voltage (Fig. 2b). With 10−6 M Ca2+ in the
bath, the open-time distribution was fit using a single
exponential, yielding a time constant oft 4 1.09 msec
(Fig. 2c).

The I/V relation of the KCa channel also showed
inward rectification (Fig. 2d). The linear portion of the
I/V relation gave unitary slope conductances of 73 pS
([K+] i/[K

+]e 4 150/150 mM) and 29 pS ([K+] i/[K
+]e 4

150/35 mM). The KCa channel was highly selective for
K+ over Na+. The reversal potential shifted <−35 mV
when [K+]e was reduced ([K+] i/[K

+]e 4 150/35 mM).
Po was strongly Ca2+-dependent. Maximal activa-

tion was reached at 10−6 M, and further increases of
[Ca2+] i elicited a channel block at 10−5 M (Fig.
2b). When the cytosolic side of the excised channel
faced 10−7 M [Ca2+], channel activity was comparable to
the cell-attached configuration.

Ba2+ blocked the channel dose dependently when
added to the bath (n 4 3, Fig. 1b). Backfilling the pi-
pette with tetraethylammonium chloride (TEA, 10 mM, n
4 3), Ba2+ (5 mM, n 4 3), and CTX (10−7 M, n 4 8)
blocked the initial channel activity within 2–5 min. (not
shown). No rundown of channel activity was observed
without blockers in the pipette solution.

WHOLE-CELL CURRENTS

Perforated-patch vs. Conventional
Whole-cell Recording

The perforated-patch technique allows electrical access
to the cell with minimal perturbance of cytosolic com-
ponents. Access was obtained within 5–15 min. The
membrane voltage measured immediately after establish-

Fig. 2. Attached and excised inside-out patches containing the KCa channel. (a) Typical records showing the dependence of channel activity on
[Ca2+] i. Note the channel block by 10−5 M [Ca2+]. (b) Open probability as a function of [Ca2+] i in excised patches containing the KCa channel (n
4 5). The inset shows open probabilities at different holding potentials ([K+] i/[K

+]e 4 150/35 mM, [Ca2+] i 4 10−6 M, n 4 3–5). (c) Open-time
and closed-time distribution of a KCa channel in an excised inside-out membrane patch at 40 mV ([K+] i 4 [K+]e 4 150 mM). See alsolegend to
Fig. 1c. (d) Current/voltage relation of excised KCa-channels (d measured with 150 mM symmetrical K+, s with [K+] i/[K

+]e 4 150/35 mM, n 4

4–10).See alsolegend to Fig. 1d.

152 A. Lepple-Wienhues et al.: K+ Channels and Melanoma Proliferation



ing electrical access was −52 ± 5 mV in 17 perforated
patches, and −56 ± 3 mVusing conventional whole-cell,
recordings (n 4 30). The reversal potential shifted to
more negative values after conventional break-in, possi-
bly indicating rundown of a leak conductance. Currents
in standard Ringer’s and elevated [K+]e solutions and
inhibition by external Ba2+ were similar with both per-
forated and conventional whole cell recording techniques
(not shown). Therefore, conventional whole-cell tech-
niques were used for the following studies.

I/V Relation of Whole-cell Currents

The whole-cell current of resting cells was inwardly rec-
tifying. Using voltage steps from a holding potential of
−60 mV, current activation was fast and complete within
the capacitive transient. No inactivation could be ob-
served with voltage steps lasting for up to 400 msec (Fig.
3a).

The current was further characterized using voltage
ramps from −120 to 60 mV of 1-sec duration. Each ramp
was preceded by a set of small pulses for series resistance
and capacitance compensation. The reversal potential
increased 60 mV per tenfold change of [K+]e (Fig. 3b and
c), indicating a high selectivity of the current for K+ over
Na+. Simultaneously, the threshold voltage for inward
rectification shifted to more positive potentials and the
conductance increased.

Growth Factors Increase K+ Conductance

Application of bFGF (100mg/l) induced fast transient
changes of the whole-cell current. The conductance in-
creased 10–20 fold and the reversal potential shifted to-
wards more negative values in 3 out of 13 cells (23%).
The same effect was seen using FCS (10 vol.%) in 18 out
of 23 cells (78%). Unresponsive cells showed no change
in conductance. A typical time course of the transient
outward current and reversal potential after stimulation
with FCS is presented in Fig. 3d. The current transient
was reversibly blocked by 50 nM CTX (n 4 3, Fig. 3e),
indicating activation of the KCachannel. The membrane
capacitance remained unchanged (not shown).

In some experiments, we included guanosine 58-0-
(2-thiodiphosphate) (GDP-b-S, 10−5 M, n 4 9) in the
pipette solution. We observed no change of membrane
current induced by diffusion of this compound into the
cytosol and the response to 10% FCS remained un-
changed.

K+ Channel Blockers

Ba2+ and Cs+ blocked the current at IC50 values of 2.3
and 0.3 mM, respectively (−60 mV,n4 4–6). The block
was voltage dependent (not shown). Block by TEA and

quinidine was not voltage dependent. IC50 values were
12 mM for TEA and 0.02 mM for quinidine (n4 5–6,not
shown).

Contribution of the KCa channel to the resting
whole-cell K+ conductance was tested using the specific
blocker CTX. Only a small portion of the whole-cell
current was inhibited by CTX (IC50 4 4 × 10−9 M; n 4
5,not shown). This was presumably due to the low open
probability of the KCa channel seen in attached patches.

Ba2+, TEA, and quinidine depolarized the reversal
potential in a K+ gradient ([K+]e/[K

+] i 4 135/5 mM),
whereas CTX evoked only a small depolarization. The
effects on reversal potential are summarized in Fig. 4a (n
4 5–6).

Apamin (10−6 M, n 4 5), a blocker of small Ca2+-
activated potassium channels, had no effect. Neither the
K+ channel openers diazoxide (10−6

M, n 4 3) and mi-
noxidil (10−5 M, n4 3) nor the blocker of ATP-sensitive
K+ channels, gibenclamide (10−6 M, n 4 3), had any
measurable effect on the whole-cell current (not shown).
The muscarinic agonist carbachol (10−5

M, n 4 8) and
theb-adrenergic agent isoproterenol (10−5

M, n4 6) had
no effect.

CELL PROLIFERATION

Melanoma cell proliferation was blocked by TEA, quin-
idine, Ba2+, and increased extracellular K

+

. CTX did not
inhibit proliferation. Figure 4b demonstrates the corre-
lation between membrane depolarization and prolifera-
tion block. Depolarization to a potential more positive
than −45 mV inhibited cell growth. TEA was slightly
more potent in inhibiting growth than depolarizing the
membrane, probably indicating a nonspecific effect of
this drug on proliferation. No cytotoxic effects were
seen in confluent and proliferating cell layers using
trypan blue exclusion. Following washout of the block-
ing agents proliferation resumed at a normal rate (not
shown).

INTRACELLULAR FREE CALCIUM , [CA
2+] I

The mitogens bFGF and FCS induced a short peak in
[Ca2+] i followed by a sustained increase. A typical re-
cording is shown in Fig. 5a.During the sustained phase,
removal of [Ca2+]e reduced [Ca

2+] i to resting levels. Re-
addition of [Ca2+]ewas followed by an overshooting re-
covery of [Ca2+] i, indicating an increased Ca2+-influx
(Fig. 5a). Similar responses were seen in 3 out of 5 cells
using 10% FCS (60%) and in 6 out of 13 cells (46%)
using 100mg/l bFGF. A further calcium increase was
frequently observed after a time delay of 10–20 min and
some cells developed [Ca2+] i fluctuations. The initial
peak was also seen in the absence of external calcium,
indicating a calcium release from intracellular stores
(Fig. 5b). This peak paralleled the observed transient

153A. Lepple-Wienhues et al.: K+ Channels and Melanoma Proliferation



rise of K+ conductance as expected for activation of the
Ca2+-activated K+ channel (Fig. 3d, e). Depolarizing the
membrane using elevated [K+]e reduced calcium levels
(Fig. 5c, n4 15). The sustained calcium rise could be
reversed by removal of FCS (Fig. 5c, n4 13).

To further test whether the Ca2+ influx is dependent
on membrane voltage, we measured [Ca2+] i in the whole-
cell configuration loading cells via the pipette with fura-
2. At −90 mV [Ca2+] i increased (Fig. 5d), indicating a
transmembrane flux of Ca2+ following its electrochemi-
cal gradient. At 40 mV [Ca2+] i decreased towards the
buffered level of the pipette solution. Similar results
were obtained in 5 cells.

Discussion

This study describes for the first time an inwardly recti-
fying K+ channel and a CTX-sensitive, Ca2+-activated
K+ channel in a human melanoma cell line. Block of the
inwardly rectifying K+ channel inhibits cell proliferation.
Growth factor signaling includes a sustained rise in
[Ca2+] i and calcium influx is inhibited by depolarization.

Cell cycle-related signaling has been studied most
extensively in lymphocytes. Their membrane voltage is
maintained by a voltage-activated K+ channel. Prolifera-
tion of T lymphocytes can be abolished by peptides spe-
cifically blocking this channel [19]. This action of K+

Fig. 3. (a–c) Whole-cell currents of SK MEL 28 melanoma cells. (a) Current response to voltage steps from −60 mV to −100, −60, −20, 20 and
60 mV, showing fast activation and no inactivation ([K+]e 4 [K+] i 4 135 mM). (b) Current/voltage relation of whole-cell currents obtained by
voltage steps ([K+]e 4 5 (h), 15 (s), 50 (j), 135 (d) mM, [K+] i 4 135 mM, n 4 5). (c) Reversal potential is plottedvs. the extracellular K+

concentration (n 4 5). (d) Whole-cell conductance increases and reversal potential hyperpolarizes after application of 10% FCS, indicating the
transient activation of a K+ current. Outward current at 30 mV and reversal potential were measured using voltage ramps. (e) Outward current
transients induced by a short application of 10% FCS can be blocked with 50 nM CTX. Note the partial recovery after CTX removal. Repetitive
transients could be evoked in the absence of CTX when short FCS pulses were used (n 4 3, not shown).
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channel blockers is restricted to activation pathways
which involve a rise in intracellular Ca2+ [23]. T lym-
phocytes also possess a Ca2+-activated K+ channel in-
hibitable by CTX, but this channel is not necessary for
cell activation [11, 12]. The early Ca2+ signal in lym-
phocytes induces a series of intracellular biochemical
events including the transcriptional activation of several
protoonocogenes. An increase of [Ca2+] i activates calci-
neurin, the translocation of the transcriptional factor NF-
IL2A, the MAPII kinase, and DNA synthesis-promoting
factor (reviewed in [3]).

K+ CHANNELS AND PROLIFERATION

In SK MEL 28 melanoma cells, K+ channel blockers
which depolarized the membrane inhibited proliferation.
The effect on proliferation was not linked to a reduced
K+ turnover, as shown by elevating [K+]e. As in lym-
phocytes, specific inhibition of the KCa channel was not

sufficient to depolarize membrane voltage and inhibit
cell growth.

We found two different K+ channels. The activity of
the KCachannel was low in resting cells. The membrane
voltage was mainly determined by the KIR channel and a
putative depolarizing leak conductance. In melanoma
cells the main K+ conductance was not sensitive to CTX.

The KIR channel described here had slow gating
kinetics at 37°C, was blocked by Ba2+, and its conduc-
tance was dependent on [K+]e. When compared to other
inwardly rectifying channels, this channel was markedly
less sensitive to external Ba2+. Inwardly rectifying chan-
nels have been found in different excitable and nonex-
citable cells including Hela tumor cells (for reviewsee
[16]). At membrane voltages positive to the potassium
equilibrium potential, inwardly rectifying K+ channels
can avoid a high K+ turnover.

The KCa channel resembled a typical Ca
2+-activated

potassium channel, with intermediate conductance sen-
sitive to CTX, but not apamin. It also showed typical
flickering kinetics, which have been described in several
cell types [16, 18]. This channel could be involved in the
regulation of [Ca2+] i. Ca2+-mediated hyperpolarization
increases the electrochemical force for Ca2+ influx, thus
providing a positive feedback mechanism. On the other
hand, the channel was blocked by very high Ca2+ con-
centrations as described for high conductance K+ chan-
nels [10].

In contrast to the IGR1 melanoma cell line [25],
voltage activated K+ channels are not expressed and iso-
proterenol does not regulate K+ currents in SK MEL 28
cells.

[Ca2+] i and Growth Factors

The [Ca2+] i response to growth factors was biphasic.
BFGF and FCS induced an early increase of K+ conduc-
tance and elevated [Ca2+] i resembling the mechanisms of
lymphocyte activation. This represents most probably
activation of the Ca2+-activated K+ channels by release
of Ca2+ from intracellular stores [3]. The second, sus-
tained elevation of [Ca2+] i increased after 10–20 min.
This [Ca2+] i plateau phase was dependent on extracellu-
lar Ca2+. Both the overshooting Ca2+ rise after readdi-
tion of extracellular Ca2+ and the inhibition of Ca2+ in-
flux by depolarization point to a capacitive Ca2+ entry
mechanism. Ca2+ entry through capacitive Ca2+ chan-
nels depends on membrane polarization in mast cells and
lymphocytes [15, 17, 34]. In melanoma cells, we dem-
onstrated a Ca2+ influx increasing at negative membrane
voltages. Because of the high K+ conductance we were
unable to resolve the Ca2+ current in patch-clamp experi-
ments. Cell cycle-dependent expression of receptors or
arbitrary washout of signal cascade components could
explain why only a subset of cells responded to growth

Fig. 4. Different K+ channel blockers and elevated external K+ depo-
larize the resting membrane potential and inhibit cell proliferation. (a)
Membrane voltage is plotted against concentration (d CTX, ❍ quin-
idine, h Ba2+, l TEA, n K+). The voltage was obtained from the
reversal potential of the whole-cell current using voltage ramps. (b)
Number of cells in proliferation assays is normalized to control and
plotted against drug concentration (same symbols as ina).
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factors. However, we observed no correlation between
access resistance and response to bFGF or FCS.
Growth inhibition by depolarization is most probably
due to the secondary block of a [Ca2+] i elevation neces-
sary for entering the cell cycle. K+ channel block seems
to inhibit the cell cycle by interference with the intracel-
lular Ca2+ signal in different cell lines expressing various

K+ channel types. Inhibition of K+ channels and Ca2+

fluxes represents a possible means to specifically inhibit
tumor cell proliferation.

The expert assistance of Mrs. A. Krolik and Mrs. M. Boxberger is
gratefully appreciated. We thank Ruth and Michael Cahalan and Paul
Ross for their valuable comments on this manuscript. Part of this work

Fig. 5. Growth factors increase [Ca2+] i. (a) Long-term recording from a single melanoma cell loaded with fura2-acetoxymetylester showing the
typical biphasic increase of intracellular Ca2+. Bars indicate addition of 10% FCS and 10 mM EGTA. The sustained [Ca2+] i elevation depends on
extracellular calcium. Note the fluctuations and the overshooting response following readdition of Ca2+. The inset shows the response to Ca2+

removal at a magnified time scale. (b) Internal store release is demonstrated by application of FCS in the absence of external Ca2+. The initial
calcium transient is independent of extracellular Ca2+. (c) During the sustained Ca2+ rise, membrane depolarization by elevated [K+]e brings [Ca

2+] i
back to baseline (left panel). [Ca2+] i returns to control levels when external FCS is removed as shown in a different cell (right panel). (d) Response
of [Ca2+] i to changes in membrane voltage. The cell was loaded with 10

−4 M fura-2-pentapotassium salt via the pipette, and the membrane potential
was changed by voltage clamp.
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