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Abstract
We report here the expression and properties of the
intermediate-conductance Ca2+-activated K+ (IKCa)
channel in the GL-15 human glioblastoma cell line.
Macroscopic IKCa currents on GL-15 cells displayed
a mean amplitude of 7.2±0.8 pA/pF at 0 mV, at day 1
after plating. The current was inhibited by clotrimazole
(CTL, IC50=257 nM), TRAM-34 (IC50=55 nM), and
charybdotoxin (CTX, IC50=10.3 nM). RT-PCR analy-
sis demonstrated the expression of mRNA encoding
the IKCa channel in GL-15 cells. Unitary currents re-
corded using the inside-out configuration had a con-

ductance of 25 pS, a KD for Ca2+ of 188 nM at -100
mV, and no voltage dependence. We tested whether
the IKCa channel expression in GL-15 cells could be
the result of an increased ERK activity. Inhibition of
the ERK pathway with the MEK antagonist PD98059
(25 µM, for 5 days) virtually suppressed the IKCa cur-
rent in GL-15 cells. PD98059 treatment also increased
the length of cellular processes and up-regulated the
astrocytic differentiative marker GFAP. A significant
reduction of the IKCa current amplitude was also ob-
served with time in culture, with mean currents of
7.17±0.75 pA/pF at 1-2 days, and 3.11±1.35 pA/pF
at 5-6 days after plating. This time-dependent down-
regulation of the IKCa current was not accompanied
by changes in the ERK activity, as assessed by
immunoblot analysis. Semiquantitative RT-PCR analy-
sis demonstrated a ~35% reduction of the IKCa chan-
nel mRNA resulting from ERK inhibition and a ~50%
reduction with time in culture.
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Introduction

The intermediate-conductance Ca2+-activated K+

(IKCa) channel, also known as KCa 3.1, IK1, SK4, KCNN4,
is a member of the Ca2+-activated K+ channel family, with
a unitary conductance of 20-60 pS in symmetrical 150
mM K+ [1-3]. It is distinguished from the functionally
related Ca2+-activated BKCa and SKCa channels of larger
(100-200 pS) and smaller (2-20 pS) unitary conductance
by its pharmacology, biophysics and physiology. The IKCa
channel is blocked by the scorpion venom toxin CTX, as
well as by the antimycotic CTL and its analogue TRAM-
34 [4-7]. It is resistant to iberiotoxin, TEA, d-tubocurar-
ine, apamin, and scyllatoxin, effective blockers of either
BKCa or SKCa channels [3, 8, 9]. The recent cloning of
the human IKCa channel has allowed a detailed mapping
of its expression in various tissues. The IKCa channel is
chiefly present in peripheral tissues, including secretory
epithelia, blood cells and endothelia [1, 10-16]. By linking
changes in intracellular Ca2+ to membrane potential, IKCa
channels are important modulators of several cellular re-
sponses relevant to cell transformation, such as progres-
sion through the cell cycle, cell growth, differentiation,
and volume control [17, 18]. Indeed, IKCa channels have
been found in a variety of transformed cells, such as
melanoma, carcinoma, and leukemia [19-21], and in some
cases its activity has been found to be involved in cell
proliferation [18, 20]. Electrophysiological evidence for
the presence of the IKCa channel has also been provided
for the C6 rat glioma cell line [22, 23]. Here we report
the expression of the IKCa channel in the human glioblas-
toma GL-15 and U-251 cell lines, both exhibiting a poorly
differentiated astrocytic phenotype [24-26], and show its
modulation by the ERK (extracellular signal-regulated
kinase) pathway. The ERKs constitute a family of highly
conserved and ubiquitously expressed serine/threonine
kinases that are critical components of signalling path-
ways activated downstream to growth factor receptors
or G-protein-linked receptors [27].

The Ras/Raf/MEK/ERK pathway is involved in the
control of growth signals, cell survival and invasion, cru-
cial aspects of oncogenic transformation and behaviour.
Elevated ERK phosphorylation has been reported in a
number of astrocytic tumor cells [28]. The constituitively
active ERK seems to originate from mutation or
overexpression of growth factor receptors, or to the es-
tablishment of autocrine loops originating from overpro-
duction of growth factors such as EGF, FGF, CNTF and
PDGF [29]. The Ras/Raf/MEK/ERK pathway is known

to up-regulate the expression of the IKCa channel, and
pharmacological inhibition of the ERK pathway by
PD98059, inhibitor of MEK activation, reduced the func-
tional expression of IKCa channels in fibroblast and en-
dothelial cells [30, 31]. In the present study we tested
whether the IKCa channel was modulated by the ERK
pathway, and whether its expression in GL-15 cell line
reflects the constitutive activity of this pathway. Phar-
macological inhibition of the ERK pathway by PD98059
markedly reduced the IKCa current, suggesting that this
transduction pathway may contribute to the expression
of this current in the glioblastoma GL-15 cell line. In
agreement with a previous report on human keratinocytes,
we found a downregulation of IKCa channels with time in
culture [32]. This down-regulation was not accompanied
by changes in ERK activity, and was concomitant with
an increase of the differentiation marker glial fibrillary
acidic protein (GFAP).

Materials and Methods

Cell cultures
The glioblastoma GL-15 cell line was grown in minimum

essential medium (MEM) supplemented with 10% heat-inacti-
vated foetal bovine serum (FBS), 100 IU/ml penicillin G,
100 µg/ml streptomycin, and 1 mM sodium pyruvate. The GL-
15 cell line, was generated from a human glioblastoma multiforme
by Virginia Bocchini (University Medical School, Perugia, Italy;
[33]). The human U-251 cell line (astrocytoma type IV) was
grown in Dulbecco modified minimum essential medium
(DMEM) supplemented with 10% FBS, 100 IU/ml penicillin,
and 100 µg/ml streptomycin. The flasks were incubated at 37°C
in a 5% CO2 humidified atmosphere. The medium was changed
twice weekly and the cells were subcultivated when confluent.
For experimental purposes, cells were seeded in Petri dishes at
100 x 103 cells/ml and electrophysiological recordings were car-
ried out between 1 and 6 days after seeding. GL-15 cells were
treated, one day after trypsinization, with 25 µM PD98059 (in
DMSO 0.2%) in culture medium for the indicated time
(either 1 or 5 days). Controls for PD98059 were carried out in
DMSO 0.2%. Morphological analysis of the cells was performed
using a phase contrast Nikon microscope. Cell counts were
performed after trypsinization using a Burker camera.

Proliferation assay
[3H]thymidine incorporation into the DNA was performed

by incubating the cells in the various experimental conditions
with 1 µCi/ml [3H] thymidine (SA 24 Ci/mmole, Amersham) for
2 hours, followed by washing with PBS and fixation with metha-
nol. After 3 washes with 10% TCA, the pellet was solubilized
with 0.5 M NaOH and 1% SDS, and counted in a liquid scintil-
lation spectrometer (Beckman).

Fioretti/Castigli/Micheli/Bova/Sciaccaluga/Harper/Franciolini/
Catacuzzeno

Cell Physiol Biochem 2006;18:47-56



49

Electrophysiology
Macroscopic IKCa currents were recorded using the per-

forated-patch configuration, and activated by coapplication of
the SKCa/IKCa activator EBIO (1 mM) and ionomycin (500 nM)
(EBIO/ionomycin), in the presence of 3 mM TEA to block the
BKCa current. Pharmacological characterization studies have
demonstrated that the SKCa current was absent from the two
cell lines used in this study, thus the EBIO/ionomycin-acti-
vated current, in the presence of 3 mM TEA, could be taken
enterely as IKCa current (cf. Figure 1). Unitary currents, recorded
in inside-out configuration, were activated by elevating the
[Ca2+]i at the internal side of the membrane. The free [Ca2+]i was
established by using the software WEBMAXC v2.2. Currents
were amplified with a List EPC-7 amplifier (List Medical,
Darmstadt, Germany), and digitized with a 12 bit A/D converter
(TL-1, DMA interface; Axon Instruments Inc., Foster City, CA,
USA). The pClamp software package (version 7.0; Axon In-
struments Inc.) was used. For on-line data collection, macro-
scopic and single-channel currents were filtered at 5 and 0.5
kHz, and sampled at 20 and 200 µs/point, respectively. Mem-
brane capacitance measurements were made by using the Mem-
brane Test routine of the pClamp software.

Solutions and drugs
For whole-cell perforated-patch recordings the bathing

Physiological Salt Solution (PSS) consisted of (in mM): NaCl
106.5, KCl 5, CaCl2 2, MgCl2 2, MOPS 5, glucose 20,
Na·Gluconate 30, octanol 1 (to block gap-junctions; [34, 35]), at
pH 7.25, and the pipette solution was: K2SO4 57.5, KCl 55, MgCl2
5, MOPS 10, at pH 7.2. Electrical access to the cytoplasm was
achieved by adding amphotericin B (200 µM) to the pipette
solution. The final access resistances were within the range
10-20 MΩ. For single-channel inside-out recordings the bath-
ing solution was: KCl (NaCl) 150, EGTA-K (EGTA-Na) 1, MOPS
5, MgCl2 1, at pH 7.2, and the pipette solution was: KCl 150,
MgCl2 2, MOPS 5, EGTA-K 1, at pH 7.2. CaCl2 was added in
varying amount to obtain the indicated [Ca]i. All chemicals
used were of analytical grade. Dimethyl sulfoxide (DMSO), TEA,
d-TC, and CTL were from Sigma Chemical Co (St. Louis, MO,
USA). CTX was from Alomone Labs (Jerusalem, Israel).
Ionomycin and EBIO (1-ethyl-2-benzimidazolinone) were from
Tocris Cookson Ltd. (Bristol, UK). Stock solutions were ob-
tained by dissolving CTL, EBIO, ionomycin and amphotericin
B in DMSO to concentrations of 20, 100, 1 and 500 mM respec-
tively. Pharmacological agents were prepared daily in the ap-
propriate solution at the concentrations stated, and were bath
applied by gravity-fed superfusion at a flow rate of 2 ml/min,
with complete solution exchange within the recording chamber
in around 1 min. The maximal DMSO concentration in the re-
cording solution was about 1%. Experiments were carried out
at room temperature (18-22°C). Data are presented as mean±SE.

Indirect immunofluorescence
Cells were extensively washed with phosphate-buffered

saline (PBS), immersed in cold methanol, kept at -20°C for 7
minutes, and dried in air. The cells were then incubated for 60
min at room temperature with a rabbit anti-GFAP (Dakopatts,

Denmark) polyclonal antibody (diluted 1:300 in PBS contain-
ing 0.3% bovine serum albumin), and then washed in PBS.
After treatment with tetramethylrhodamin isothiocyanate
(TRITC, Sigma) conjugated goat anti-rabbit IgG (diluted 1:200
in PBS containing 0.3% bovine serum albumin), and washing 3
times with PBS containing 0.1% Tween 20 and twice with PBS
alone, preparations were incubated with 2 µg/ml DAPI (4,6-
diamidino-2-phenylindole) (Sigma) for 5 minutes and dried in
air. The preparations were observed with DMRB Leica micro-
scope.

SDS-polyacrylamide gel electrophoresis and
immunoblotting
GL-15 cell cultures were washed with PBS and scraped

with 62.5 mM Tris-HCl (pH 6.8), 2 mM ethylendiaminetetracetic
acid (EDTA), 0.5% Triton X-100, phosphatase inhibitor cock-
tail (Sigma), protease inhibitor cocktail (Sigma) 0.1% SDS. The
proteins were separated by SDS-PAGE in 10% acrylamide gel
by the Laemmli method [36], then transferred to nitrocellulose
filters according to [37]. Immunolabeling of phosphorylated
and total-ERKs was performed following the manufacturer di-
rections. The primary antibodies were a mouse anti-phospho-
p44/42 MAPK (Thr202/Tyr204) E10 monoclonal antibody, and
a rabbit anti-p44/42 MAPK antibody, respectively (Cell
Signaling Technologies). The secondary antibodies used to
detect phospho- and total ERK content were the peroxidase-
conjugated goat anti-mouse immunoglobulins, and the peroxi-
dase-conjugated goat anti-rabbit immunoglobulins (PIERCE).
Immunolabeling of GFAP, vimentin, and β -actin were performed
by using the anti-GFAP polyclonal antibody (Dakopatts), the
anti-vimentin monoclonal antibody (ROCHE), and the anti β-
actin monoclonal antibody (Sigma), respectively. The Enhanced
Chemioluminescence detection was performed by following
the directions of ECL™ Western Blotting (Cell Signaling Tech-
nologies).

RT-PCR
Total RNA was extracted using the TRIzol reagent (Gibco

BRL) according to the manufacturer instructions, denaturated
at 70°C for 5 minutes and then reverse transcribed at 37°C for 1
hour in a reaction volume of 50 µl containing 20 U of human
placental RNase inhibitor (Amersham Biosciences), 1 mM each
dNTP (Amersham Biosciences), 4 µM random examer primers
(Amersham Biosciences), 300 U of M-MLV reverse tran-
scriptase (Gibco BRL) in 1x reaction buffer, 4 mM dithiothreitol.
PCR was performed using puReTaq Ready-To-Go PCR Beads
(Amersham Biosciences) in a total volume of 25 µl containing
50 ng cDNA and 0.25 µM each primer. PCR primers were: (for-
ward) 5’-GAGAGGCAGGCTGTTAATGC-3’ and (reverse)
5’-TGAGACTCCTTCCTGCGAGT-3’. These oligonucleotides
prime the amplification of a 326 bp fragment [38]. Reaction mix-
tures were incubated in a PTC100 thermocycler (MJ Research,
Inc.) programmed as follows: [1 x (96°C x 5 min)] + [35 x (94°C x
30 sec) (58°C x 1 min) (72°C x 1 min)]. Amplification products
were resolved on a 1,5% agarose gel (Bio-Rad) and visualized
by ethidium bromide staining.

IKCa Channels in Glioblastoma Cell Lines Cell Physiol Biochem 2006;18:47-56
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Semiquantitative RT-PCR
Quantitation of target RNA level in different samples was

performed through coamplification (in the same test tube) with
the constitutively expressed β-actin RNA as an endogenous
control. Trial experiments were performed in order to determine
the optimal range of cycle number allowing product detection
within the linear phase of amplification. According to the re-
sults of such experiments, β-actin specific primers were added

Fig. 1. IKCa currents are expressed in human glioblas-
toma  GL-15 cell line. A) Time course of the IKCa cur-
rent activated by EBIO (1 mM) and ionomycin
(500 nM) (EBIO/ionomycin), and its block by TRAM-
34  (1 µM). Individual data points in the current trace
represent the IKCa current in control condition and fol-
lowing activation by EBIO/ionomycin. The IKCa cur-
rent was assessed at 0 mV using the voltage ramp
protocol from -100 to +50 mV, 800 ms duration, from a
holding potential of 0 mV, as illustrated in panel B).
The bathing solution for the ramp  experiments was
PSS plus TEA (3 mM), and the pipette  solution had
170 mM K+ as main salt. C) Dose-response relation-
ships for the inhibition of the EBIO/ionomycin-acti-
vated current by CTX (n=3), CTL (n=3), and TRAM-
34 (n=3). The solid lines represent the best fit of the
experimental data with the Hill relationship IDrug/ICTRL=1/
(1+([Drug]/IC50)nH), where IDrug and ICTRL are the cur-
rent in the presence of the given blocker concentra-
tion and in control conditions, respectively, [Drug] is
the concentration of the blocker, IC50 is the concentra-
tion needed for half-maximal inhibition, and nH is the
Hill coefficient. The best fit parameters were as fol-

Fig. 2. Unitary IKCa current properties from the human glioblas-
toma GL-15 cell line. A) Representative inside-out single channel
recordings obtained at the indicated voltages, in symmetrical
150 mM K+ solutions, and with 0.3 µM [Ca]i at the cytoplasmic
side of the patch. External solution contained 3 mM TEA. B)
Unitary I-V relationships obtained from three inside-out patches
in symmetrical 150 mM K+ (squares), and after substitution of
the internal K+ with Na+ (circles). The dashed line, representing
the linear fit of the control data points at negative voltages,
gives a slope conductance of 25 pS. Inset: Plot of the IKCa chan-
nel P0 vs. voltage for the patch shown in panel A). C) Repre-
sentative inside-out single channel recordings obtained at -100
mV in symmetrical 150 mM K+ solutions, at the indicated [Ca]i.
External solution contained 3 mM TEA. D) Plot of the IKCa chan-
nel P0 vs. [Ca]i obtained from three inside-out patches in sym-
metrical 150 mM K+, at -100 mV, similar to that shown in panel C).
The solid line represents the best fit of the experimental data
with a Hill relationship of the form  P0=P0, max / [1+(KD / [Ca2+]i)

nH].
The best fit parameters were P0, max=0.44, KD=188 nM and nH=3.2.

lows: CTX, IC50=10.3 nM, nH=1.1; CTL, IC50=257 nM, nH=0.85; TRAM-34, IC50=55 nM, nH=0.83. Experimental conditions and
protocol were as in panel A). D) RT-PCR analysis of IKCa expression in GL-15 and U-251 cells. Lane 2, φX174-HaeIII m.w. marker;
lanes 1 and 3, 326 bp amplification product obtained from GL-15 and U-251 cells, respectively, using IKCa specific primers.

10 cycles after the beginning of IKCa cDNA amplification and
the reaction was stopped after a total of 34 cycles. The follow-
ing β-actin specific primers were used: (forward) 5’-TGA CGG
GGT CAC CCA CAC TGT GCC CATC TA-3’ and (reverse)
5’-CTA GAA GCA TTT GCG GTG GAC GAT GGA GGG-3’. These
oligonucleotides prime the amplification of a 661 bp fragment
(NM_001101). Ethidium bromide stained gels were photo-
graphed under UV light with Polaroid type 665 films and
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quantitation was performed by densitometric analysis of
scanned Polaroid negatives using the freeware NIH-Image.
Data were obtained as a ratio of the signal of target PCR prod-
uct to the signal of β-actin PCR product. The IKCa mRNA levels
detected in PD98059-treated cells were then normalized to the
levels detected in control cells.

Measurements of cell cycle by flow cytometry
Aliquots of cell suspensions subjected to different treat-

ments were washed with PBS (400xg, 7 min) and  processed for
the cell cycle analysis by propidium iodide (PI)-staining and
flow cytometry. Briefly, the cell pellet was resuspended in 0.5
ml of hypotonic fluorochrome solution (50 µg/ml PI in 0.1%
sodium citrate plus 0.1% Triton X-100) in 12x75mm
polypropylene tubes (Becton and Dickinson, Lincoln Park, NJ,
USA). The tubes were kept at 4°C for at least 30 min before flow
cytometric analysis. The PI fluorescence of individual nuclei
was measured using a FACScan flow cytometer (Becton
Dickinson, Mountain View, CA, USA) at wavelength of 488
nm. The percentages of the cells in G0/G1, S and G2/M phases
were calculated using CellFIT Cell-Cycle Analysis Version 2.0.2.
Software.

Results

The glioblastoma GL-15 human cell line expresses
IKCa currents
Several human glioma cell lines have been reported

to express BKCa channels [39], and it is now becoming
apparent that their expression is a common feature of
glioma cells. By contrast, to our knowledge few studies
have investigated the expression of other KCa conduct-
ances in glioma cell lines. We used a standard patch clamp
electrophysiological approach to test for the presence of,
and characterize the properties of IKCa and SKCa chan-
nels in the GL-15 cell line model. These experiments
were performed in the presence of 3 mM TEA in the
bath to prevent any potential contamination by the BKCa

current. Co-application of the SKCa/IKCa channel activa-
tor EBIO (1 mM; [40]) and ionomycin (0.5 µM) (EBIO/
ionomycin) evoked a stable outward K current. A typical
experiment illustrating the action of EBIO/ionomycin on
GL-15 cells recorderd using the perforated-patch con-
figuration is presented in Figure 1A (also cf. [35]). Indi-
vidual data points in the current trace depict the outward
current recorded in control conditions (1) and following
application of EBIO/ionomycin (2) and TRAM-34, 1 µM
(3), assessed at 0 mV using the voltage ramp protocol
presented in Figure 1B. The mean outward current fol-
lowing EBIO/ionomycin application was 7.2±0.8 pA/pF,
at day 1 after plating (n=10). The sensitivity of the EBIO/
ionomycin-activated current to TRAM-34 identifies it as
an IKCa current. The mean reversal potential determined
with the voltage ramp protocol was -83±3 mV (n=3), a
value close to the K+ equilibrium potential for the record-
ing conditions used (EK=-90 mV, calculated from the
Nernst relationship). Further support for the EBIO/
ionomycin-activated current being an IKCa current was
provided by its pharmacological profile matching that of
an IKCa current (Figure 1C). CTX, CTL, and TRAM-34
inhibited the EBIO/ionomycin-activated current with IC50
of 10.3 nM, 257 nM, and 55 nM, respectively, values well
in agreement with other native and cloned IKCa channels
(see Introduction). d-TC (100 µM), a specific blocker of
the SKCa channel did not affect the EBIO/ionomycin-ac-
tivated current (data not shown). RT-PCR analysis per-
formed on both human glioblastoma GL-15 and U-251
cell lines demonstrated the expression of the IKCa mRNA
(Figure 1D).

We then used inside-out isolated patch recordings
to investigate the biophysical properties of the IKCa chan-
nel. Unitary currents were commonly observed with sym-
metrical 150 mM K+, and a Ca2+ concentration greater
than 0.1 µM at the inner side of the membrane (Figure

Fig. 3. Modulation of IKCa currents by PD98059 in human
glioblastoma GL-15 cell line. A) Mean IKCa current density
assessed at day 5 in control conditions, and following 5-
days treatment with PD98059 (25 µM). Inset: Representative
current ramps (from -140 to +50 mV, from a holding potential
of 0 mV) in control conditions and in PD98059, before (a) and
after (b) application of EBIO (1 mM) and ionomycin (500 nM).
The bathing solution was PSS plus 3 mM TEA, the pipette
solution had 170 mM K+ as main salt. B) IKCa mRNA levels in
control cells and in cells pretreated with PD98059 (25 µM, 5
days). The mean of four independent semiquantitative RT-
PCR assays±SE is presented. IKCa mRNA levels detected in
PD98059-treated cells were normalized to the levels detected
in control cells.

IKCa Channels in Glioblastoma Cell Lines Cell Physiol Biochem 2006;18:47-56
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2A, C). The I-V relationship constructed using a double
gaussian fit of the current amplitude histograms revealed
a significant inward rectification, and a mean single-chan-
nel conductance (assessed by a linear fit of the I-V data
at negative voltages) of 25±3 pS (n=7; Figure 2B). The
IKCa channel was highly selective for K+ vs. Na+. With
150 Na+

 inside and 150 K+ outside, the PNa/PK was <0.096,
as estimated from the GHK relationship, based on the
observation that at +60 mV the current was still inward
(Figure 2B, circle). We also assessed the voltage depend-
ence of the IKCa channel activity. In agreement with pre-
vious reports IKCa channel was insensitive to voltage (see
Inset to Figure 2B which plots the channel open probabil-
ity, P0, as function of voltage, derived from the experi-
ment shown in panel A). The Ca2+-sensitivity of the chan-
nel was assessed using inside-out patches in symmetri-
cal 150 mM K+ and holding potential of -100 mV (Figure
2C). The plot in panel D shows the P0 data at various
[Ca2+]i, from three patches. Data points were well fitted
by a Hill isotherm with P0,max=0.44, KD=188 nM, and
nH=3.2. IKCa currents displaying similar electro-
physiological and pharmacological properties  were also
found in another human glioma cell line, the U-251 (data
not shown).

Modulation of the IKCa channel expression
In several non-transformed cells, IKCa channel ex-

pression has been shown to be modulated by signals origi-
nating from growth factor receptor activation, such as
the ERK pathway [30, 31]. We used the MEK antago-
nist PD98059, an inhibitor of ERK (ERK1/2) activation
to test whether IKCa channel expression in glioblastoma
GL-15 cells is linked to the ERK pathway. One day after
plating, cells were incubated for five days with PD98059
(25 µM). The IKCa current was assessed from voltage
ramps as the EBIO/ionomycin-activated current, in the
presence of external 3 mM TEA (cf. Figure 3A, inset).
The mean IKCa current recorded from PD98059-treated
cells was 0.37±0.10 pA/pF (n=21), a value considerably
lower than that recorded from control cells (3.5±1.3 pA/
pF; n=15, Figure 3A). Moreover, acute application of 25
µM PD98059 did not significantly affect the EBIO/
ionomycin-activated current, indicating that the IK chan-
nel is not directly inhibited by PD98059 (n=4, data not
shown). A semiquantitative RT-PCR analysis was per-
formed to verify whether the downregulation of the IKCa
current with PD98059 treatment resulted from modula-
tion of transcription. Following treatment with PD98059,
the level of IKCa mRNA was found to be reduced by
36%, compared to non-treated cells. The data from four

Fig. 4. Cellular effects of PD98059 in human glioblastoma GL-
15 cell line. A) GFAP expression in cultured GL-15 cells grown
for 5 days either in control conditions, or in presence of PD98059
(25 ìM), assessed by immunoblotting analysis (see Methods).
B) Immunofluorescenc staining of GFAP expression carried out
on cultured GL-15 cells grown for 5 days either in control con-
ditions (left), or in presence of PD98059 (25 µM, right). C) Mean
membrane capacitance of GL-15 cells grown for 5 days either in
control conditions, or in presence of 25 µM of PD98059. D)
Plots of [3H]thymidine incorporation on cultured GL-15 cells
grown for 1 days either in control conditions, or in presence of
25 µM of PD98059 (see Methods).

independent RT-PCR experiments are summarized in the
bar histogram of Figure 3B.

We have shown that PD98059 effectively abolishes
the IKCa current in GL-15 cells. Other findings indicate
that PD98059 treatment makes GL-15 cells take on a
more differentiated phenotype. PD98059 increased the
expression of the differentiated astrocytic marker GFAP
(assessed by immunoblot analysis, Figure 4A). At the sin-
gle-cell level, the GFAP was present in a small fraction
of control cells (Figure 4B, left), similar to the pattern for
many high grade gliomas [41]. Following PD98059 treat-
ment most cells displayed positive immonoreactivity to
GFAP (Figure 4B, right), as is the case of normal, differ-
entiated astrocytes. In addition, PD98059-treated cells
displayed longer processes compared to control cells, in
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Fig. 5. Modulation of IKCa currents by time in culture. A)
Dispersion plot of IKCa current density activated by EBIO/
ionomycin, under perforated patch configuration, from ac-
tively proliferating cells (at day 1-2 after plating; n=15), and
from confluent cells (at day 5-6 after plating; n=11). The
mean IKCa current of each data set is shown as a filled sym-
bol. The bathing solution was PSS plus 3 mM TEA, and the
pipette solution had 170 mM K+ as main salt. B) IKCa mRNA
levels in GL-15 cells at day 2 and day 6 after plating. The
mean of five independent semiquantitative RT-PCR
assays±SE is presented. IKCa mRNA levels detected at day
6 were normalized to the levels detected at day 2. C)
Densitometric analysis of immunoblotting data of phos-
phorylated (Thr202/Tyr204) and total ERKs at day 1 and at
day 5 after plating, expressed as percent of the value at day
1. Data were normalized with the anti-β-actin antibody. D)
Analysis of cell cycle evaluated by PI staining and flow
cytometry at day 2 and at day 6 after plating.

accordance with the increase observed in cell capaci-
tance (Figure 4C). In agreement with these findings,
PD98059 inhibits cell division, as assessed from cell counts
(data not shown), and [3H]thymidine incorporation
(Figure 4D). Interestingly the intermediate filament
vimentin, highly expressed in GL-15 cells [24] but absent
in mature astrocytes, was unaffected by PD98059, indi-
cating that the expression of this protein is not under the
ERK pathway regulation (data not shown). This result
indicates that other biochemical pathways participate to
the overall regulation of the transformed phenotype.

IKCa channels seem to be downregulated also by
time of subculturing, decreasing by 57% in four days
(1-2 days: 7.1±0.7 pA/pF, n=15; 5-6 days: 3.1±1.3
pA/pF, n=11; Figure 5A). As shown in Figure 5B,
semiquantitative RT-PCR analysis demonstrated that the
level of IKCa mRNA is nearly halved at day 6 after plat-
ing, compared to control cells (day 2). During this time
period (i.e., from day 1-2 to day 5-6), the morphology of
GL-15 cells underwent changes similar to those observed
following PD98059 treatment. The time of subculturing
also induced a marked increase of GFAP expression (as
already reported by Moretto et al. [42]), while both
vimentin and β -actin levels were not affected (data not
shown). These findings are similar to those reported by
Langlois et al. [43] who analysed the expression of
cytoskeletal proteins in U343 MG-A astrocytoma cells
following the induction of a differentiated phenotype.

We then tested whether the time-dependent down-
regulation of the IKCa could be secondary to an inhibition
of ERK activity resulting from contact inhibitory signals
released from cells that had reached confluence. The
ERK activity in control (day 1) and confluent (day 5)
GL-15 cells was assessed by using specific antibodies
against the double phosphorylated (Thr202/Tyr204) and
total ERKs, respectively. A quantitative analysis of the
immunoblotting data, obtained by anti- β -actin antibody
normalization, is shown in Figure 5C. No change of ERK
activity was observed with time of subculturing indicat-
ing that the IKCa current in GL-15 cells is also regulated
by an ERK-independent pathway.

Another possible interpretation of our data is that
the IKCa channel downregulation is associated with the
exit of the cells from the cycle (i.e., G0 phase), an occur-
rence shown to modulate the expression of cell cycle-
dependent genes. To verify this possibility we performed
cell cycle analysis on GL-15 cells at day 2 and 6 of
subculturing. The results illustrated in Figure 5D show a
significant increase (ca. 1.6 fold) in the percentage of
cells in the G0/G1 phase at day 6 of subculturing, com-
pared to day 2, suggesting a significant increase in the
number of cells that exit the cycle. This view is also sup-
ported by data on GFAP, a marker of cell differentiation
(i.e., of cells in the G0 phase), that has been shown to
increase with time in GL-15 cells [42].
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Discussion

The human glioblastoma GL-15 cell line expresses
the IKCa channel
In this study we report the expression and modula-

tion of the IKCa channel in human glioblastoma cell lines.
The identification of the IKCa channel was based on phar-
macological and biophysical properties assessed both at
the macroscopic and unitary current level. The proper-
ties of the IKCa channel, such as Ca2+- and voltage-de-
pendence, unitary conductance and sensitivity to inhibi-
tors fit with those reported for cloned IKCa channels [2,
3, 9]. The finding of the transcript for the IKCa channel
confirms identification. The IKCa channel was found to
be highly expressed in the glioblastoma cell line studied
here, its current density amounting to 7.2 pA/pF (n=10,
at day 1). IKCa currents with properties similar to those
found in GL-15 cells were also found in the human glioma
cell line U-251 (this study) and in the C6 rat glioma cell
line [22]. Expression of IKCa channels may be a signa-
ture of glioma cell lines since this channel is not (or very
scantily) expressed in normal human brain [2, 3, 9]. Other
ion channels have been reported to display an altered
expression in gioblastoma cells. Reduced expression of
inward rectifier K+ channels [44], increased expression
of amiloride-sensitive Na+ channels [45], voltage-acti-
vated Cl channels [46], and BKCa channels [39] have in
fact been reported in several gliomas, compared to nor-
mal astrocytes. The human glioblastoma GL-15 and U-
251 cell lines exhibit a poorly differentiated astrocytic
phenotype [25, 26]. Interestingly, GL-15 cells have been
shown to be tumorigenic in vivo, and to display the inva-
siveness potential typical of glioblastomas [47]. Moreo-
ver, along with genomic alterations typical of glioblasto-
mas [33], GL-15 cells express high levels of vimentin
[33] and nestin (our unpublished data). This cell line thus
seems to mirror the behaviour of specific sub-populations
of glioblastoma cells that display some properties of as-
trocyte-restricted precursor cells [48].

Modulation of the IKCa channels
Another finding of this study is that the IKCa chan-

nel expression is under dual, ERK-dependent and inde-
pendent modulation. We found that the ERK pathway
inhibitor PD98059 dramatically reduced the IKCa current
(Figure 3A), placing the ERK pathway in a central posi-
tion with regard to IKCa channel expression in the GL-15
cell line. The Ras/Raf/MEK/ERK pathway is involved in
the control of growth signals, cell survival and invasion,
crucial aspects of oncogenic transformation and behav-

iour. Gliomas and glioblastomas are known to accumu-
late genomic alterations leading to abnormal activation of
signal transduction pathways involved in the control of
Ras activity, with the result that the downstream effector
ERK may be constitutively active. Thus, a working hy-
pothesis is that the sustained ERK activity is partly re-
sponsible for the expression of the IKCa channels in GL-
15 cells. Since a sustained ERK activity is found in sev-
eral transformed cells [28], our findings raise the possi-
bility that the expression of IKCa channel may be a rather
common feature among transformed cells. Indeed, IKCa
channels have been found in a variety of transformed
cells, such as melanoma, carcinoma, and leukemia [19,
20, 35].

Several mechanisms might, in principle, underlie the
ERK-dependent IKCa current modulation, such as regu-
lation of IKCa channel expression and/or post-translational
channel regulation. The possibility that the IKCa current
inhibition observed in PD98059-treated cells is due to a
downregulation of the IKCa mRNA levels was investi-
gated by semiquantitative RT-PCR analysis. Our results
showed that a significant reduction of IKCa mRNA oc-
curred following PD98059 treatment. However, the ob-
served reduction of ~35% is, apparently, not large enough
to account for such a strong inhibitory effect of PD98059
on the IKCa current, thus indicating that an additional
mechanism is possibly involved. Further investigation is
required to elucidate these aspects. A recent report sug-
gests that an inhibition of IKCa mRNA translation could
be implicated [49]. These authors demonstrated that a
contribution of the Ras pathway to glioblastoma develop-
ment is to be ascribed mainly to its effects on transla-
tional efficiency (recruitment of specific mRNAs to
ribosomes), rather than transcription of specific genes.
Interestingly, protein mislocation has been recently taken
to explain the paradox of lack of functional expression of
inward rectifier currents, in spite of the presence of its
mRNA in glioma models [44]. This explanation could be
used to interpret our data. The IKCa current has also been
found to decrease with time of subculturing (Figure 5A).
The signalling pathway involved in this time-dependent
downregulation is not known, but the data reported here
seem to exclude that it is secondary to a time-dependent
downregulation of the ERK activity. Similar to the IKCa
channel downregulation resulting from ERK inhibition, the
time-dependent IKCa channel downregulation is associ-
ated with a marked increase of GFAP expression, marker
of mature astrocytes. These results seem to suggest that
the IKCa channel expression is subject to the same (dif-
ferentiation) signals controlling GFAP expression. Moreo-
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ver, a number of studies report that IKCa channels are
downregulated during differentiation in tumor and nor-
mal models (C6 rat glioma cells [23]; the keratinocyte
cell line HaCaT [32]; myogenic cell lines [50, 51];
promielocytes during granulocytic differentiation [21]),
although in few cases an upregulation of the IKCa chan-
nel expression has been observed following differentia-
tion [52, 53].

In this study we report the expression and modula-
tion of the IKCa channel in two human glioblastoma cell
lines. This channel is considered to be important in sev-
eral cellular responses involved in cell transformation, such
as progression through the cell cycle, cell growth, differ-

entiation, and volume regulation. An understanding of
which specific mechanism(s) and function(s) this chan-
nel underpins in glioblastoma cells is therefore of much
interest.
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