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Abstract Mouse embryonic stem cells (mESCs) are ca-
pable of both self-renewal and multilineage differentiation;
thus, they can be expanded in vivo or in vitro and differ-
entiated to produce different cell types. Despite their bio-
logical and medical interest, many physiological properties
of undifferentiated mESCs, such as ion channel function,
are not fully understood. Ion channels are thought to be
involved in cell proliferation and differentiation. The aim
of this study was to characterize functional ion channels in
cultured undifferentiated mESCs and their role in cell
proliferation. L-type voltage-activated Ca®" channels sen-
sitive to nifedipine and small-conductance Ca®"-activated
K* (SK) channels sensitive to apamin were identified.
Ca*"-activated K currents were blocked by millimolar
concentrations of tetraethylammonium. The effects of
Ca”" channel and Ca®*-activated K* channel blockers on
the proliferation of undifferentiated mESCs were investi-
gated by bromodeoxyuridine (BrdU) incorporation. Dihy-
dropyridine derivatives, such as nifedipine, inhibited cell
growth and BrdU incorporation into the cells, whereas
apamin, which selectively blocks SK channels, had no ef-
fect on cell growth. These results demonstrate that
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functional voltage-operated Ca*" channels and Ca”"-acti-
vated K* channels are present in undifferentiated mESCs.
Moreover, voltage-gated L-type Ca>" channels, but not SK
channels, might be necessary for proliferation of undif-
ferentiated mESC:s.
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Abbreviations

TEA Tetraethylammonium
rIBTX Recombinant iberiotoxin
TTX Tetrodotoxin

BrdU  Bromodeoxyuridine
Introduction

Embryonic stem cells are clonogenic cells capable of both
self-renewal and multilineage differentiation. These cells
can be expanded in vivo or in vitro and differentiated to
produce desired cell types (Soria et al. 2000; Ledn-Quinto
et al. 2004; Vaca et al. 2006, 2008). Mouse embryonic stem
cells (mESCs) are continuous cell lines derived directly
from the fetal founder tissue of the preimplantation embryo.
They can be expanded in culture while retaining the func-
tional attributes of pluripotent embryonic cells. The undif-
ferentiated state of embryonic stem cells is characterized by
specific cell markers, and these markers have allowed in-
vestigation of how embryonic stem cells, under the right
culture conditions, can replicate hundreds of times without
differentiating (Smith 2001; Burdon et al. 2002).

It has long been known that the presence of various ion
channels at the plasma membrane provides different per-
meabilities to distinct ions, such as Na*, K+, Ca**, and CI™.
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Due to the unequal distribution of these ions, a voltage
difference exists between the cytoplasm and the extracellu-
lar environment, which is known as the membrane potential
(Vi) (Goldman 1943; Hodgkin and Nastuk 1949). V, also
plays important functional roles; in fact, Cone’s theory
proposing the general correlation between proliferation and
Vin (Cone 1971) was supported by several previous studies
which demonstrated significant V,, depolarization during
malignant transformation of normal cells (Tokuoka and
Morioka 1957; Johnstone 1959). V,, is itself determined by
the combined activities of ion channels at the cell mem-
brane. Ion channels are important for cell cycle progression
and proliferation of lymphocytes (DeCoursey et al. 1984:
Matteson and Deutsch 1984), melanoma cells (Nilius and
Wohlrab 1992), breast carcinoma cells (Strobl et al. 1995),
fibroblasts (Rane 1999), and Schwann cells (Pappas and
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Fig. 1 V,, concentration dependence and time-course of V;,, changes
in a mESC. a Changes in the V,, time-course after application of
125 mM [K*].. The stationary value of V,, was reached and
maintained during the application of an elevated [K*].. b Dependence
of the resting membrane potential (V,,) on external potassium
concentration. Increasing extracellular [K*] ((K'1.) depolarized the
membrane. Curve was drawn to fit points and was calculated using the
Goldman-Hodgkin—Katz equation (Eq. 3)
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Ritchie 1998). More recently, single mechanosensitive and
Ca”"-sensitive currents were recorded in mouse and human
ECS (Soria et al. 2013). Evidence for the role of Ca** in
proliferation has been very well documented. Indeed, Ca®"
is known to have an important role in proliferation as a
biological signal (Berridge et al. 2000; Santella et al. 2005).
Nevertheless, the Ca’" signaling systems in mESCs, in-
cluding Ca”" stores, Ca®" entry systems, and Ca>" extrusion
systems, are poorly understood. Ca*" entry through the
plasma membrane occurs through store-operated Ca®"
channels (SOCs) (Yanagida et al. 2004), but less is known
about Ca’" entry through voltage-operated Ca*" channels
(VOCCs) in mESCs, although VOCCs are key players for
regulated Ca®" influx in cells. In fact, to our knowledge,
there exists only one study that describes a functional volt-
age-gated Ca’" channel (T-type) in mESCs (Rodriguez-
Gomez et al. 2012).

Membrane ion channels are expressed in various types of
cell. Nevertheless, little is known about the expression of ion
channels in undifferentiated mESCs (Rodriguez-Gomez
et al. 2012; Wang et al. 2005; Ng et al. 2010; Lau et al.
2011). In the present study, the electrical properties of Ca®"
channels and Ca®*-dependent K* channels in mESCs are
characterized. L-type Ca®" channels sensitive to nifedipine
and SK channels sensitive to apamin were found. In the
study, we analyzed the effects of specific calcium and
potassium channel blockers to test whether these channels
were involved in mESCs survival and proliferation.

Methods
Cell Culture

The mESC line D3 was purchased from American Type
Culture Collection (ATCC, USA). Cells were cultured on
gelatine-coated flasks with high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco/BRL, Grand Island,
NY, http://www.invitrogen.com) supplemented with 15 %
fetal bovine serum FBS (Gibco), 1 % non-essential amino
acids (Gibco/BRL), 0.1 mM 2-beta-mercaptoethanol
(Gibco/BRL), 1 mM sodium pyruvate, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin, and maintained at 37 °C in an
atmosphere of 95 % air, 5 % CO,. The undifferentiated
state was maintained by 1,000 U/ml recombinant LIF
(Gibco). For all experiments, mESCs between passages 10
and 20 were used.

Electrophysiology
Patch clamp experiments were carried out in the whole-cell

configuration (Hamill et al. 1981). Whole-cell membrane
currents were recorded using a patch clamp amplifier
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Axopatch 200A (Axon Instruments Inc. Foster City, CA,
USA). Micropipettes were pulled from Harvard apparatus
borosilicate glass capillaries (Kent, UK) using a two stage
puller (Mecanex BB-CH, Geneva, Switzerland), with re-
sistances of 8-12 MQ when filled with internal pipette
solution. Drugs were applied using a superfusion system by
switching from drug-free control solution to drug-con-
taining solution.

Data were stored on a hard disk, digitized at 10 kHz by a
Digidata 1200A, low pass filtered at 3 kHz by an 8-pole
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Fig. 2 Ba®" current activation kinetics. a Inward Ba®" currents
through VOCCs obtained by clamping the membrane potential to the
levels indicated from a holding potential of —70 mV. b The traces
have been superimposed with model curves fitting by a single-
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Fig. 3 Whole-cell Ba*>" currents flowing through VOCCS in mESCs.
From a holding potential of —70 mV inward Ba®" currents were
elicited with 70-ms steps to membrane potentials between —70 and
+40 mV in steps of 10 mV. Pipette and bath solutions were as
described in the methods section. a Application of 2 mM CoCl,
reduced the maximal inward Ba®* current obtained at +-10 mV about
75 % (n = 8). b Peak current—voltage relationship for data shown in

Bessel filter (Frequency Devices, Haverhill, MA) and
analyzed off-line on a computer (Intel Pentium 4, Ahtec,
Barcelona, Spain). Experiments were performed at room
temperature (20-24 °C). The input resistance and mem-
brane capacity were always checked at the beginning and
the end of experiments. We omitted the data for which the
clamp was inadequate and membrane resistance or capacity
changed during experiments. Pclampl0 software (Axon
Instruments) was used to obtain and export dwell-time
histograms.
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exponential function (Eq. 1). In all cases, T—V curves presented a
maximum near the maximal current potential. The potential values
where t was maximum were 7.21 + 0.99 ms at —10 mV in 5 mM
Ba2*
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(a). ¢ Control currents and currents recorded after application of 5 tM
nifedipine at +10 mV. d Peak current-voltage relationship for data
shown in (c). Currents shown before and after addition of nifedipine
5 uM. Inward current elicited in Ba*™ 5 mM (filled circle) was
rapidly and completely abolished by the inclusion of nifedipine 5 M
(open circle). Nifedipine-sensitive Ca>* current was recorded in
about 25 % of the mESCs tested
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Statistical Analysis

Origin 9.1 software was used to fit mean dwell times and
errors of the fitting process. Data were expressed as
mean = SEM, where “n” refers to number of cells. Stu-
denfs paired ¢ test or unpaired ¢ test was used to assess
statistical significance. Values of p < 0.05 were considered
significantly different. Inward Ba®" currents through
VOCCs have been superimposed with model curves of the
form:

I =1y — Lyge™ (1)
where Iy = 0, I, is the maximum current, and 7 is the
time constant of activation. Slowly activating outward

currents (Fig. 3a) represent best fits to a Hodgkin—Huxley-
type n* model given by the equation:
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Fig. 4 Whole-cell membrane currents of a single mESC. a Current
responses during voltage-clamp pulses going from a holding potential
of —70 mV to test potentials V (in mV) indicated to the right of the
traces. The onset of the pulses is marked by the arrow below the
bottom trace. Frequency of stimulation: 0.5 Hz. Standard bath
solution and standard pipette solution (see “Methods” section) were
used. The kinetic of activation fits well to a n* model (Eq. 2),
indicating a unique outward K* current component. b Current—
voltage relationship of the peak outward currents (filled circle)
compared with the peak inward Ba>* currents (open circle)
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Tiotal = IKmax(l - e—t/r)47 (2)

where I, is the total current, Ixm.x 1S the maximum
current available at a given potential, and 7 is the time
constant of activation.

Determination of Permeability Ratios

The permeability ratio for a given pair of monovalent ca-
tions was calculated using the Goldman-Hodgkin—Katz
equation (Goldman 1943; Hodgkin and Nastuk 1949).
Resting membrane potential (V,,,) values were determined
using the current clamp mode at the potential at which the
net flow of current is zero. Thus,

R Bt (R)I

Folm+ () ) ¥

where R is the ideal gas constant, 7 the temperature, and
F the Faraday constant. In addition, P, represents the
permeability of the cation Y, P, the permeability of the
reference cation X, [X]. the extracellular concentration of
the cation X, and [Y]; the intracellular concentration of the
cation Y.

Solutions

To record membrane currents and potentials in patch clamp
experiments, we used the standard bath solution containing
(in mM) NaCl 140.3, KCl 5.4, MgCl, 1, CaCl, 2.5, and
HEPES 10, (pH 7.2 with NaOH). To block Na™ channels,
tetrodotoxin (TTX, Sigma-Aldrich) was applied. The
standard pipette solution contained (in mM) KCI 140,
MgCl, 1, ATP 2, EGTA 1, and HEPES 10, (pH 7.2 with
KOH). Ca®" channel currents were recorded in an external
solution containing (in mM) NaCl 120, MgCl, 1, BaCl, 5,
KCl 5, tetracthylammonium (TEA) 10, glucose 5, and
Hepes 10. To this solution, tetrodotoxin (TTX, 100 nM)
was added. The pH was adjusted to 7.3 with NaOH. The
pipette solution in these experiments was (in mM) CsCl
140, ATP 2, Hepes 10, and EGTA 1; pH adjusted to 7.3
with NaOH. We chose the above ionic conditions to isolate
Ca”*" currents from other currents. Outward K™ currents
were eliminated by internal Cs* and external TEA.
Apamin and recombinant human iberiotoxin (rIBTX) were
purchased from Alomone Labs (ICS Clinical Service
GmbH, Germany); nifedipine and TEA were purchased
from Sigma Chemical Co. (Madrid, Spain).

Cell Proliferation Analysis and BrdU Incorporation

mESC cultures were dissociated with trypsin to single-cell
suspension and replated in slivers on poly-L-lysine-coated
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coverslips. Cells were counted at 24-h intervals thereafter.
Potassium and calcium channel blockers were added to the
dishes immediately after the first count. Blockers were
added to the culture media from stock solutions in water
(TEA and apamin) or ethanol/dimethyl sulphoxide
(DMSO) (nifedipine) and replaced with the normal media
changes. The ethanol/DMSO carrier had no effect on
growth rates at the concentrations used. For nifedipine
experiments, media containing nifedipine was maintained
in darkness to ensure its effectiveness. Six dishes under
each condition, always including a control group, were
grown and counted in parallel from each isolation. For
bromodeoxyuridine (BrdU) staining, the cells were incu-
bated at 37 °C with 10 uM BrdU (Sigma-Aldrich) for 16 h.
Cells were then fixed with 4 % paraformaldehyde for
5 min and washed with PBS, and DNA was denatured
using 4 M HCl for 30 min at room temperature. The rest of
the protocol was a standard immunocytochemistry proto-
col. Mouse anti-BrdU antibody 1:1,000 (Sigma-Aldrich)
was used as the primary antibody, and anti-mouse FITC
1:300 (Sigma-Aldrich) as the secondary antibody.
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Fig. 5 Depolarizing voltage steps activate an outward current which
requires influx of external Ca”". a Upper panel, 70-ms depolarizing
voltage steps were applied from a holding potential of —70 mV with
70-ms steps to membrane potentials between —70 and +40 mV in
steps of 10 mV. The evoked outward currents are shown in normal
external solution (2.5 mM Ca®"). Middle panel, application of
2.5mM CoCl, in the presence of 2.5 mM Ca’". Lower panel,
reversal of Co>" blockade after washout. b The tracing was obtained

Immunocytochemistry

mESC line D3 were grown on Lab-Tek chamber Slide
(NUNC), during 48 h with high-glucose DMEM supple-
mented with 15 % FBS, 1 % non-essential amino acids,
0.1 mM 2-beta-mercaptoethanol, 1 mM sodium pyruvate,
1,000 U/ml recombinant LIF, 100 U/ml penicillin, and
0.1 mg/ml streptomycin and in the presence of 5 pM
nifedipine plus 25 mM TEA. Then, cells were fixed with
methanol (—20 °C) for 5 min, and blocked with blocking
solution for 30 min (2 % BSA, 2 % Donkey serum, 2 %
Goat serum in PBS). Primary antibodies and dilutions were
as follows: oct3/4 mouse monoclonal (1:100; BD Trans-
duction) and nanog rabbit polyclonal (1:100; Bethyl). Pri-
mary antibody localization was done using goat anti-mouse
Alexa Fluor 488 (1:300; Invitrogen) and goat anti-rabbit
Alexa Fluor 568 (1:300; Invitrogen). Proper controls for
secondary antibodies revealed no non-specific staining.
Cells were counter-stained with 300 nM DAPI (Sigma) for
5 min before visualization. Cover slips were mounted us-
ing DAKO fluorescent mounting medium and visualized
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by subtracting the tracing at (a), upper panel from that at a middle
panel to show the Ca>-sensitive component. ¢ I-V plots of the peak
outward currents generated from the traces shown in (a). The
proportion of Ca“—dependent K* currents (gray down pointing
triangle) was estimated by subtracting from control currents (filled
circle) the residual currents after addition of 2.5 mM CoCl, to the
external solution (open circle). Data are expressed as mean + SEM
(n=24)
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using a Leica DM6000 microscope and a digital charge-
coupled device camera (DFC350; Leica). Pictures were
processed with Las AF (Leica).

Results

Resting Membrane Potential in mESCs and Relative
Permeabilities

Using the current clamp mode, the current was fitted to
zero and the resting V,, measured immediately after en-
tering the whole-cell configuration. Under these conditions,
the measured resting V,, was —20.7 £ 1.7 mV (n = 10).
Initially, the concentration dependence of V,, was exam-
ined as the concentration of KCl in the bath was increased
to 125 mM (Fig. 1a). In this situation, we observed a
typical change in the resting V,, time-course during the
application of high concentrations of KCl (Adrian 1956).
V,, was also measured as a function of [K™]. (Fig. 1b) and
the relative permeability of Na™ with respect to K™ was
determined by fitting the experimental values to the
Goldman-Hodgkin—Katz equation (Eq. 3), yielding a value
of PY/PE = 0.52 £ 0.02 (n = 6). This result suggested

that Na® permeability played a part in the mESC resting
V., value.

Voltage-Operated Ca>" Channels in mESCs

As the expression level of VOCCs at the plasma membrane
is a key regulator of Ca>™ homeostasis in excitable cells
and of calcium-dependent transcription, we next charac-
terized the biophysical properties of Ca*" currents. Clamp
command pulses of 70 ms were applied in 10-mV incre-
ments to cells clamped at a holding potential of —70 mV.
Ca”" channel currents were recorded with Ba’" as the
charge carrier (see methods). TTX, a powerful and specific
voltage-gated Na™ channel blocker, was added to the ex-
ternal solution to reduce Na™ current. K currents were
abolished by using Cs™ as the principal cation in the pipette
solution and by using external TEA, a non-selective K*
channel blocker (Soria et al. 1985). As shown in Fig. 2a (an
experiment conducted in 5 mM Ba®"), voltage-dependent
inward Ba®" currents through the Ca®" channels were seen
with depolarizing potential steps from a holding potential
of —70 mV. These Ba>" currents did not inactivate during
the 70-ms pulse duration. From a holding potential of
—70 mV, these depolarizing potential steps activated Ca*"

Fig. 6 Effects of extracellular
application of TEA. a Whole-
cell K" currents were elicited
from a holding potential of
—70 mV with 70-ms steps to
membrane potentials between
—70 and 440 mV in steps of
10 mV. Right panel, addition of
0.5 mM TEA. b Whole-cell K™
currents after 2-min washout.
Right panel addition of 25 mM
TEA to the external solution.

¢ I-V relationship was
constructed by plotting the
currents measured at the end of
50-ms test pulses against test
potential. Control currents
(filled circle), currents after
addition of 0.5 mM TEA (open
circle), and currents obtained
after application of 25 mM TEA
to the external solution (filled up
pointing triangle). Data are
expressed as mean + SEM
(n=16)
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channel currents at —20 mV. Current flow increased to a
maximum inward current of —108.6 £ 15.6 pA (n = 16)
at +10 mV. There was no indication of Ba*" current ac-
tivation at negative potentials greater than —50 mV. Ac-
tivation time constants (t) were determined by fitting a
single exponential (Eq. 1) to the Ba®"-current time-course.
Average values of T — V curves are presented in Fig. 2b
(n = 8). t was maximal 7.21 £ 0.99 ms (n = 8) at a po-
tential value of —10 mV. These results were consistent
with the shifts observed between the corresponding I-V
curves, where the currents reached the maximal inward
current at +10 mV (Fig. 3b, d).

As shown in Fig. 3a, the maximal inward Ba®" currents
reached at +10 mV were blocked to about 75 % by the
addition of 2 mM CoCl,. Therefore, these currents were
due to Ca®" channel activation as they were abolished by
2 mM CoCl,. The corresponding current—voltage (I-V)
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= 160 {/
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Fig. 7 Effects of the specific channel blockers apamin and rIBTX.
a Upper panel, whole-cell K currents were obtained by clamping the
membrane potential to potentials between —70 and +40 mV in steps
of 10 mV and 70-ms duration. Middle panel addition of 100 nM
apamin. Lower panel, recovery after 2-min washout. b Blocking
effect of 100 nM apamin in 6 of 9 mESCs tested is summarized in the
I-V relationship, where currents measured at the end of 50-ms test
pulses are plotted against test potential. Control currents (filled circle)
and currents in the presence of 100 nM apamin (open circle). ¢ Upper

relationship obtained from steady amplitudes of Ba®™
currents is shown in Fig. 3b (n = 8).

Figure 3c demonstrates the existence, in mESCs, of
nifedipine-sensitive Ca®* channel currents (L-type) that
could be completely blocked by 5 puM nifedipine. The
amplitude of the nifedipine-sensitive Ca>" channel current
was interpreted as the L-type Ca®" channel current am-
plitude. The current—voltage (I-V) relationship and the
current after the addition of 5 pM nifedipine are shown in
Fig. 3d.

Calcium-Activated Potassium Channels in mESCs
Under whole-cell voltage-clamp conditions, a series of
membrane currents were recorded from single mESCs

(Fig. 4a). The membrane potential was held at —70 mV
and depolarizing voltage steps were applied at the time
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panel, whole-cell KT currents were elicited from holding potentials of
—70 mV, using corresponding protocols shown in (a). Middle panel,
addition of 50 nM rIBTX. Lower panel, recovery after 2-min
washout. d Corresponding I-V relationships were constructed by
plotting the currents measured at the end of 50-ms test pulses against
test potential. Control currents (filled circle) and currents in the
presence of 50 nM rIBTX (open circle). Data are expressed as
mean + SEM (n = 6)
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Fig. 8 Effect of a variety of channel blockers on cell proliferation.
a BrdU incorporation in control culture with no additions, culture
grown in continuous presence of 100 nM apamin, 500 nM apamin,
and 5 pM nifedipine. Apamin did not appear to affect mESC growth.
Note that proliferation of mESCs in the presence of 5 uM nifedipine
is diminished. Culture cells were taken on day 2 after isolation. Bars
show 50 pm. b Percentage of BrdU incorporation after 16-h
incubation with 10 pM BrdU. ¢ Graphs showing doubling population
rates. Data are expressed as mean £ SEM (n = 6). The number of
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identifiable mES cells in cultures exposed to our standard conditions
increased on average by ~eightfold in 4 days (filled circle). Testing
the effect of nifedipine 5 UM (open circle), we observed that this
agent prevented the normal increase in mESCs (¥*P < 0,005). Apamin
had no effect on mESCs growth. Cells were cultured in O nM (filled
circle), 100 nM (open circle), or 500 nM (open up pointing triangle)
apamin. For all panels, data shown are means from 6 culture dishes
under each condition. Error bars show SE
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Fig. 9 Effect of a variety of ion
channel blockers on cell
undifferentiated state. a—c¢ Cells
cultured 48 h in the absence of
ion channel blockers. d, e, Cells
cultured 48 h in the presence of
ion channel blockers (5 pM
nifedipine plus 25 mM TEA).
Nuclei (DAPI) staining is shown
in purple. Double
immunofluorescence staining
for Oct3/4 (green; panels a,

d) and nanog (red; panels b, e).
Merge (panels ¢, f). Scale bars,
20 pm (Color figure online)

marked by the arrow. Current responses below —20 mV
were small (data not shown). Slowly activating outward
currents appeared at 0 mV and with more positive poten-
tials. Sigmoidal n* activation (Eq. 2) suggested a single
voltage-activated K*-current with an activation time con-
stant of 2.17 & 0.06 ms (n = 6) at +40 mV. In Fig. 4b,
the amplitudes of the outward currents were plotted versus
the potential. While the inward current (O) had a V-shaped
current—voltage relationship reaching a peak at 410 mV,
the outward current (@) increased almost linearly at po-
tentials beyond —10 mV. We show below that the outward
currents were carried primarily through Ca”*"-dependent
K" channels. Under these conditions, the effects of K-
channel and Ca”"-channel blockers were analyzed (Figs. 5,
6, and 7).

Large sustained outward currents were observed in all
registered mESCs. In addition, no appreciable inactivation
occurred during 70-ms test pulses. Whole-cell K* currents
were evoked with successive depolarizing pulses of 70 ms
in duration, stepping from —70 mV to depolarized levels
up to +40 mV. The addition of 2.5 mM CoCl, abolished,
in a reversible manner, the sustained outward current by
96 % (Fig. 5a). Ca>*-dependent K" currents were found in
all mESCs tested. These currents were quantitatively esti-
mated by subtracting the currents obtained in the presence
of the Ca®" channel blocker from the control K currents
(Fig. 5b, n = 6). The current—voltage relationship corre-
sponding to Fig. 5a, b is shown in Fig. 5¢c. While 0.5 mM
TEA did not produce a significant blockade on these cur-
rents (Fig. 6a, right), the maximal steady current at
+40 mV was reduced by about 92 % with 25 mM TEA
(Fig. 6b, right). The I-V curves, where the blocking effect
of TEA could be observed, were constructed by plotting the
currents against test potentials (Fig. 6¢c, n = 6). Current
subtraction revealed that sustained currents sensitive to

TEA and CoCl, were similar (8 and 4 %, respectively),
with similar proportions of sustained currents reduced by
each blocker. This indicated the existence of Ca”*"-depen-
dent K* channels in the 24 mESCs. Further pharmaco-
logical characterization of Ca®"-dependent K* channels
was done by testing the effects of two Ca®"-dependent K™
channel blockers (apamin and rIBTX). Whole-cell Ca’t-
dependent K* current of mESCs was assessed using the
protocol illustrated in Fig. 7a. As shown by representative
recording traces (Fig. 7a) and I-V curves (Fig. 7b), and
confirmed by statistical analysis, Ca®"-dependent K™ cur-
rent was found to be markedly reduced from
1644 £ 294 pA (n=9) to 52.6 =74 (n=6) in the
presence of 100 nM apamin (p < 0.05). The apamin-sen-
sitive current constituted 68 % of the maximal sustained
K™ current. On the contrary, no detectable blockade was
found in 8 out of 8 mESCs tested after application of 50
nM rIBTX, as shown in Fig. 7c, d.

The Sensitivity of mES Cell Proliferation to Channel
Blockers

These experiments were designed to determine whether the
calcium or potassium channels described above have a role
in the growth of mESCs. We used drugs that block calcium
and potassium channels in mESC cultures to ascertain
whether cell growth was affected. In the absence of ion
channel blockers, mESCs divide and proliferate con-
tinuously (Fig. 8a, control). The number of identifiable
mESCs in cultures exposed to our standard conditions in-
creased on average by ~7.5-foldin4 days (Fig. 8c, control).

To differentiate the type of K* channels involved in
mESC proliferation, we examined whether a K™ channel
inhibitor could influence BrdU incorporation. We found
that 100 and 500 nM apamin had no significant effect on
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mESC BrdU incorporation (Fig. 8a, b) and population
numbers (Fig. 8c), when compared with parallel controls
from the same isolations. On the contrary, blocking L-type
voltage-dependent Ca®" channels with 5 pM nifedipine
resulted in a significant (p < 0.05) decrease of mESC BrdU
incorporation (Fig. 8a, b) and population numbers (Fig. 8c).

The culture cells appeared to be healthy after treating
with channel inhibitors since they retained their normal
morphology, and more than 95 % of cells were viable as
indicated by 0.2 % trypan blue exclusion test.

The Maintenance of the Undifferentiated State
in the Presence of Channel Blockers

These experiments were designed to determine whether the
calcium or potassium channels described above have a role
in maintaining mESCs in an undifferentiated state. We
again used drugs that block calcium and potassium chan-
nels in mESC cultures to ascertain whether cell differen-
tiation state was affected. As observed in Fig. 9, in the
presence of ion channel blockers (5 pM nifedipine and
25 mM TEA), mESCs maintain their undifferentiated state.
Figure 9a shows that 89 4+ 6 % of the cells cultured in the
absence of ion channel blockers co-expressed oct3/4 and
nanog (n = 3). In the presence of ion channel blockers,
84 £ 4 % of the cells cultured co-expressed oct3/4 and
nanog (n = 3) (Fig. 9b).

Discussion

This report aimed to characterize mESC membrane prop-
erties. We demonstrate that the resting V,,, of undifferenti-
ated mESCs was high compared with terminally non-
excitable differentiated cells (e.g., fibroblasts and epitheli-
um) that possess a hyperpolarized V,,, (Cone 1971). Previous
reports showed that the resting V;,, in undifferentiated my-
oblasts (Cooper 2001), human mesenchymal stem cells
(Kawano et al. 2003), and non-differentiated embryonic
carcinoma cells are higher than those found in terminally
differentiated somatic cells such as muscle cells and neu-
rons, which are characterized by their hyperpolarized V.
This suggests that the V,, is functionally instructive in cell
proliferation and development. Membrane potential of
coupled mESCs through gap junctions control proliferation
and differentiation (Todorova et al. 2008). It has been shown
that cancer cells tend to be more depolarized than their
normal counterparts and that this depolarized V,, favors
proliferation (Yang and Brackenbury 2013). Stem cells and
cancer cells share similar properties (Wicha et al. 2006);
thus, it has been assumed that mESCs have a high V,, fa-
voring proliferation. In addition, the intracellular Na* level
is markedly higher in tumors compared to non-cancerous
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tissues, whereas there is little difference in the K1 level
(Smith et al. 1978; Cameron et al. 1980; Sparks et al. 1983).
Thus, an elevated intracellular Na™ concentration could be a
determinant of a depolarized phenotype in rapidly cycling
cancer cells (Yang and Brackenbury 2013). The results we
obtained for the relative permeabilities calculated using the
Goldman—Hodgkin—Katz equation and resting membrane
potentials measured at different [K™]. suggest an important
role for Na™ in regulating resting V,,, in mESCs.

Previous studies on ionic currents in stem cells have
shown specific ion channels in stem cells; however, their
electrophysiological properties have not been thoroughly
investigated. Hyperpolarization-activated inward currents,
outwardly rectifying K" currents, and GABA-activated
chloride currents have been reported in mESCs (Wang
et al. 2005; Lau et al. 2011; Andang et al. 2008). Moreover,
voltage-dependent K™ currents can be also recorded from
human embryonic stem cells (Wang et al. 2005) and hu-
man-induced pluripotent stem cells (Jiang et al. 2010).
Voltage-gated Na' channels and low-voltage activated
(LVA) or T-type Ca>* channels have also been reported in
mESCs (Rodriguez-Gomez et al. 2012). Our study shows
that in addition to these channels, SK channels and L-type
Ca*" channels are expressed in undifferentiated mESCs. It
has been reported previously that mRNA of various Ca®"
channel classes (L, N, R, and T) are expressed in mESCs
(Schwirtlich et al. 2010). However, it is not clear whether
these mRNAs are translated to functional channels. T-type
Ca”’*- channels are functional in mESCs (Rodriguez-
Gomez et al. 2012) but to our knowledge, nothing is known
about L-type Ca®" channels and SK channels in mESCs.

Our experiments demonstrate, in mESCs, the presence
of a rapidly activating voltage-dependent Ca>" current and
a small-conductance Ca?*-dependent K™ current. Our re-
sults show that mESCs contain one type of Ca*"-channel
that resembles L-type Ca®"-channels because: (i) it has a
high activation threshold; (ii) non-inactivation is present
when Ba®" carries inward currents, and (iii) the dihy-
dropyridine Ca”**-channel blocker, nifedipine, completely
and immediately blocks the current. This L-type Ca®*-
channel was detected in about 25 % of mESCs. This cur-
rent is strikingly similar to that described previously in
mesenchymal stem cells (Kawano et al. 2002; Heubach
et al. 2004; Nguemo et al. 2013). Our study also demon-
strates that SK channels are expressed in all mESCs. These
channels were blocked by the specific SK channel blocker
apamin. The presence of SK channels in pluripotent stem
cells is consistent with the fact that SK channels appear to
be present in earlier stages of development (Illing et al.
2013; Linta et al. 2013).

It is well known that ion channels are important in the
regulation of cell cycle progression and proliferation in a
variety of cell types. For example, there is increasing
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evidence showing that ion channels functionally participate
in cancer progression (Kunzelmann 2005; Fiske et al. 2006;
Stuhmer et al. 2006; Prevarskaya et al. 2010; Becchetti
2011; Brackenbury 2012). Ion channels and cell metabo-
lism control intracellular Ca**-handling which in turn
controls many cellular functions (Nadal et al. 1994).
Numerous studies have shown that pharmacological block
of specific ion channels reduces proliferation of cancer
cells (Fraser et al. 2000; Ouadid-Ahidouch et al. 2000;
Abdul and Hoosein 2002; Chang et al. 2003; Pardo et al.
2005; Menendez et al. 2010; Ortiz et al. 2011; Rodriguez-
Rasgado et al. 2012; Ouadid-Ahidouch and Ahidouch
2008). Stem cells and cancer cells share properties such as
the ability to self-renew. Although considerable data exist
about ion channel-dependent regulation of proliferation in
cancer cells, little is known about embryonic stem cells. In
our study, the effects of specific ion channel blockers were
confirmed by BrdU incorporation and doubling population
rates. We found that nifedipine, but not apamin, inhibited
proliferation. Thus, although apamin blocks SK channels, it
did not inhibit mESC proliferation. The results presented
here indicate that L-type Ca’" channels, but not SK
channels, are involved in mESC proliferation. In fact, the
mechanisms underlying Ca*" entry through open calcium-
permeable channels in the plasma membrane are known to
be involved in cell proliferation control.
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