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In quicscent Balb-c mouse 373 fibroblasts, the application of whole or dialyzed 10% foctal calf serum elicits a biphasic electrical
responsc, consisting of a transicnt outward current, flowing through Ca?*-activated K* channels, followed by an inward onc,
lasting up to 15 min. On the basis of experiments with ion substitutions and blockers, the inward current can be attributed to the
opening of cationic channels pernicable to Na* and Ca** ions. This current could mediate the calcium influx involved in the
sustained clevation of [Ca**] that has been observed in many preparations in response to mitogen stimulation and that is

involved in triggering cell proliferation.

Intreduction

Mitogens and growth factors can increase the cy-
tosolic free calcium concentration ([Ca’*]) by two
different mechanisms: IP;-induced calcium release from
intracellular stores and calcium influx from the extra-
celluiar medium [1,2]. Elevation of [Ca®*]; by the latter
mechanism can last longer than the transient rise due
to the phosphoinositide pathway and in many prepara-
tions it has been shown to be a crucial sicp ior cells to
progress into the replicative cycle [2,3].

Calcium influx through agorist-activated channels
has attracted the interest of many researchers in the
last few years, particularly in blood cells and cells of
neuronal origin [2,4]. Recently, direct electrophysiolog-
ical daia on mitogen-activated calcium-conducting
channels have been made available [5-10] (see Discus-
sion). These data havc been obtained from single-chan-
nel recordings; usually the effects were of short dura-
tion (1-2 min) and thus cannot be easily compared
with the long lasting increases in [Ca*), they are
supposed to induce and that can be recorded with
fluorometric techniques [2,3,10])). Whole cell data on
cationic channels activated by bradykinin (BK) have
been obtained from human fibroblasts [11] and PC12
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cells [12]; however, in fib-oblasts the channeis arc
poorly permeable to calciura, while in PC12 celis BK
acted as a neuroiransmitter rather than as a mitogen:
moreover, in the latter preparation the inward current,
mainly carried by calcium ions, was of rather small
amplitude and could be clearly detected only in non-
physiological conditions, e.g., by blocking the K* cur-
rents.

In the present work, using the whole cell patch
clamp technique, we report that ir Balb-c mouse 3T3
fibroblasts foetal calf serum (FCS) elicits, in addition
to an outward current flowing through Ca?*-activated
K* channels, an inward current that is due to the
opening of calcium-permeable chaniels and can last
for rather long times (up to 15 min). This current may
be involved in the sustained [Ca®*]; increase that has
been observed in various fibroblasts in response to
mitogen stimulation [2,3,10]. Part of the present results
have been preliminarily reported in abstract form [13].

Materials and Metheds

Cell culture and incubation protocol

Balb-¢ mouse 3T3 cells were mantained at 37°C in
Dulbecco’s modified Eagle medium (DMEM)-supple-
mented with 10% heat-inactivated FCS {Sigma, USA),
190 units/ml penicillin and 100 pg/ml streptomycin in
a humidified atmosphere of 57 £O,-aii. Exponcntially
growing cultures were shifted to DMEM containing
i% FCS for 48~72 h before the electrophysiological
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Fig. 1. Electrical reponse of Balb-c 3T3 fibroblasts to 10% FCS stimuiation. (A) Response recorded in current clamp conditions. In this

experimeat, the depolarizing component apparently starts before the onsct of the transient hyperpolarization. Large deflections are voltage

ramps from =100 o +50 mV applied in order to monitor the 7~V relationship. (B) Current response recorded in voltage clamp conditicns
(V, = =50 mV).

experiments [14). Under such conditions more than
95% of the cells were in G,/G, state, as evaluated by
DNA flow cytometry.

Electrophysiology

Cells used in the experiments were flat and firmly
attached to the substrate (35-mm dishes, Nunc, Den-
mark). Unless otherwise indicated, cells were super-
fused at 3 mi/min with a standard Tyrode solution of
the following composition (in mM): 154 NaCl, 4 KCl, 2
CaCl,, 1 MgCl,, 5 NaHepes, 5.5 glucose, NaOH to pH
7.4. Celis were then stimulated by switching io the
same solution with 10% FCS added; since the dish
contained about 1 ml of solution, the change was
complete in ie;s than 1 min. Pipette solutions con-
tained (in mM) sither 133 KCi, 3 MgCl,, 0.1 EGTA, 5
Hepes, 0.4 NaG TP, 5 Na,ATP, 5 Na,PC, KOH to nH
7.3, or (in experiments with low internal C1-) 60 K ;-
citrate, 10 KCl, 10 NaCl, 1 MgCl,, 10 Hepes, 0.1
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EGTA, 5 MgATP, KOH to pH 7.3. Charybdotoxin was
from Latoxan (France). Unless otherwise specified the
experiments were performed at 32-34°C.

Whole cell patch clamp recordings were performed
using electrodes of 3-8 M{2 impedance connected to a
RK 300 patch clamp amplifier (Bio-Logic, France).
Data were digitized and stored on a VCR video
recorder. Off-line analysis and generation of the volt-
age ramps used to record the /-V relationships (speed:
04 V/s) were performed with pCLAMP software
(AXON Instruments, USA). Capacitance measure-
ments were performed by analog compensation.

Values arc given as means + S.D.

Results

Voliage and current responses to FCS
The membrane potential (V,,) of 3T3 cells bathed in
standard Tyrode solution, after 43-72 {1 of serum star-
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Fig. 2. Cumnl-vs!tasc‘ relationships for the outward and inward currents. (A) Large deflections are cuyrent responses to voltage ramps from
- 100 to +50 mV applied to a cell voltage clamped at ¥, = — 56 mV. (B) -V cusves for the control current (C) and the cwirents at the outward
(O) and inward (1) peaks, from the same experiment of (A).



vation, was —30 1 14 mV (77 cells). In current clamp
mode (8 cells) the response to 10% FCS application
was usually biphasic, consisting of a hyperpolarization
(up to —86 mV) followed by a depolarization (up to
—10 mV) that could last several minutes. In some
cells, the onset of the depolarizing component shortly
preceded the hyperpolarization (Fig. 1A).

Likewise, the response recorded in voltage clamp
mode at a holding potential (V5 of —50 mV was
mostly biphasic, with a transient outward current fol-
iowed by an inward one whose duration was of 2 to 15
min (Fig. 1B; 43 cells). The response was obtained in
about 90% of the cells tested. Some experiments were
performed at 21°C, with no detectable differences. The
biphasic current was still observed in 18 experiments
performed using dialyzed serum, containing onl
stances with molecular weight > 3 kDa (such a. ..
growth factors), with no apparent difference with re-
spect to the data obtained with undialyzed FCS.

Cell capacitance was measured in 29 cells and cur-
rent densities were obtained: the mean peak outward
current density was 5.2 + 3.4 pA/pF, the mean peak
inward current density was 6.9 + 5.9 pA/pF.

Ionic characierization of the currents

To evaluate the current /voltage (I/V') relationships
for the serum-induced currents, voltage ramps from
- 100 t¢ +50 mV were applied before FCS stimulation
as well as at the peak of the inward and outward
current responses (Fig. 2A). The reversal potential
(Vo) for the two currents is given by the voltage at
which the peak I-V curves cross the control one (Fig.
2B). Vg at the peak of the outward current was
—80.4 + 16.4 mV {five celly), near the theoretical equi-
librium potential for K* icns (V) in our experimental
conditions (Vx = —93 mV). The outward current could
be completely abolished by 50 nM charybdotoxin (three
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cells; not shown), a blocker of Ca®*-activated K* chan-
nels [15], without affecting the inward component.
Tiieiefore, its properties are similar to those of the
Ca’*-activated K* currents observed in response to
mitogen stimulation in several preparations [7,i1,14,16).

At the peak of the irward current, Vy,, was +2.5 +
9.6 mV (Fig. 2B; 22 cells). This value could ifmply that
the current was carried through cationic channels. In
order to test this hypothesis, ion substitutions and
blockers were employed. The inward component couid
be observed at ¥V, = —50 mV (Fig. 3A) in experiments
in which 85% of the internal CI~ was replaced by
citrate (V;= —50 mV), with a mean peak current
density of 4.4 + 3.8 pA/pF (11 cellsj, while it was
completely abolished when all external Na* and Ca?*
were replaced by choline (10 cells, not shown). An
inward current in response to FCS stimulation, show-
ing the same characteristics of that recorded in Tyrode
solution, could be observed in 12 cells bathed in a
solution in which all Na* was substituted wita choline
and CaCl, was 5 mM (Fig. 3B); the mean peak current
density of the inward current was 5.6 + 4.6 pA/pF (7
cells). Similar results were obtained with a 150 mM
NaCl, 0 mM CaCl, Tyrode solution (seven cells; data
not shiown). Application of 6 mM CoCl,, a blocker of
several types of calcium channels, to the external bath
(three cells) resulted in a reversible block ot the FCS-
activated inward current (Fig. 4).

As shown in Fig. §, the time courses of the two
components could be observed separately by applying
to the same cell square pulses from —95 to 0 mV, i.e.,
voltages corresponding to the reversal potentials for
the two currents: the upper trace (response at V), =0
mV) shows an outward component ouly, while in the
lower trace (V,, = —95 mV) only an inward response is
present. While the former completely vanished in less
than 1 min, the latter returned to the control level in
about 6 min.
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Fig. 3. Effects of ion substitutions on the inward current elicited by FCS. (A) Biphasic response observed with 85% imcr"nal Cl” subs'tiluted with
ciirate. (B) Biphasic response from a celi bathed in u solution containing 0 mM iva*, 5 mM Ca®*. V,, was —50mV in both experiments.
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Fig. 4. Reversible block of the inward component of the response to
FCS by 6 mM CoCl,, V), = =50 mV,

Discussion

Several types of mitogen activated Ca’*-permeable
channels have been recently reported in fibroblasts and
other prepaations {5-11,17], mostly on thc basis of
single channel mcasurcments. These channels show
large diffcrences in biophysical properties ard mecha-
nisms of activation. In A431 cells, at least six types of
Ca?*-permeable channels seem to be activated by EGF
stimulation: IP;-sensitive [5,6] and GTP-sensitive chan-
nels [6) or chanrels activated by hyperpolarization of
the membrane potential {7} and by leucotricnes [8). In
Balb-c 3T3 cells, IGF-1 and IGF-II also activatc chan-
nels permeable to Ca** ions [9,10). The bradykinin
(BK) activated cation channel observed in human fi-
broblasts [11] could be considered in this list, because
it has been reported to be slightly permeable to diva-
tent cations. In PC12 cells BK opens a channel that is
more permeable tc calcium than to sodium [12), but in
these cells BK acts as a acurotransmitter, not as a
mitogen. Other cationic channels have been observed
in both non stimulated [18] and growth factor-stimu-
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Fig. 5. Separation of the two componenis at two different holding
potentials (- 95 and 0 mV).

lated fibroblasts [19], but none of them has been shown
to be pcrmeable to calcium ions.

Despite the wide spectrum of channel types ob-
served, their relationship to the event involved in the

¢ progressivn of cells into the replicative cycle has not

yet been clarified. In particular, their contribution to
the prolonged elevation in [Ca®*]; that in many prepa-
rations has been shown to be important for mitogenesis
remains to be clarified [2,3]. In fact, most of the above
experiments are single channel recordings, with high
Ca®* or Ba?* in the pipette, and the duration of the
currents is rather short.

In the present paper, using whole-cell patch clamp
recordings, we show that Ca®*-conducting channels are
involved in the response of quiescent Balb-c 3T3 cells
to FCS. The first component of the response can be
tentatively ascribed to the opening of Ca?*-activated
K* channels on the basis of the data presented above
and by analogy wiih mitogen-induced outward currents
in other preparations [14,16); however, since charybdo-
toxin also blocks some non calcinfm-gated potassium
channels, more detailed measurements have to be per-
formed in order to confirm this hypothesis. Foliowing
the outward component, an inward current has been
observed that can be ascribed to the opening of non
specific cationic channels, permeable to both Na* and
Ca’*. The inward current and the related calcium
influx are also elicited by dialyzed serum, containing
the growth factors. With all Na* removed from the
external solution and in the presence of S mM Ca’*,
the density of the inward current did not differ from
that measured in the experiments with standard Ty-
rode solution: the channel (or channels) activated by
FCS stimulation thus appears to be highly permeable
to Ca®* ions. The Vy,, for this current is about 0 mV,
while it should be more positive for a current carried
by Na* and Ca** ions. To measure Vy,,, however, the
current ramps were applied at the peak of the inward
current, when the outward component is still present;
therefore, the abtove discrepancy could reflect a con-
tamination by the outward K* current. The present
data do not clarify whether more than one type of
mitogen activated Ca?*-conducting channel is present
in Balb-c 3T3 cells; anyway, the cationic current de-
scribed in this paper does not show any voltage-depen-
dence and thus differs from that observed in A431 cells
(71 :
The inward current density, measured with physio-
logical internal and external solutions, is an order of
magnitude greater than that activated in comparable
coenditions by BK in PC12 cells [12]. This observation
makes it a likely pathway for the mitogen-activated
influx of calcium ions that gives rise to the prolorged
plateau of [Ca®*}; increase obsc=d in many cell types,
and that has been skown to be involved in mitogenesis
[2,3,10]. Experiments with individual growth factors are



needed to identify the agonist(s) responsible for the
activation by FCS of the currents observed in the
present work. Yet the present findings may be of great
relevance to the understanding of the relationship be-
tween changes in [Ca*]; and cell cycle control.
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