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Abstract — The role of mitogen-activated calcium influx from the extracellular medium in
the control of cell proliferation was studied in Balb-c 3T3 fibroblasts. Stimulation of serum-
deprived, quiescent cells with 10% foetal calf serum (FCS) induced a long-lasting (up to 70
min) elevation of intracellular free calcium concentration ([Ca2+]i). Both the sustained [Ca>*];
increase and the related inward current, described in a previous paper [Lovisoio D. Muna-
ron L. Baccino FM. Bonelli G. (1992) Potassium and calcium currents activated by foetal calf
serum in Balb-c 3T3 fibroblasts. Biochim. Biophys. Acta, 1104, 73-82], couid be abolished
either by chelation of extracellular calcium with EGTA or by SK&F 96365, an imidazole
derivative that can block receptor-activated calcium channels. The effect of the abolition of
these ionic signals on FCS-induced proliferation was investigated by adding either EGTA or
SK&F 96365 to the culture medium during the first hours of stimulation of quiescent cells
with 10% FCS. As measured after 24 h, a 22% inhibition of growth was observed when
SK&F 96365 was added for the first hour, and stronger inhibitions, up to 56%, were ob-
tained by adding the blocker for the first 2 or 4 h. Similar effects were observed with addi-
tion of 3 mM EGTA, though the inhibition was less marked for the 4 h treatment. By con-
trast, incubation with either substance in the next 4 h of serum stimulation did not influence
cell growth, except for a slight inhibition observed when SK&F 96365 was applied from the
4™ to the 8" hour. The reduction in growth resulting from the abolition of the early calcium
influx was paralleled by an accumulation of cells in the Go/M phase. Both growth inhibition
and Gz/M accumulation were reversible, since after further 24 h in 10% FCS cells had fully
recovered the exponential growth. These data indicate that the early calcium influx seen in
response to mitogen stimulation develops on a timescale long enough to play a significant
role in cell cycle progression, and that its block in the early G1 phase can lead to a reduc-
tion of proliferation by arresting cells in later stages of the cycle.

In many cell types, recruitment into and progression  been recognized that one of the parameters control-
through the proliferative cycle are under the strict ling the complex cascade of events triggered by mi-
control of mitogens and growth factors [1]. It has  togen stimulation is the cytosolic free calcium con-

542



Balb-¢ 3T3 FIBROBLASTS: MITOGENS & CONTROL OF CELL CYCLE 543

centration, [Ca*]i [2-4]; one of the critical points at
which [Ca*"]i changes are involved is immediately
at the Go/G transition [5]. Among the early [Ca®*];
changes triggered by mitogens, much attention has
been devoted to the transient increases due to re-
lease from intracellular stores [2,6,7], mainly via the
phosphoinositide pathway [8]. Only recently, evi-
dence for a long-lasting increase, due to calcium in-
flux through the plasma membrane, has been ob-
tained in various cell types {3,4,9]. This pathway
has been reported to be activated not only by mi-
togens but also by other agonists in several prepara-
tions [10~13] either directly, or as a secondary re-
sponse following the emptying of the intracellular
calcium stores (store dependent calcium influx,
SDCI, [13]; calcium release activated current,
IcrAC. [14,15]).

A long-lasting calcium influx may play a key
role in the control of the proliferative process, since
many cells require the mitogen to be present in the
extracetlular medium for several hours in order to
progress into the cell cycle and eventually prolife-
rate [2], and mitogenic responses in non tumoral
cells depend on the presence of extracellular cal-
cium for the same time span [4,16]. Moreover, sev-
eral authors have reported that the imidazole deriva-
tives SC38249 and SK&F 96365, which reversibly
block agonist-induced calcium influx [3,17], have an
antiproliferative effect on fibroblasts [3] and neo-
plastic cell lines [18,19], even if the dependence of
the antimitogenic action of SK&F 96365 on the cal-
cium channel blocking effect has been questioned
[18].

We have previously reported that in Balb-c 3T3
fibroblasts, made quiescent by deprivation in 1%
foetal calf serum (FCS) for 48 h, stimulation with
10% FCS elicits an inward current, carried at least
partially by Ca®* ions, that can last for tens of
minutes [20]. We have further shown that a current
with similar characteristics, and a long-lasting
[Ca®]; increase, are induced in the same preparation
by basic fibroblast growth factor [21]. In the present
study electrophysiological and cytofluorometrical
techniques were employed in order to investigate the
role of this current and of the ensuing [Ca?*]; elev-
ation in cytosolic calcium concentration, in the con-
trol of cell proliferation. We compared the effects of
application of SK&F 96365 with those obtained by

chelating calcium ions in the extracellular medium
in the first 4 h of mitogen stimulation. In both cases,
we found a significant reduction of Balb-c 3T3 cell
growth, even if the magnitude of the effect was
somewhat different in the two experimental condi-
tions. This inhibition was accompanied by an accu-
mulation of cells in the Go/M phase. Both agents
had either significantly smaller effects, in the case
of SK&F 96365, or no effect at all, for EGTA, if
applied at a later stage of the progression into the
cell cycle.

Materials and methods
Cell culture and incubation protocols

Balb/c 3T3 mouse fibroblasts {(clone A31, American
Type Culture Collection, Rockville, MD, USA)
were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Biochrom-Seromed, Berlin, Ger-
many) supplemented with 10% foetal calf serum
(FCS, Biochrom-Seromed) and 50 pg/ml genta-
mycin (Sigma, St Louis, MO, USA) at 37°C, in a
humidified atmosphere of 5% CO3 in air. Exponen-
tially growing cultures were seeded at a density of
12,000 cells/cm? in DMEM containing 1% FCS 48
h before the experiments. For the determination of
the effects of EGTA and SK&F 96365 on the pro-
liferation rate and on the DNA content, after the
serum deprivation period, cells were transferred to
DMEM + 10% FCS containing either SK&F 96365
at the desired concentration or 3 mM EGTA. After
1, 2, or 4 h, SK&F 96365 or EGTA were removed
by substitution with DMEM supplemented with
10% FCS. In controls, DMEM + 1% FCS was re-
placed directly with DMEM + 10% FCS. 24, 28 or
48 h after the retntroduction of 10% FCS, cells from
the monolayer, harvested by trypsinization, were re-
suspended in phosphate buffered saline (PBS) and
used for the experiments.

For every experimental protocol, the plasma
membrane integrity was checked by the propidium
iodide (PI) exclusion test {22]. Cells suspended in
PBS, as described above, were incubated with PI
(10 ug/mb) and analyzed by flow cytometry (see
below).
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[Ca”™ i measurements

Intracellular calcium concentration ([Ca2+]i) was
measured with the fluorescent probe Fura-2 as de-
scribed by Grynkievicz et al. [23]. Quiescent cells
on glass coverslips were loaded with Fura—2 pen-
tacetoxymethylester (Fura-2/AM) by a 30 min incu-
bation period at 37°C with 3 uM Fura-2. The me-
dium was then replaced with standard Tyrode solu-
tion (see below) and the coverslips were placed on
an inverted Zeiss microscope with a fluorescence
objective (Nikon 100x). Diaphragms were used to
observe single cells. Fluorescence records were
taken at excitation wavelengths of 350 nm and 380
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nm and emission of 520 nm using a spectro-
photometer from Cairn Ltd, UK. Temperature was
22-24°C. Calibration was done according to [24].

Electrophysiology

Cells used in the experiments were flat and firmly
attached to the dish (35 mm dishes, Nunc, Den-
mark). Unless otherwise indicated, a standard Ty-
rode solution of the following composition (in mM):
NaCl, 154; KCl, 4; CaCly, 2; MgCly, 1; NaHEPES,
5; glucose, 5.5; NaOH to pH 7.4 was superfused at a
flow rate of 3 ml/min. When 20 mM BaCl; was
used, NaCl was 127 mM. A microperfusion system

Table
Protocol GGy S G/M n
A. 3 mM EGTA added in the first hours of 10% FCS reintroduction.
Cell cycle distribution evaluated after 24 h 10% FCS
48 h 1% FCS (quiescent) 90 +2 4+1 61 5
48 h 1% FCS + 24 h 10% FCS (exponentially growing controls) 54+ 37+4 9+ S
48 h 1% FCS + 2 h 10% FCS and EGTA +22 h 10% FCS 465 35+3 19+2*% 5
48 h 1% FCS + 4 h 10% FCS and EGTA + 20 h 10% FCS 4412 35+2 21+2*% 5
B. 40 uM SK&F 96365 added in the first hours of 10% FCS reintroduction.
Cell cycle distribution evaluated after 24 h 10% FCS
48 h 1% FCS (quiescent) 90+4 5+2 543 13
48 h 1% FCS + 24 h 10% FCS (exponentially growing controls) 48+ 5 435 §+2 13
48 h 1% FCS + 2 h 10% FCS and SK&F 96365 + 22 h 10% FCS 375 27+ 4 37+7* 13
48 h 1% FCS + 4 h 10% FCS and SK&F 96365 + 20 h 10% FCS 22%3 24 %3 54+5% 13
. 40 pM SK&F 96365 added between the 4" and 8" hour of 10% FCS reintroduction.
Cell cycle distribution evaluated after 24 h 10% FCS
48 h 1% FCS (quiescent) 93 + 3+1 4+2 6
48 h 1% FCS + 24 h 10% FCS (exponentially growing controls) 45+ 415 11+2 6
48 h 1% FCS + 4 h 10% FCS + 4 h 10% FCS and SK&F 96365 + 16 h 10% FCS 46+ 2 4313 11+£3 6
. 40 pM SK&F 96365 added in the first hours of 10% FCS reintroduction.
Cell cycle distribution evaluated after 28 h 10% FCS
48 h 1% FCS (quiescent) 90+2 5+2 5£42 6
48 h 1% FCS + 28 h 10% FCS (exponentially growing controls) 575 31+4 22 6
48 h 1% FCS + 4 h 10% FCS and SK&F 96365 + 24 h 10% FCS 213 34+2 45+5* 6
. 40 UM SK&F 96365 in the first hours of 10% FCS reintroduction.
Cell cycle distribution evaluated after 48 h 10% FCS
48 h 1% FCS (quiescent) 94+£2 4+1 241 3
48 h 1% FCS + 48 h 10% FCS (exponentially growing controls) 6713 20+ 1 13+£2 3
48 h 1% FCS + 4 h 10% FCS and SK&F 96365 + 44 h 10% FCS 70+ l16+1 14+3 3

All experiments were performed in triplicate. Values are given as percentages.
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allowed to switch from this solution to the test ones.
The changes took effect in about 3-5 s.

Whole-cell patch-clamp recordings were per-
formed using electrodes of 3-8 MQ resistance con-
nected to a RK 300 amplifier (Bio-Logic, France).
The pipette solution contained (in mM): KCI, 133;
MgClz, 3; EGTA, 0.1; HEPES, 5; NaGTP, 0.4,
Na2ATP, 5; NaxPC, 5; KOH to pH 7.3.

Data were digitized and stored on a modified
PCM video recorder system (Sony, Japan). Off-line
analysis and generation of the voltage ramps used to
record the I/V relationships (speed: 0.4 V/s) were
performed with pCLAMP software (Axon Insir,
USA). Capacitance measurements were performed
by means of analog compensation. Temperature was
30-32°C. Some experiments were performed at 22~
24°C, with no detectable change in the response.

Cell growth

Cell number was determined with an electronic cell
counter (ZM, Coulter Electronics, Hialeah, FL,
USA). All experiments were performed in triplicate.

Flow cytometry of DNA distribution

Cell suspensions in PBS were centrifuged at 0-4°C,
the pellet was washed with PBS (at 0—4°C), resus-
pended in ice-cold 70% ethanol and maintained at
0-4°C for at least 30 min. After centrifugation cells
were incubated in the presence of DNase-free ribo-
nuclease (Type 1-A) and PI at final concentrations
of 0.4 and 0.18 mg/ml PBS, respectively. Fluores-
cence was measured using a FACScan flow cy-
tometer (Becton & Dickinson, Mountain View, CA,
USA) equipped with a 488 nm light source (argon
laser). The flow rate was set at about 200 cells/s and
at least 10* cells were analyzed for each sample.
Two filters were used to collect the red fluorescence
due to PI staining the DNA, one transmitting at 585
nm with a bandwidth of 42 nm (FL2), the other
transmitting above 620 nm (FL3). FL2 and FL3
were registered on a linear and on a logarithmic
scale. respectively. Forward (FSC) and side (SSC)
light scatter were simultaneously measured. Debris
were excluded from analysis by appropriately rais-
ing FSC and FL3 thresholds to values selected ex-
perimentally [25]. Data were recorded with a Hew-

lett Packard computer (HP 9000, model 300), using
CellFit software (Becton & Dickinson). All experi-
ments were performed in triplicate.

Statistical analysis

All values are given as means + SD.

In the cell proliferation and cycle distribution ex-
periments, groups were compared using one-way
analysis of variance, together with the Student-New-
man-Keuls multiple range test, to determine where
significant (P < 0.05) differences among the groups
were located. Samples differing significantly from
controls are marked with an (*) in figures and the
Table.

In single-cell fluorometric [Ca®*}; experiments,
Student t test was used.

If not otherwise specified all chemicals and
drugs were purchased from Sigma Chemical Co. St
Louis, MO, USA. SK&F 96356 was kindly provided
by Dr S. Pathak, Smith Kline Beecham Pharmaceu-
ticals, UK.

Results

The long lasting increase in | Ca™ i induced by
FCS and its dependence on calcium influx

The [Ca’*}i changes induced by stimulation with
10% FCS in serum-deprived quiescent Balb-c 3T3
fibroblasts were analyzed by means of single-cell
cytofluorometric measurements using the dye Fura—
2. In 15 cells bathed in normal Tyrode solution,
[Ca®*]i was 104.0 £ 13.3 nM. In 11 of these cells,
addition of 10% FCS to the solution induced a bi-
phasic response, consisting of a transient increase in
[Ca**i followed by a long-lasting elevation to 130.9
+ 12.7 nM (P < 0.001); a typical response is shown
in Figure 1A. In the longest recording, the plateau
was still present after 70 min. In 3 cells, 10% FCS
induced only a transient [Ca®]i increase (not
shown), while in one cell no response could be ob-
served. Chelation of extracellular calcium by addi-
tion of 3 mM EGTA to the bathing solution had no
detectable effect on the basal [Ca2+]i values, while it
completely abolished the FCS-induced plateau (Fig.
1A), showing that this phase of the response is due
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Fig. 1 Stimulation of quiescent Balb-c 3T3 fibroblasts with 10% FCS induces a long-lasting increase in [Ca**); that is sensitive to
inhibitors of calcium influx. (A) A typical biphasic response. The sustained plateau could be abolished by addition of 3 mM EGTA to the
external medium; the same manipulation did not have any effect on basal [Ca2+]i values. (B) Reversible abolition of the [Ca2+]i plateau

by 40 uM SK&F 96365.

to an influx of calcium from the extracellular me-
dium. Similar results were obtained on 5 other cells.

We then studied the effects of the imidazole
derivative SK&F 96365, a blocker of agonist-acti-
vated calcium channels [17], on this sustained
[Ca**)i increase. Figure 1B shows that 40 uM
SK&F 96365, when applied during the plateau
phase of the response, abolished it completely and
reversibly, in a way that closely resembled its sup-
pression by elimination of Ca®* ions from the exter-
nal medium. Three other experiments gave similar
results. The effects of 40 uM SK&F 96365 on the
basal intracellular calcium concentration were tested
in 6 cells. In 4 cases, no change was detected: in 2
experiments, on the other hand, a transient increase
was observed (not shown), probably due to release
from internal stores, in analogy with the observa-
tions of Magni et al. {3] in EGFR-T17 fibroblasts
and of Nordstrom et al. {18] in Jurkat cells. When
FCS was applied to the bath in the presence of
SK&F 96365, only a transient increase could be ob-
served (3 cells, data not shown).

Electrophysiology
The sustained [Ca®*]; plateau described above, de-

pendent on calcium influx, can be related to the in-
ward current that we have previously shown to be

activated by FCS [20] or basic fibroblast growth
factor [21] in the same preparation. This current can
last up to tens of minutes, has a reversal potential
near 0 mV and is carried, at least partially, by cal-
cium ions: in fact, it can be observed with external
solutions containing 0 mM NaCl and with 2 mM
CaCly as the only permeant cation [20,21]. For these
reasons, we examined the effects of application of
40 uM SK&F 96365 on the ionic currents recorded
from Balb-c 3T3 fibroblasts, by means of patch
clamp recordings in the whole cell configuration.
Experiments were performed in the voltage clamp
mode at a holding potential (Vh) of —-50 mV. A typi-
cal recording of a FCS-activated current is shown in
Fig. 2A. Since it has been reported [26,27] that
SK&F 96365 may affect many other currents, in ad-
dition to the agonist-activated one, we first tested
the effects of 40 UM SK&F 96365 on the basal elec-
trophysiological properties of unstimulated, quies-
cent Balb-c 3T3 cells. In 3 cells, the compound in-
duced no detectable change in the basal current re-
corded at Vb = —50 mV,; accordingly, the current-
voltage relationships, obtained by applying voltage
ramps from -100 to +50 mV, were unaffected (not
shown). In 12 cells, however, 40 UM SK&F 96365
reduced the basal current flowing at Vi = -50 mV
(Fig. 2B; mean reduction: 1.6 £ 1.0 pA/pF). Com-
parison of I/V relationships in control conditions
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and in the presence of the blocker (Fig. 2B) shows In a total of 20 experiments, 10% FCS stimula-
that the current component abolished by SK&F  tion induced an inward current, whose mean peak
96365 has a reversal potential of about 0 mV, and  density was 12.1 + 8.5 pA/pF. Again, some vari-
can be ascribed to a nonselective conductance. No

pA/pF

evidence could be observed for a block of K* cur- B
rents, as reported by Schwartz et al. [26] in the
range 10-200 uM, and by Franzius et al. [27] at
micromolar concentrations of SK&F 96365.
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Fig. 2 SK&F 96365 blocks the inward cationic current activated by FCS. (A) A typical inward current seen in response to stimulation
with 10% FCS (Vn = =50 mV). (B) The effects of 40 uM SK&F 96365 on the electrophysiological properties of unstimulated cells. In
most cells. a reduction in the basal current flowing at Vh = —50 mV was observed (inset); the I/V relationships, obtained by applying
voltage ramps from —-100 to +50 mV before (1) and during (2) SK&F 96365 application, show that this agent abolishes a current
component with a reversal potential near 0 mV. (C) Reversible block of the FCS-induced inward current by 40 uM SK&F 96365. (D)
I/V curves obtained before (C) and during (SKF) application of 40 pM SK&F 96365 on a cell bathed in an external solution containing
20 mM BaCl;, showing inhibition of the voltage-dependent inward current.
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ability was observed for the effects of 40 uM SK&F
96365 on this current. In 5 cells, the drug com-
pletely and reversibly suppressed it (not shown). On
the other hand, in 15 experiments the block was not
complete (Fig. 2C) and amounted to 63.4 *+ 18.4%.

It has been reported that SK&F 96365 can also
block voltage-operated calcium channels [17], and
we have previously reported that Balb-c 3T3 fibro-
blasts possess high threshold voltage-operated cal-
cium channels that can be blocked by 2 pM nife-
dipine [28]. In the present experiments, however,
performed on cells serum-deprived for 48 h, the
voltage-activated calcium current (Ica.L) was usually
barely detectable, or not detectable at all. Only
when 2 mM CaClz was substituted with 20 mM
BaClz in the external solution, could the voltage-de-
pendent inward current still be observed and was
substantially reduced by 40 pM SK&F 96365 (Fig.
2D), in agreement with the results of Merritt et al.
(17]. Similar results were obtained in two other
cells.

Block of calcium influx and inhibition of cell growth

The role of the sustained calcium signals in the con-
trol of cell proliferation, and the effects of their
abolition either by application of the blocker SK&F
96365 or by chelation of calcium in the external me-
dium were subsequently investigated. Since the lon-
gest recordings indicated that the [Ca®*]i plateau
evoked by mitogen stimulation could last 1 h or
more, the approach was to suppress it in the first
1-4 h of stimulation of quiescent cells with 10%
FCS, i.e. in correspondence of the Go/Gj transition
and of the early G1 phase (‘competence’ phase, [11).

Figure 3 shows a dose-response curve obtained
for incubation with SK&F 96365 in the first 2 h of
serum reintroduction. Growth inhibition was maxi-
mal at the highest dose tested, 80 uM; at this con-
centration, however, toxic effects were also ob-
served, as indicated by the PI exclusion test. There-
fore, 40 uM SK&F 96365 was used in all other ex-
periments.

The effects of different incubation times were
then examined. Figure 4B shows that, as compared
to controls, a significant reduction of growth (22%)
could already be observed when 40 pM SK&F
96365 was applied during the first hour of FCS
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stimulation; with 2 h of exposure to SK&F 96365,
the reduction amounted to about 34%; with 4 h, it
reached 56%.

The same experimental protocols were repeated
with 3 mM EGTA (and no SK&F 96365) added to
the external medium (Fig. 4C). 1 h incubation with
EGTA in the presence of FCS led to a significant
(19%) inhibition of growth; with 2 and 4 h treat-
ments, the reduction amounted, respectively, to 26%
and 36%. With the 1 and 2 h treatments, the effects
were not significantly different for the two agents,
while with the 4 h protocol 3 mM EGTA caused a
significantly lower reduction than 40 pM SK&F
96365. For incubation times up to 4 h in 40 pM
SK&F 96365 no signs of toxicity were observed, as
assessed by the PI exclusion test (see Materials and
methods).

To rule out any involvement of the voltage-acti-
vated calcium channels, that, even if present in low
density, are not completely blocked by 40 uM
SK&F 96365, similar protocols were performed
using 2 UM nifedipine, which in these cells com-
pletely blocks the voltage-activated calcium chan-

28000 -

23000 {

18000

cells/cm’

13000 - L 1 !

1 10 100

LOG pM SKF

Fig. 3 Dose-tesponse curve for the effect of SK&F 96365 on cell
proliferation. Serum-deprived, quiescent cells were incubated with
10% FCS for 24 h; different concentrations of SK&F 96365 were
added in the first 2 h of FCS reintroduction. Values on X axis are
given in a logarithmic scale. Filled circles stand for cell density at
the time of addition of 10% FCS, after 48 h in 1% FCS (quiescent
cells; bottom left) and after 24 additional hours in 10% FCS (ex-
ponentially growing controls; top left). Values are given as means
+SD (n=3).
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Fig. 4 Block of calcium influx during the first 1-4 h of 10% FCS stimulation reduces cell proliferation. (A) Schematic representation of
the incubation protocols. (B) Quiescent cells were incubated with 40 uM SK&F 96365 in the first (1, 2 or 4) h of stimulation with 10%
FCS, then harvested and counted 24 h later. Column EXP shows the cell density of control cultures, after 24 h of 10% FCS stimulation,
without addition of either SK&F 96365 or EGTA or nifedipine. (C) The same experimental protocols as in (B) were repeated with
incubation in 3 mM EGTA. (D) Incubation with 2 pM nifedipine in the first 4 h of 10% FCS stimulation did not inhibit cell growth. In
both (B). (C) and (D), the start of Y axis scale represents the density of serum-deprived quiescent cultures, as measured at the time of
addition of 10% FCS (13319 % 690 cells/cm? for experiments with SK&F 96365, n = 11; 12944 + 1355 cells/cm’ for experiments with
EGTA. n = 5; 15593 £ 815 for experiments with nifedipine, n = 3). Numbers of experiments are shown inside the bars. Values are given

as means + SD.

nels [28]. No effect on cell growth could be ob-
served with nifedipine added in the first 4 h of
stimulation with 10% FCS (Fig. 4D).

Abolition of calcium influx blocks cells in the
G2 /M phase

The cell cycle distribution of Balb-c 3T3 cells, in
control conditions and with different protocols of
calcium influx inhibition, was studied by means of
flow cytometry. The Table shows the distribution of
cells deprived for 48 h in 1% FCS, indicating an

extensive arrest of cell proliferation (see also Fig.
5A). After 24 h in 10% FCS (Table and Fig. 5B),
the distribution was typical of exponentially grow-
ing cultures. When 3 mM EGTA was added during
the first 2 h of 10% FCS reintroduction, after 24 h
in FCS a significant increase in the percentage of
cells in G2/M was observed (Table and Fig. 5C).
Similar values were obtained with 4 h incubation
times (Table and Fig. SD). With the corresponding
incubation protocols using SK&F 96365, even
higher percentages of cells were found in Go/M at
the end of the 24 h period (Table and Fig. SE,F).
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Fig. 5 Block of early calcium influx causes an accumulation in the
G2/M phase in FCS-stimulated cells. Panels show representative
cell cycle (DNA) distributions. (A) Largely quiescent cultures,
after 48 h of serum deprivation. (B-F) Cultures stimulated with
10% FCS for 24 h: (B) with no addition of calcium influx inhibi-
tors., showing a pattern typical of exponentially growing cells;
(C,D) with 3 mM EGTA added in the first 2 h and 4 h, respec-
tively: (E,F) 40 pM SK&F 96365 was added in the first 2 and 4
h. respectively.
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In order to test whether the effects of the blocker
and of calcium chelation were specifically related to
the abolition of the calcium influx observed as an
early response to FCS stimulation, the incubation
protocols described above were repeated after 4 h of
restimulation with FCS, i.e. between the 4% and 8"
hour, and cells were counted, as usual, after 24 h in
10% FCS. Chelation of extracellular calcium during
this time span had virtually no effect on cell growth
(Fig. 6B), while 40 uM SK&F 96365 significantly
reduced growth by 38% only when applied for 4 h
(Fig. 6C). Even in this case, the cell cycle distribu-
tion did not significantly differ from that of ex-
ponentially growing controls (see Table).

Additional experiments were performed to check
if the effects of the abolition of mitogen-induced
early calcium influx could be ascribed to a revers-
ible block. The protocol of incubation with 40 pM
SK&F 96365 in the first 4 h of restimulation with
FCS was used, but cells were counted, and DNA
distribution examined, after 28 h of FCS stimula-
tion, i.e. cells were left in the presence of 10% FCS
for 4 additional hours. Significant reduction of
growth (1 h: 24%; 2 h: 26%; 4 h: 43%) and accu-
mulation in G2/M phases (as observed with 4 h in-
cubation protocol) could still be observed (Fig. 7B,
D and Table).

On the other hand, when cells were incubated
for 1-4 h with SK&F 96365, but cultures were ana-
lyzed after 48 h in 10% FCS, growth in cultures
treated with the blocker had fully recovered (Fig.
8B); cell cycle distribution (as measured with the 4
h incubation protocol) was as in controls (Fig. 8C,D
and Table).

Discussion

In recent years, ample evidence has accumulated
that stimulation with a wide range of agonists, and
among them mitogens and growth factors, induces
in many cell types a long-lasting increase in intra-
cellular calcium, in addition to a fast transient.
Moreover, it has been exhaustively demonstrated
that such an increase is due to influx of calcium
through the plasma membrane [3,4,9,10,13-15,26].
This influx has attracted the interest of many re-
searchers, since in several preparations progress into



Balb-c 3T3 FIBROBLASTS: MITOGENS & CONTROL OF CELL CYCLE 551

A

2

cells/cm

cells/cm®

30000

25000

20000

15000

30000

25000

20000

15000

1% FCS

48h 0

10% FCS

12 24h

s
i

50
Pt

T

T

i

EXP

hours in EGTA

T

T

5 5

1 1

EXP 2
hours in SKF

either SKF or EGTA

Fig. 6 The effect on Balb-c 3T3 cell growth of calcium influx
inhibitors applied 4 h after the beginning of 10% FCS stimulation.
(A) Schematic representation of the incubation protocols. (B) Cells
were incubated with 3 mM EGTA for different times between the
4™ and the 8™ hour of 10% FCS stimulation; cell density of serum
deprived quiescent cultures, as measured at the time of 10% FCS
addition, (starting point of Y axis) was 12849 + 1378 (n = 5). (C)
The same experimental protocols as in (B) were repeated with in-
cubation in 40 uM SK&F 96365; density of quiescent cultures,
measured as in (B): 12796 £ 1181 (n = 4). In both (B) and (C),
column EXP shows the cell density of exponentially growing con-
trol cultures, after 24 h of 10% FCS stimulation, without addition
of either SK&F 96365 or EGTA. Numbers of experiments are
shown inside the bars. Values are given as means * SD.

the cell cycle up to cell division is known to depend
on the presence of extracellular calcium, at least at
some critical points [4,5,16]. In the present paper,
we show that stimulation of serum-deprived, quies-
cent Balb-c 3T3 fibroblasts with 10% FCS induces a
sustained [Ca2+]i increase, dependent on calcium in-
flux, that can last for times up to 1 h or more. This
finding is of great relevance, since it is commonly
accepted that, for cells in which proliferation de-
pends on the presence of external stimuli, the mi-
togen has to be applied for many hours in order to
be effective [2]. In many cell types, the pathway of
calcium influx has been shown to be activated indi-
rectly by the depletion of intracellular calcium
stores. Even if the present experiments did not spe-
cifically address this point, tests performed on a
similar response activated by bFGF in the same
preparation [21] ruled out this possibility, in agree-
ment with the observations of Estacion and Mordan
[4].

Two experimental approaches have been used to
investigate the dependence of cell proliferation on
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Fig. 7 SK&F 96365-induced block of cell proliferation is still evident after 28 h of 10% FCS stimulation. (A) Schematic representation
of the incubation protocols. (B) Serum-deprived quiescent cells were incubated with 40 uM SK&F 96365 for the first (from 1 to 4) h of
stimulation with 10% FCS, then dissociated and counted 28 h after the beginning of FCS stimulation. Column EXP refers to controls,
with no SK&F 96365 added. Numbers of experiments are shown inside the bars. Density of quiescent cells was 12364 + 1418 (n = 5).
Values are given as means + SD. (C,D) Representative DNA distribution in controls (C) and in cultures treated with SK&F 96365 for

the first 4 h. as measured after 28 h in 10% FCS (D).

calcium influx in our preparation: chelation of cal-
cium in the external medium and use of potential
blockers of calcium influx {3,9,17,18,26,27]. The
second approach has some advantages, since it does
not involve a drastic change in the environment;
however, the known blockers of receptor-operated
calcium influx, such as the imidazole derivatives
SC38249 (3] and SK&F 96365 [17] are not very
specific, and many side effects have been reported:
block of voltage-operated calcium channels [17] as
well as of K* and CI” channels [26,27], activation of

release from internal stores [3,18] and activation of
calcium influx through other types of cation chan-
nels [26]. In Balb-c 3T3 cells, we have found that
for concentrations up to 40 uM, SK&F 96365 had
only limited side effects: only in some cases it did
induce a release from intracellular stores, as ob-
served in microfluorometric experiments; it neither
elicited any calcium influx, nor induced the activa-
tion of any inward current, when applied in the ab-
sence of the mitogen; finally, it had no detectable
effect on K* currents recorded in basal conditions.
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Fig. 8 Reversibility of SK&F 96365-induced block of cell proliferation. (A) Schematic representation of the incubation protocols. (B)
Serum-deprived quiescent cells were incubated with 40 pM SK&F 96365 for the first (from 1 to 4) h of stimulation with 10% FCS, then
dissoctated and counted 48 h after the beginning of FCS stimulation. Column EXP refers to controls, with no SK&F 96365 added.
Numbers of experiments are shown inside the bars. Density of quiescent cells was 13054 + 674 (n = 3). Values are given as means *
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48 hin 10% FCS (D).

In 80% of the cells tested, on the other hand, the
blocker apparently abolished a current component
having a Vrev of about 0 mV, causing a small shift
in the basal current recorded at Vi = -50 mV. From
our experiments, it cannot be excluded that a frac-
tion of the SK&F 96365-sensitive cationic conduct-
ance activated by FCS (and by bFGF [21]) was al-
ready present in unstimulated cells.

We have not tested the possibility that SK&F
96365 blocks a chloride conductance, as reported by
Franzius et al. [27]. However, as we have shown

previously [20,21], the current seen in response to
mitogen stimulation in our preparation is not de-
pendent on ClI” ions; moreover, the amplitude of the
shift in the basal current, when observed, is small as
compared to the current densities of the responses to
FCS. As for the reported block of voltage-activated
calcium channels by SK&F 96365 [17], Balb-c 3T3
cells possess L-type channels [28], and their invol-
vement in the influx of calcium could not be ex-
cluded in cytofluorometrical experiments, in which
cells are not voltage-clamped at -50 mV. However,
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in the present experimental conditions the current
carried by these channels is usually detectable only
in the presence of high concentrations of barium
ions. Moreover, 2 UM nifedipine, that in our prep-
aration completely blocks this current [28], had no
effect on serum-induced proliferation. For all these
reasons, a role of these channels in the events de-
scribed in this paper is rather unlikely.

The inward current activated by 10% FCS,
which we have shown to be carried at least partially
by Ca®* ions [20], was completely and reversibly
suppressed by 40 uM SK&F 96365 in 5 cells, while
the block was only partial in 15 cells. Yet in cyto-
fluorometric experiments the abolition of the sus-
tained [Ca™]i increase was nearly complete in all
cells tested. This discrepancy may be related to the
fact that the inward current activated by FCS is car-
ried not only by Ca®*, but also by Na* ions [20], and
we cannot exclude that more than one channel type
was involved, possibly with different sensitivities to
the blocking effect of SK&F 96365. On the other
hand. the FCS-induced growth was not completely
inhibited by 40 uM SK&F 96365, when applied up
to 4 h. This concentration was used throughout the
experiments because it was the highest that did not
cause detectable toxic effects, as assessed with PI
exclusion tests, for the above incubation times; it
thus represented a good compromise between the re-
quired action on the receptor-activated calcium in-
flux and the absence of side effects that could ham-
per the interpretation of the results. For longer expo-
sure times or at higher concentration (80 uM), a
toxic effect of SK&F 96365 was observed (unpub-
lished results). Other authors incubated the cells
with imidazole compounds for longer times, respec-
tively 48 h at 10 pM [3] and 24 h at 20 uM [18],
without observing toxic effects. This may reflect a
higher sensitivity of our preparation to SK&F
96365. On the other hand, with these long incuba-
tion times the observed effects on growth cannot be
unequivocally ascribed to the suppression of the cal-
ctum influx that is activated in the initial period of
the mitogen stimulation, and other explanations
should not be excluded. In our experiments, on the
contrary, it was possible to discriminate between
different intervals in the early response of quiescent
cells to the mitogen, showing that even 1 h of incu-
bation in a calcium-free medium already produced a
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significant reduction in growth, and that the effect
was increased by longer incubation times. Removing
extracellular calcium for 1-4 h immediately after
this initial time span had no significant effect on cell
growth. Similar protocols with 40 uM SK&F 96365
gave comparable results, except that, with the drug
applied in the first 4 h, the reduction of growth was
significantly more pronounced that with EGTA, and
some inhibition was observed even when the
blocker was applied for 4 h between the 4" and 8
hour of FCS reintroduction. Thus, it cannot be ex-
cluded that SK&F 96365, besides acting on the
early calcium influx, may exert some other inhibi-
tory effect on cell cycle progression. The latter
possibility was already suggested by Nordstréom et
al. [18]. In the present experiments, however, such
an effect would only be additive to the block of the
early calcium influx. It must be noted also that the
data of Nordstrdm et al. [18] were obtained in quite
different experimental conditions, i.e. incubating
transformed cells with SK&F 96365 for 24 h. More-
over, in our case the effects of 40 uM SK&F 96365
and of calcium-free solutions were not significantly
different for incubation times up to 2 h, suggesting
that the calcium influx-independent action de-
veloped only after the first 2 h of serum stimulation.
Recently, it has been reported that SK&F 96365
blocks calcium influx in endothelial cells by inhibi-
tion of cytochrome P450 [29]; it is not clear if this
inhibition can affect other targets, in addition to cal-
cium-permeable channels.

Estacion and Mordan [30] have shown that in
C3H 10T1/2 fibroblasts stimulated with PDGF, Ca**
influx is necessary for competence induction (i.e. in
the first part of G1), but not for the subsequent pro-
gression into the cell cycle that depends on pro-
gression factors such as insulin. Consistently, our re-
sults indicate that proliferation of cultured fibro-
blasts seems to be dependent, by 40-50% at least,
on the sustained calcium influx observed as an early
response to mitogen stimulation. This signal con-
ceivably concurs with others in a complex cascade
that regulates cell cycle progression. An involve-
ment of the transient component (presumably due to
release from intracellular stores) can be ruled out,
because in our experiments SK&F 96365 apparently
has no effect on this component, in agreement with
data from other authors [3, 18].
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With all the protocols aimed to block the early
calcium influx, we observed a marked accumulation
of cells in the Go/M phase after 24 h in the conti-
nued presence of FCS, i.e. from 20-23 h after the
removal of the calcium influx inhibitors. A similar
G2/M arrest was previously reported by Nordstrém
et al. [18] on Jurkat cells, in different experimental
conditions, as noted above. In our experiments, a
comparable effect was also produced by chelation of
extracellular calcium. Therefore, this arrest should
be viewed, rather than as a ‘toxic’ effect of SK&F
96365, as an aftermath of the suppression of the
early mitogen-induced calcium influx. On the other
hand. since the G2/M arrest was still evident at 28 h,
after 4 additional hours of FCS stimulation, sup-
pression of calcium influx clearly involved some
more complex process than a simple cell cycle
delay. The G2/M arrest was fully reversible, how-
ever, since by 48 h, after 24 additional hours of FCS
stimulation, cell growth had fully recovered and cell
cycle distribution was as in exponentially-growing
cultures.

Taken together, our findings point to the import-
ance of the role played by the influx of calcium
from the extracellular medium in the first hours of
re-entry into the replicative cycle. This stage, and
the G1/S transition, seem to be the critical points at
which calcium and calcium-binding proteins, such
as calmodulin, are required [5]. Calcium and calmo-
dulin have been shown to be involved in the regula-
tion of transcription factors and in the expression of
immediate early genes [31,32]. Due to the limita-
tions of the techniques employed, we could not es-
tablish if the [Ca®*]; elevation observed for times up
to 1 h can actually last even longer. Apparently,
suppressing calcium influx in the first 4 h after mi-
togen reintroduction did not prevent cells from pro-
gressing up to S and G2 phases, so it remains to be
understood how an ionic event that takes place in
the first part of the Gy phase can exert its action at
later stages. Moreover, since our data indicate that
block of early calcium influx does not completely
inhibit the growth of Balb-c 3T3 fibroblasts, other
events must concur in a complex pattern of regula-
tory signals. Cell proliferation involves an interde-
pendent and regulated set of events that must be
strictly coordinated for the replicative cycle to de-
velop regularly and successfully. The role of the

early calcium influx in this pattern is now beginning
to be understood, but additional studies will be
necessary to clarify this fundamental issue.
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