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Membrane depolarization selectively inhibits receptor-operated
calcium channels in human T (Jurkat) lymphoblasts
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Jurkat lymphoblasts were stimulated by a monoclonal antibody against the CD3 membrane antigen and the evoked
calcium signal was followed by the intracellular fluorescent calcium indicator indo-1. The technique applied allowed us
to separately investigate the stimulus-induced intracellular calcium release and the calcium-influx pathways, respec-
tively. In the same cells membrane potential was estimated by the fluorescent dye diS-C;-(5). The resting membrane
potential of Jurkat lymphoblasts under normal conditions was between —55 and —60 mV. Membrane depolarization,
obtained by increasing extermal K* concentration, removing external Cl~, or by increasing the Na*/K" leak
permeability with gramicidin or PCMBS, did not induce calcium influx in the resting cells and did not influence the
CD3 receptor-mediated internal calcium release, while strongly inhibited the receptor-mediated calcium influx pathway.
Half-maximum inhibition of this calcium influx was observed at membrane potential values of about —35 to —40 mV
and this inhibition did not depend on the external calcium concentration varied between S and 2500 pM. Membrane
hyperpolarization by valinomycin did not affect either component of the calcium signal. The observed selective
inhibition of the receptor-operated calcium influx pathway by membrane depolarization is probably an important
modulator of calcium-dependent cell stimulation.

Introduction

Calcium dependent cell stimulation by various
hormones or antigens requires an initial increase in the
cytoplasmic free calcium concentration and then a sus-
tained phase of this elevated [Ca2*],. The mechanism of
receptor-mediated triggering of calcium liberation is
well characterized: upon receptor occupation and a
G-protein mediated activation of a specific phospholi-

Abbreviations: aCD3, monoclonal antibody against the CD3 antigen;
{Ca®*];, cytoplasmic free calcium ion concentration; DAG, 1,2-di-
acylglycerol; DMSO, dimethyl sulfoxide; DIDS, 4.4’-diiso-
thiocyanostilbene-2,2’-disulfonic acid; diS-C,-(5), 3,3’-dipro-
pylthiodicarbocyanine; DTT, dithiothreitol; EGTA, ethyleneglycol
bis(2-aminoethyl ether)-N,N,N’, N -tetraacetic acid; Hepes, 4-(2-hy-
droxyethyl)-1-piperazinecthanesulfonic acid; IL-2, interleukin 2; IP;,
inositol 1,4,5-trisphosphate; indo-1/AM, acetoxymethyl ester of indo-
1; NEM, N-ethylmaleimide; PCMBS, p-chloromercuribenzoate
sulfonic acid; PIP,, phosphatidylinositol 4,5-bisphosphate.
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pase C in the plasma membrane, PIP, is cleaved to
DAG and IP;, thereafter this latter compound allows
calcium release from intracellular stores (for reviews see
Refs. 1-6). There is much debate, however, about the
nature and regulation of the plasma membrane calcium
influx pathway which opens concomittantly to receptor
stimulation. This pathway seems to play a major role in
the development of the cellular response to stimuli [2,4],
and is variably called in the literature ‘receptor-oper-
ated calcium channel’ (ROCC) or ‘second-messenger
operated calcium channel’ (SMOCC) (see Refs. 7-11),
as both the direct opening of such channels through
receptor occupation [12,13] and its activation by second
messengers, €.g., by the combined action of IP; and IP,
[14,15] or by IP; itself {16] have been suggested (in this
paper we use the term ‘receptor-operated’ without the
implication of a given transduction mechanism). It seems
to be generally accepted, however, that such channels
are different from the °voltage-dependent’ calcium
channels in the membranes of excitable cells, that is
they are not activated by membrane depolarization and
not inhibited by the adequately low concentrations of
drugs which specifically interfere with the voltage-de-
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pendent channels [9-11]. In one report [13], receptor-
operated calcium channels were found to be entirely
independent of the changes in the membrane potential.
However, several studies indicate that stimulation-in-
duced calcium influx, or the cell function depending on
the sustained increase of [Ca®*},, is significantly mod-
ulated by membrane hyperpolarization or depolariza-
tion [2,17-23].

In the present work, in order to examine the effects
of the plasma membrane potential on the receptor-oper-
ated calcium channels, we studied the calcium signal
response induced by an anti-CD3 monoclonal antibody
(aCD3) in Jurkat lymphoblasts. In this model system
the cultured T lymphoblast cell line, Jurkat, responds to
a stimulation through its antigen receptor pathway (ac-
tually evoked by a soluble monoclonal antibody against
the CD3 antigen, a component of the T cell antigen
receptor complex), by the development of a calcium
signal. Cell proliferation in this cell line is not affected
by this calcium-dependent stimulation but a functional
response is measurable by following stimulation-in-
duced IL-2 or interferon production (see Refs. 24-26).
By using this model system and the fluorescent, in-
tracellularly trapped calcium indicator indo-1, we sep-
arated the components of the stimulus-induced calcium
signal and examined their dependence on the membrane
potential. By using various means for producing mem-
brane hyperpolarization and depolarization in the Jurkat
lymphoblasts we demonstrate that membrane depolari-
zation, independent of the actual way of achieving such
a change, strongly and selectively inhibits the stimulus
induced calcium influx.

Materials and Methods

Reagents and cells

EGTA, Hepes, gramicidin, valinomycin, DTT, NEM,
and PCMBS were purchased from Sigma, RPMI 1640
cell culture medium and fetal calf serum were from
Gibco. Stock solutions of indo-1/AM (Calbiochem), 1
mM, and diS-C;-(5) (obtained from Dr. A. Waggoner),
0.2 mM, were prepared in DMSO and stored at —20°C.
All the basic chemicals used were of reagent grade. Anti
CD3 monoclonal antibody (OKT3) was obtained from
Ortho.

The standard (NaCl-based) incubation media for the
fluorescence measurements contained 120 mM NaCl, 5
mM KCl, 0.4 mM MgCl,, 0.04 mM Ca(Cl,, 10 mM
Hepes-Na (pH 7.4), 10 mM NaHCO;, 10 mM glucose
and 5 mM Na,HPO,. These media were supplemented
during the fluorescence measurements first with 500 uM
EGTA and then with the indicated amount of calcium.
For the changes in extracellular K* concentrations NaCl
was replaced with the indicated amounts of KCl. In
choline-Cl based media NaCl was entirely replaced by
choline-Cl (120 mM) and the remaining Na™® concentra-
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tion was about 25 mM. In Na-glutamate (120 mM)
solutions the remaining Cl~ concentration was about 6
mM, all other components were identical to those in the
standard medium.

The human leukemic T cell line, Jurkat was main-
tained under standard conditions in RPMI 1640 medium
supplemented with 10% fetal calf serum. The cells were
harvested in suspension of (1-2) - 10° cells /ml.

[Ca’* ], measurements

For loading with the fluorescent calcium indicator
the Jurkat lymphoblasts were resuspended in RPMI +
10% fetal calf serum with a cell number of (2-3) - 10¢/ml
and incubated at 37°C for 30 min with 1.0 pM final
concentration of indo-1/AM. After the loading period
the cells were spun down (600 X g, 10 min), and resus-
pended in indo-1-free RPMI + serum. The cells were
kept at room temperature in this medium and the
fluorescence measurements were carried out within 2 h.

Before each measurement an aliquot of the cell sus-
pension was rapidly spun down (10 s at 12000 X g) in
an Eppendorf microfuge, the pellet rinsed without fur-
ther centrifugations five times with the indicated
medium and then the cells resuspended in 2 ml of the
same medium (10° cell/ml). Indo-1 fluorescence was
measured in a Hitachi F-4000 fluorescence spectropho-
tometer at 37°C with continuous gentle stirring. The
excitation wavelength was 331 nm, emission was mea-
sured at 410 nm (bandwidth 5 nm). Cytoplasmic free
calcium concentration was calculated based on the
method in Ref. 27, that is by lysing the cells in digitonin
(20 pg/ml) in the presence of 0.5 mM free calcium in
order to obtain maximum fluorescence, and then
quenching the dye by the removal of Ca?* with 5 mM
EGTA at pH 8.5, adjusted with Tris base. We have
calibrated the loading procedure with free indo-1 and
found the intracellular concentration of free indo-1 to
be between 30 and 50 pM in these experiments (the
mean cell volume was assumed to be 1-10712]).

When we checked the indo-1 response in the intact
Jurkat lymphoblasts by the addition of ionomycin (2
pM), we found that the dye was fully responsive to the
changes in cytoplasmic calcium concentrations (see later
in Fig. 1). The presence of extracellular indo-1 fluores-
cence was checked by the addition of 0.5 mM EGTA
and then 1 mM calcium to the control cells. In each
experiment this 0.5 mM EGTA was added to the media
containing initially 40 uM Ca?* and any further adjust-
ment of the free calcium concentration was based on
calculations by using a computer program taking
account of all the constituents of the media (the respec-
tive stability constants in this program for the EGTA
complexes were as follows: CaEGTA =5 -10'%;
CaHEGTA = 2.14 - 10°; HEGTA = 2.88 - 10°%;
H,EGTA = 7-10%;, H,EGTA = 479; H,EGTA = 100;
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MgEGTA = 1.62 - 10°; MgHEGTA = 2340; KEGTA =
8).

The leakage of indo-1 proved to be very small during
a 10-15-min experimental period, however, this leakage
was taken into consideration in the calibration proce-
dure. For cell stimulation aCD3 was used in these
experiments at a concentration of 0.1 pg/ml, which
gave a maximum response in the calcium signal devel-
opment.

Membrane potential measurements

Membrane potential in the Jurkat lymphoblasts was
estimated by using the fluorescent dye diS-C;-(5), based
on the methods described in Refs. 28—31. In the actual
measurements (2—-3) - 10® Jurkat lymphoblasts were sus-
pended in 2 ml of the given media and exactly 2 ul of
the dye (0.2 mM, dissolved in DMSO) was added to the
cell suspension. The fluorescence measurements were
carried out under the same conditions as described for
the [Ca®*], measurements (in a Hitachi F-4000 instru-
ment, 37°C, gentle stirring) but with the excitation and
emission wavelengths of 620 and 670 nm, respectively.
The lipid soluble, positively charged diS-C,-(5) reports
the membrane potential because its distribution be-
tween the cytoplasm of the cells and the medium is
determined by this potential and because its fluores-
cence inside the cells is largely quenched (see Ref. 29).
After the initial equilibration of the dye an increase in
fluorescence reports depolarization and a decrease indi-
cates hyperpolarization. The membrane potential re-
ported by this dye has been shown to be largely insensi-
tive to the contribution of intracellular organelles (see
Ref. 30). The estimation of the resting membrane poten-
tial in Jurkat lymphoblasts was carried out by the
valinomycin null-point titration method at varying ex-
tracellular K* concentrations, as described in Refs.
28-30. The actual fluorescence measurements, the
calibration curve obtained in the presence of 1 pM
valinomycin and the data for the estimated membrane
potential values under various ionic conditions are
shown in Figs. 4, 5, and 8 in the Results. In the presence
of valinomycin the Nernst equation for K* distribution,
while in the control cells a Goldman-type equation for
K* and Cl™ distribution, weighted by their relative
permeabilities, was used (according to the choline-Cl
experiments (see Fig. 4) Na* permeability in these cells
has a very low contribution to the membrane potential).
The equation used was:

V= —58-log(( Px - [K* 1) + (P [C17 16)) /({ Pk [K™ Jo)
+ (P’ [C17 i)

Internal K* concentration was measured by flame
photometry (the cells were pelleted in K*-free media,
dissolved in 0.1% Triton X-100 containing distilled water

and K* concentration was measured by a flame pho-
tometer with internal lithium standard). The value of
cellular K* concentration was between 140 and 145
mmol /1 of cells in Jurkat lymphoblasts. The determina-
tion of intracellular C1~ concentration was carried out
after washing the cells in Na-glutamate by a mercury
titration method (the Cl™ concentration of the Triton
X-100 dissolved cells was titrated by mercurinitrate
solution in the presence of diphenylcarbazone indicator).
This titration gave results of 30-40 mM [C]l™];, in good
agreement with the values found in human lymphocytes
[30]. The concentration of valinomycin (1 pM), in agree-
ment with the data in the literature [28-31], proved to
be sufficient to produce a maximum response, probably
setting the K* permeability at least one order of magni-
tude greater than that of other ions. The low concentra-
tion of gramicidin applied (0.1 pM) was sufficient to
produce maximum depolarization while higher gram-
icidin concentrations induced significant cell damage.

It is important to mention, that neither indo-1 fluo-
rescence in the membrane potential measurements, nor
diS-C;~(5) fluorescence in the indo-1 [Ca’*], measure-
ments caused any cross-emission and thus most of the
membrane potential measurements were carried out with
the indo-1-loaded cells, used also for the [Ca%*}; stud-
ies. According to several experiments, indo-1-loaded
Jurkat lymphoblasts had the same resting membrane
potential as the control cells. The dye, diS-C;-(5), up to
a concentration of 1 pM, reported similar membrane
potentials and did not affect cell viability in the frame-
work of the short measurement period. However, diS-
C;-(5) in a concentration greater than 0.1 uM had an
inhibitory effect on the aCD3-induced calcium signal
development and this inhibition was about 20% at 0.2
M and 50% at 0.5 puM of the dye. Reports in the
literature also indicate that cyanine indicators in greater
concentrations and with longer incubation periods may
affect cell metabolism and membrane properties [1,32].
In order to obtain a good calibration of the membrane
potential and avoid cell damage we used 0.2 pM diS-C;-
(5). Therefore the membrane potential changes seen at
the addition of aCD3 (a slight depolarization of about
5-8 mV) are not quantified in the present work.

The data presented in the Figures are representatives
of at least six similar experiments carried out with
different cell preparations. In this stable cell line the
reproducibility of the [Ca®*]; and membrane potential
measurements was extremely good, usually within 5-
10% around the mean values.

Results

By using the intracellularly trapped fluorescent
calcium indicator indo-1 in low concentrations and by
removing or repleting extracellular free calcium, it was
possible to separately investigate stimulus-induced



calcium release and calcium influx, respectively. Fig. 1,
panels A and B show such experiments, when Jurkat
lymphoblasts were incubated in normal, NaCl-based
media. In panel A, anti-CD3 monoclonal antibody
(aCD3) was applied in the presence of 0.5 mM [Ca®*]_,
thus internal calcium release and calcium influx ap-
peared together. In this case, after a rapid rise in
[Ca®*]; up to about 800 nM, the free cytoplasmic
calcium level slightly declined and a prolonged plateau-
phase was observed. This elevated [Ca®"]; level, usually
stabilizing between 300-350 nM, persisted for more
than 30 min (which is the reliable time period of a
fluorescent measurement with a given cell population).

When aCD3 was applied in a NaCl-based medium in
the presence of 0.5 mM EGTA, that is in the virtual
absence of external Ca®* (panel B), the only source for
the increase in [Ca®*], was the release from internal
stores. When cellular indo-1 concentration was lower
than 30-50 puM and the cells were not significantly
depleted of calcium (see Methods), the signal produced
by the release usually reached 400-550 nM [Ca®*],
within 1 min and thereafter rapidly declined to the
original free calcium level, or slightly below that. Reple-
tion of external calcium to obtain a [Ca?*]_ of 0.5 mM,
produced a second calcium signal, representing the in-
flux of calcium ions from the medium. It is worth
noting, that the calcium influx signal was usually slightly
greater than that observed during the release and a
similar plateau-phase of [Ca’"]; was maintained as seen
in panel A.

As indicated by the results shown in Fig.1, panels C
and D, internal calcium stores were strongly depleted
after aCD3 stimulation in the absence of external
calcium, thus the signal seen after external calcium
repletion had to represent a calcium influx. The ad-
dition of the calcium ionophore ionomycin (0.25 uM) to
the control cells (panel C) produced a rapid calcium
release from the internal stores and then the efflux of
calcium into the EGTA-containing external medium.
After the calcium release signal evoked by aCD3 (panel
D) the addition of ionomycin produced only a very
small increase in [Ca®*],. After re-addition of external
calcium a rapid influx of calcium was carried by
ionomycin. This calcium influx did not depend on the
presence of aCD3 but was further increased at increas-
ing ionomycin concentrations.

The peak level of the aCD3-induced calcium signal
in the presence of external calcium (Fig. 1, panel A), or
after calcium repletion (panel B) was only slightly de-
pendent on the external free calcium concentration: at 5
1M [Ca?*]_ this peak value was about 90% of that seen
at 500 pM [Ca®*]_, and there was no measurable change
in this value if external calcium concentration was in-
creased up to 2.5 mM. The rate of the restoration of the
cytoplasmic free calcium level, however, was somewhat
slower at higher external calcium concentrations (data
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Fig. 1. Development of the aCD3-induced calcium signal in indo-1-
loaded Jurkat tymphoblasts. Separation of intracellular calcium re-
lease and external calcium influx. Indo-1 fluorescence was measured
and [Ca®*), changes calibrated as described in Methods. Indo-1-
loaded Jurkat lymphoblasts were incubated in the standard NaCl-
based media, in panel A in the presence of about 0.5 mM [Ca?*),
(0.5 mM EGTA +1.0 mM CaCl,), while in panel B, C and D at an
initial [Ca®*], lower than 0.1 pM (40 pM CaCl, and 500 uM
EGTA). At the times indicated by the arrows 0.1 pg/ml aCD3, 0.1
#M gramicidin (gram), or 0.25 pM ionomycin (iono) were added to
the media. The dashed lines in panels A and B show the time course
of the [Ca%* ]; changes without gramicidin. In panels B, C and D, at
the time indicated by the lower arrow [Ca?* ], Was restored to about
0.5 mM by the addition of 1 mM CaCl,,.

not shown here in detail). In order to compare the
various effectors of the calcium signal in the following
experiments we used about 0.5 mM [Ca?*],, that is 1
mM calcium added after 0.5 mM EGTA (see Methods).
The [Ca®*]; in the resting Jurkat lymphoblasts was
relatively insensitive to changes in [Ca®*],, that is if
external calcium was repleted in the absence of the
stimulus (without the addition of aCD3), the increase in
[Ca%*], was insignificant as compared to that seen in
the stimulated cells and the [Ca®™]; levels stayed below
120-150 nM within 30 min.

In Fig. 1, panels A and B, gramicidin (0.1 uM) was
added to the aCD3 stimulated Jurkat cells during the
plateau-phase of increased [Ca®*],. This ionophore,
which allows the permeation of small monovalent cat-
ions, such as Na* and K* (but not, e.g., choline™),
depolarized the cell membrane (see below), and strongly
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Fig. 2. Effects of gramicidin and valinomycin on the aCD3-induced
calcium signal in indo-1-loaded Jurkat lymphoblasts. The cells were
incubated in the standard NaCl-based media with the initial [Ca2* ],
of less than 0.1 pM (40 M CaCl, and 500 uM EGTA). In panel A
0.1 pM gramicidin (gram), in panel B 1 pM valinomycin (val) was
added and then cell stimulation was induced by aCD3. At the times
indicated by the lower arrows [Ca?* ] was increased to about 0.5 mM
by the addition of 1 mM CaCl,.

reduced the elevated [Ca®*], in the presence of external
Ca®". Since under these conditions this elevated [Ca®*],
was maintained by an increased calcium influx, these
data suggest that gramicidin and/or its membrane de-
polarizing effect inhibits stimulus-induced calcium in-
flux.

Fig. 2, panel A, demonstrates an experiment which
indicates that the effect of gramicidin was selective for
the inhibition of the receptor-operated calcium influx.
When gramicidin was added 1 min before aCD3 in the
absence of external calcium, the stimulus-induced
calcium release from internal stores was practically
identical to that seen in the control cells (see Fig. 1B),
while calcium influx (after [Ca’*], repletion) was
strongly reduced. A similar reduction in calcium influx
by gramicidin was observed if [Ca’*], was varied be-
tween 5 uM and 2.5 mM (data not shown).

In Fig. 2, panel B, the effect of another ionophore,
the selective K *-carrier, valinomycin, is demonstrated.
Valinomycin which, in contrast to gramicidin, hyper-
polarizes the cell membrane (see below), did not signifi-
cantly modulate the aCD3-induced calcium release or
influx, although in this case the plateau-level of [Ca®*],
after [Ca’*] -repletion was slightly elevated (the ad-
dition of valinomycin or gramicidin to the control cells
produced a small, stimulus-independent, transient rise
in [Ca®*],, which may be due to some calcium release
from intracellular stores, e.g. mitochondria, directly af-
fected by the ionophores).

In the following experiments we have examined the
effects of extracellular cations and anions on the
aCD3-induced calcium release and influx, respectively.

Jurkat lymphoblasts after the indo-1 loading were resus-
pended in KCl (Fig. 3, panel A), in choline-Cl (panel
B), or in Na-glutamate media (panel C, for the exact
composition of these media see Methods). As demon-
strated, the addition of aCD3 in all these cases caused a
similar rise in [Ca?*];, produced by the internal calcium
release, but the magnitude of the calcium influx after
[Ca%*], repletion was significantly different. This pic-
ture did not change qualitatively if external calcium
concentration was varied between 5 pM to 2.5 mM.

In a KCl-based medium (which strongly depolarizes
the Jurkat lymphoblast plasma membrane, see below)
the influx component was practically abolished and the
addition of valinomycin or gramicidin did not produce
any significant change in this [Ca?*]; level. It is im-
portant to mention that the addition of K* to the
media (that is membrane depolarization) either in the
absence or presence of external calcium, did not pro-
duce a significant change in [Ca?*], in non stimulated
Jurkat lymphoblasts, thus no voltage-dependent calcium
channels seem to be present in these cells (data not
shown here). In choline-Cl (panel B), both calcium
release and influx were normal, but gramicidin did not
reduce the plateau-level of {Ca2*],. This is most prob-
ably due to the fact that gramicidin does not allow the
permeation of choline* [33,34], thus only a small degree
of depolarization is expected under these conditions
(see Fig. 4). In Na-glutamate (panel C), calcium influx
was reduced, but [Ca®*], could be increased to a greater
level by the addition of valinomycin while decreased to
a low value by gramicidin. Any effect of some calcium
chelation by glutamate on the calcium influx can be
excluded, since changes in the [Ca’*]_ between 5 uM to
2.5 mM in the EGTA-buffered media did not signifi-
cantly modify the observed calcium influx. Resuspen-
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Fig. 3. Effects of the ionic milieu in the incubation media on the
aCD3-induced calcium signal in indo-1-loaded Jurkat lymphoblasts.
The cells were incubated in 100 mM KCl-based (panel A), in choline-
Cl based (panel B) or in Na-glutamate (panel C) media (for the exact
compositions see the ‘Methods’ section). Initial [Ca?* ], was less than
0.1 uM (40 uM CaCl, +500 pM EGTA), which was repleted to 0.5
mM by the addition of 1 mM CaCl, at the times indicated by the
lower arrows. 0.1 pg/ml aCD3, 1 uM valinomycin (val), or 0.1 uM
gramicidin (gram) were added at the times indicated by the upper

arrows.
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Fig. 4. Fluorescence measurements with the membrane-potential indi-

cator dye, diS-C;-(5) in Jurkat lymphoblasts. Effects of the ionic
milieu and ionophores. The cells were equilibrated with 0.2 pM
diS-C,-(5) as described in Methods and then 1 uM valinomycin (val)
or 0.1 uM gramicidin (gram) were added at the times indicated by the
arrows. In the four experiments the cuvettes contained exactly the
same amount of cells and dye. Panel A, NaCl-based medium; panel B,
100 mM KCl medium; panel C, choline-Cl based medium; panel D,
Na-glutamate medium (for the exact compositions of the media see
Methods). An increase in fluorescence indicates depolarization, while
a decrease reports hyperpolarization of the cell membrane.

sion of the cells in a medium where external Cl™ is
replaced by glutamate™, if Cl -distribution is involved
in the determination of the normal membrane potential,
is expected to partially depolarize the Jurkat cell mem-
brane. In this medium valinomycin should hyper-
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polarize, while gramicidin depolarize the cell membrane
(see Fig.4).

In order to evaluate the above data we have esti-
mated the membrane potential in Jurkat lymphoblasts
by using the fluorescent membrane potential indicator
diS-C,-(5). Fig. 4 shows original fluorescence measure-
ments in which the same number of Jurkat lympho-
blasts were resuspended with 0.2 pM of diS-C;-(5) in
NaCl (A), KCl (B), choline-Cl (C) and Na-glutamate
(D) media. After the equilibration of the dye (2-3 min),
valinomycin, and thereafter gramicidin was added to
the media. An increase in the fluorescence indicates
depolarization, while decreasing fluorescence shows hy-
perpolarization of the cell membrane (see Methods). As
demonstrated, in KCl and in Na-glutamate media the
cells were relatively depolarized. Valinomycin in the
NaCl, choline-Cl and Na-glutamate media produced
hyperpolarization to about the same extent; the ad-
dition of gramicidin in the NaCl, KCl and Na-gluta-
mate media yielded a similar level of depolarization. In
KCl medium valinomycin slightly depolarized the cell
membrane. In a choline-Cl medium gramicidin (not
allowing a rapid choline™ movement) produced only a
small degree of depolarization, corresponding to the
small amount of sodium (25 mM) in this medium. All
these measurements are in good agreement with the
expected ion- and ionophore effects (see above).

Fig. 5 shows a compilation of the diS-C,-(5) fluores-
cence measurements and the measured and calculated
effects of external K* on the membrane potential of
Jurkat lymphoblasts. The insert shows the calibration
line used for converting the fluorescence changes into
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Fig. 5. Membrane potential in Jurkat lymphoblasts as a function of external K* concentration (Panel A). The figure presents the measured or

calculated membrane potential values as a function of external [K* ] (note the logarithmic scale of the abscissa). X

calculated by the Nernst equation in the presence of valinomycin; B
with different amounts of KCl; O

X, membrane potential
W, membrane potential measured in the control cells, NaCl replaced

0O, membrane potential calculated with the Goldman equation described in Methods, by using [K* ]; of

145 mM, [C17); of 40 mM and obtaining the best fit to the measured values by using Pc /Py =0.7. a, membrane potential measured in
Na-glutamate media; +, membrane potential calculated with the same equation as above with external C1~ concentration of 6 mM.Panel B shows
the calibration of the membrane potential by diS-C;~(5) fluorescence in the presence of 1 pM valinomycin, as described in Methods.
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membrane potential values (the calculation is based on
the Nernst equation for K*-distribution in the presence
of valinomycin - for the details of the calibration proce-
dure and the possible flaws of using this indicator see
Methods).

The membrane potential measured in the Jurkat
lymphoblasts in a normal, NaCl-based medium is repre-
sented in Fig. 5 by the black squares. The first value on
the left corresponds to the membrane potential mea-
sured at normal external K* concentration (5 mM) and
its value was found to be between —55 and —60 mV in
six independent experiments. Increasing external K*
concentrations reduced the membrane potential in the
demonstrated pattern. Changes in [Ca?*], between less
than 0.1 pM and 0.5 mM did not affect the resting
membrane potential in Jurkat lymphoblasts (data not
shown).

The addition of valinomycin ( X) increased the mem-
brane potential at 5 mM [K ], to a calculated —88 mV,
while gramicidin, which allows the permeation of both
K* and Na*, reduced it to practically O (see also Fig.4).

When external Cl1~ was almost entirely replaced by
the non-penetrating glutamate™ anions in the medium
(black triangle) the membrane potential of the Jurkat
lymphoblasts was reduced to —42 + 2 mV (¢ SD, n=35,
see also Fig. 4 panel D). Such a change is expected if
the C1~ distribution is involved in the formation of the
membrane potential. By using these data, the known
external and intracellular ion concentrations and a
Goldman type equation, the calculation of the expected
membrane potential (see Methods), is also possible. The
calculated membrane potential values (empty squares in
a NaCl-based medium, plus sign in a Na-glutamate
medium) gave the best fit to the measured values both
in NaCl and Na-glutamate media if the Cl~ permeabil-
ity of the Jurkat lymphoblast cell membrane in the
Goldman equation was set to 0.7 times the K *-permea-
bility value. The proper fit of the measured and calcu-
lated values under different conditions reinforce the
reliability of the membrane potential measurements in
Jurkat lymphoblasts by using the diS-C,-(5) indicator.

Since the alteration of the external K™ concentration
proved to be a simple and well controlled way to
modify the membrane potential of Jurkat lymphoblasts,
in the following experiments we examined the aCD3-in-
duced intracellular calcium release and the calcium in-
flux, respectively (the latter was measured after [Ca*],
repletion, see Fig. 1) at various external K* concentra-
tions. In Fig. 6 the compared peak values of stimulus-
induced calcium release (empty squares) and those of
calcium influx (triangles) are presented as a function of
membrane potential measured by diS-C;-(5) at the indi-
cated external K* concentrations. The figure also dem-
onstrates that, when the membrane was hyperpolarized
with valinomycin (X and ) neither the aCD3-induced
calcium release nor the influx was significantly altered
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Fig. 6. Dependence of the aCD3-induced intracellular calcium release
and external calcium influx, respectively, on the membrane potential
in Jurkat lymphoblasts. The calcium release induced by aCD3 was
measured in the absence of extracellular calcium, while calcium influx
was estimated after [Ca®* |, repletion, as shown in Fig. 1. The peak
values of the [CaZ™ |; were considered and the value measured in the
standard, NaCl-based media were taken as 100%. The data points
show mean values obtained in 2-5 sets of experiments with different
cell batches. Membrane potential in the control cells was altered by
changing the external K* concentration. Maximum hyperpolarization
was induced by valinomycin, maximum depolarization by gramicidin.
When applied, the concentration of valinomycin was 1 uM, that of
gramicidin 0.1 pM. O, intracellular calcium release in control cells; a,
external calcium influx in control cells; M, internal calcium release in
valinomycin-treated cells; X, external calcium influx in valinomycin-
treated cells; *, internal calcium release in gramicidin-treated cells;
+, external calcium influx in gramicidin-treated cells.

(see also Fig. 2). The complete depolarization of the cell
membrane, achieved with gramicidin, hardly affected
aCD3-induced calcium release (*), while practically
abolished receptor-operated calcium influx (+). Hali-
maximum inhibition of the stimulus-induced calcium
influx was seen at about —35 to —40 mV. The approx.
50% reduction of the aCD3-induced calcium influx in
Na-glutamate media (see Fig. 3, panel C) when the
membrane potential is about —40 mV, closely corre-
sponds to this value.

Earlier data indicated a selective inhibition of the
calcium influx pathway by non-penetrating SH-reagents
in platelets [35]. Therefore, in the following experiments
we have examined the effects of such an agent, PCMBS,
on the stimulus-induced calcium movements and on the
membrane potential in Jurkat lymphoblasts. As shown
in Fig. 7, Panel A, the addition of 50 uM PCMBS did
not influence the development of the aCD3-induced
calcium signal in the absence of external calcium, while
practically abolished the calcium influx after [Ca®*],
repletion. The addition of DTT to the medium signifi-
cantly reversed this inhibition even after several minutes
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Fig. 7. Effects of PCMBS on the aCD3-induced calcium signal in indo-1-loaded Jurkat lymphoblasts. The cells were incubated in standard,

NaCl-based media (panels A and B) or in choline-Cl based medium (panel C), with an initial external [Ca?* ], of less than 0.1 pM (40 pM

CaCl, + 500 uM EGTA). At the times indicated by the lower arrows [Ca?* ] was repleted to 0.5 mM by the addition of 1 mM CaCl 5. The upper
arrows indicate the addition of 50 uM PCMBS, 0.1 pg/ml aCD3, 1 mM DTT, and 1 uM valinomycin (val), respectively.

of the exposure to PCMBS (longer incubations than
8-10 min with PCMBS eliminated the DTT reversal). If
PCMBS was added to the medium in the presence of 0.5
mM [Ca®*],, the aCD3-induced calcium signal in Jurkat
lymphoblasts developed but the level of the plateau of
[Ca®*], was strongly reduced (data not shown here).

In Fig. 7, panels B and C, the effect of PCMBS on
the calcium influx pathway was further examined. In
these experiments PCMBS was added during the plateau
phase of the aCD3-induced calcium signal after calcium
repletion either in a NaCl (panel B), or a choline-C!
based (panel C) medium. As shown, in a NaCl medium
PCMBS induced a rapid decline in [Ca’*], in the
stimulated cells, which probably reflects the inhibition
of the calcium influx pathway. The addition of
valinomycin, which hyperpolarizes the cells (see Fig. 8)
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Fig. 8. Fluorescence measurements with the membrane-potential indi-
cator dye, diS-C,-(5) in Jurkat lymphoblasts. Effects of PCMBS, DTT
and ionophores. The cells were equilibrated with 0.2 pM diS-C;-(5) as
described in Methods and then 50 uM PCMBS, 1 uM valinomycin
(val), 1 mM DTT, or 0.1 pM gramicidin (gram) were added at the
times indicated by the arrows. The cuvettes contained exactly the
same amount of cells and dye. Panels A and B, standard, NaCl-based
media; panel C, choline-C] based medium (for the exact compositions
of the media see Methods). An increase in fluorescence indicates
depolarization, while a decrease reports hyperpolarization of the cell
membrane.

but would not interfere with the SH-groups in the cell
membrane, rapidly counteracted the effect of PCMBS.
As shown in panel C, in a choline-Cl medium, that is at
low external Na*, PCMBS was ineffective on the
stimulus-induced increase in [{Ca’*},, and under these
conditions valinomycin was also without effect. These
data indicate that the inhibition of the calcium influx by
PCMBS is not a direct action on the calcium channels
but related to the changes in membrane potential
through modulation of the Na* permeability of the
membrane.

The membrane potential measurements shown in Fig.
8 entirely support the above suggestion: in a NaCl
medium PCMBS significantly depolarized the Jurkat
lymphoblast plasma membrane (panels A and B), while
in a choline-Cl medium PCMBS had little effect on the
membrane potential (panel C). Valinomycin, by greatly
increasing the selective K™-permeability, reverted the
PCMBS-induced change in the membrane potential.
Addition of DTT, by reducing the SH-groups affected
by PCMBS, also had a reverting effect on membrane
depolarization (DTT in itself had no effect on the
calcium signal in the Jurkat lymphoblasts). This reversal
by DTT was slower and incomplete, as compared to
that caused by valinomycin.

Discussion

The data presented above demonstrate that in a
human T lymphoblast (Jurkat) cell line, by using the
fluorescent calcium indicator, indo-1, it is possible to
separate the aCD3-induced intracellular calcium release
and the external calcium influx, respectively. A similar
simple technique has been used by our group to in-
vestigate these two types of calcium movements and
their functional role in platelet aggregation [35]. As
shown in Figs. 1 and 2, in the aCD3-stimulated Jurkat
lymphoblasts the level of the plateau-phase of the
calcium signal in the presence of external calcium corre-
lates with the magnitude of the calcium influx, if exter-
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nal calcium is repleted after the cells had been stimu-
lated in the absence of external calcium. In order to
obtain a maximum calcium signal in the absence of
[Ca*],, it is necessary to use low concentrations of
indicators with a high fluorescence intensity, such as
indo-1, so as to avoid significant intracellular calcium
buffering and metabolic effects, experienced, e.g., with
quin-2 (see Refs. 27 and 36). In experiments not pre-
sented here we have examined the relative magnitude of
the calcium liberation and calcium influx signals (mea-
sured as shown in Fig. 1, panel B) in Jurkat lympho-
blasts containing various intracellular concentrations of
indo-1 and found that their ratio was about the same
between 5 and 50 pM of indo-1, while a significant
decrease in the calcium release signal could be observed
at higher indo-1 levels. In order to avoid calcium deple-
tion of the Jurkat lymphoblasts, and a consequent de-
crease in the calcium release signal, it was necessary to
carry out all the loading and preincubation procedures
in RPMI + fetal calf serum media, containing normal
levels of [Ca®*], and metabolic substrates. The 5-15
min incubation of the Jurkat lymphoblasts in a low-
calcium (EGTA-buffered) medium during the fluores-
cence measurements did not seem to produce any sig-
nificant effect on the calcium homeostasis of the un-
stimulated cells, as calcium repletion did not induce a
significant calcium influx and, after this period, upon
the addition of aCD3, a calcium release signal similar to
that seen in the control cells could be evoked (data not
shown in detail). Alternative methods for measuring
stimulus-induced calcium influx, e.g., by internal
calcium depletion [37], or following extracellular
manganese influx through the calcium transport path-
way and the consequent quenching of the intracellular
fluorescence of indo-1 or fura-2 [12,38] have also been
suggested in the literature. All these techniqes have
inherent flaws and difficulties (e.g., modulation of the
signal-development by [Ca®*]; or [Mn®*];, relatively
high background permeability for manganese, need of
rapid wavelength-alterations in the fluorescence mea-
surements, etc.), which probably do not make them
superior to the simple method presented herein.
Another methodological question is the reliability of
the fluorescent membrane potential measurements ap-
plied in these studies. Carbocyanine dyes are relatively
easy to use, stable compounds and their intracellular
quenching gives the distribution measurements a good
resolution at relatively low dye concentrations (50-500
nM). The dye used in this study, diS-C,-(5), has been
reported to give reliable membrane potential measure-
ments in lymphocytes and other cell types [28-31]. In
contrast, some reports indicate that 0.1-1 uM of diS-
C;-(5) or similar carbocyanines significantly inhibit cell
metabolism and certain specific transport processes [32].
In accordance with the data in the literature [1,32] we
also found that diS-C,;-(5) concentrations greater than

100 nM reduced the aCD3-induced calcium signal in
Jurkat lymphoblasts; however, during the measurement
periods, the presence of the dye did not affect the
resting calcium level of the cells (see Methods). There-
fore, by using low diS-C;-(5) concentrations and a care-
ful calibration procedure we consider the diS-C;-(5)
membrane potential measurements in the non-stimu-
lated cells to be reliable, while we do not interpret the
potential changes (a slight depolarization) seen during
aCD3-stimulation. When using oxanol dyes, which may
have no toxic effects on lymphocytes (see Ref. 1), the
calibration of the membrane potential, due to an inter-
ference with valinomycin and gramicidin, is much less
reliable, and isotope distribution experiments are not
suitable for following relatively rapid changes in the
membrane potential, such as induced by PCMBS.

The series of experiments by using various ionic
conditions, ionophores and membrane-affecting com-
pounds, such as PCMBS, indicate that aCD3-induced
calcium release from internal stores in Jurkat lympho-
blasts is hardly affected by all these treatments. That is,
the receptor induced formation of second messengers
and their calcium mobilizing action is practically un-
changed if external Na™ is replaced by K* or choline, if
external Cl~ is replaced by the non-penetrating gluta-
mate”, or even if internal K* is largely exchanged by
Na™, as expected in the presence of gramicidin (see also
Refs. 19-22). In contrast, any of the above treatments,
when inducing membrane depolarization, practically
abolishes the aCD3-induced calcium influx component.
By comparing the changes in membrane potential and
the magnitude of stimulus-induced calcium influx, we
found a half-maximum inhibition of this calcium trans-
port pathway between — 35 and —40 mV. The absolute
level of this threshold potential may be affected by the
methods of the potential measurements and may be
different for various cell types, but it is certainly in the
range of potential values which may occur under certain
physiological or pharmacological /therapeutical condi-
tions (see below). In our experiments we found no
evidence for the presence of voltage-dependent (that is,
depolarization-induced) calcium channels in Jurkat
lymphoblasts, as the resting level of [Ca?*], was un-
changed upon rapid depolarizing effects on the cell
membrane and 10-20 pM verapamil hardly affected the
stimulus-induced calcium signal (data not shown — see
also Ref. 23).

In Results we demonstrated that gramicidin or
PCMBS did not directly inhibit stimulus-induced
calcium movements but, by increasing the leak permea-
bility for small monovalent ions, in NaCl-based media
they decreased the cell membrane potential and selec-
tively abolished the receptor-operated calcium influx.
PCMBS and some other SH-group reagents have long
been known to introduce small monovalent cation
leakage in the red cell membrane (see Ref. 39), which is



reversible upon SH-reduction, e.g., by DTT. Thus the
inhibitory effect of non-penetrating SH-group reagents
on the thrombin-induced calcium influx component,
seen in platelets [35], is probably also secondary to
membrane depolarization. When the permeating SH-re-
agent NEM (50-100 pM) was added to the Jurkat
lymphoblasts, both aCD3-induced calcium release and
calcium influx were strongly reduced (data not shown),
thus in this case the combined effect of this drug on the
internal and external membrane functions appeared (see
also Ref. 35).

Replacement of external Cl~ by glutamate ™ or other
slowly penetrating anions significantly decreased the
resting membrane potential in Jurkat lymphoblasts (see
Fig. 4) and this may be the basis of the recently re-
ported findings [40] that in these cells stimulus-induced
calcium influx was significantly inhibited by external
Cl™ removal. According to the same report, DIDS, an
inhibitor of C1~ transport, had a similar blocking effect
on this particular calcium movement. Since DIDS in the
concentrations applied is known to affect SH-groups
[41], membrane depolarization may be a common source
of the observed changes in receptor-stimulated calcium
influx,

The possible regulatory role of membrane potential
on the calcium-dependent stimulation of lymphoid cells
has been examined in a series of reports by Gelfand et
al. [2,19,37,42]. They found an inhibitory effect of mem-
brane depolarization, evoked, e.g., by an increase in
external K* concentration, both on stimulus-induced
calcium influx and lymphocyte proliferation. In che-
motactic peptide stimulated human neutrophils [21],
carbachol-treated parotid acinar cells [20], or most re-
cently in vasopressin-stimulated hepatocytes [22] similar
findings were reported. The present paper, reinforcing
and extending these observations by a careful sep-
aration of the components of the stimulus-induced
calcium signal and concomittantly measuring the mem-
brane potential in human lymphoblasts, demonstrates
and quantitates the selective and powerful inhibition of
the calcium influx pathway by membrane depolariza-
tion. It is important to mention that the reduction of
the inward calcium gradient caused by this membrane
depolarization may not be the basis of the observed
effects as changes in [Ca®*]_ of more than two orders of
magnitude (between 5 and 2500 pM) did not signifi-
cantly alter the rate of stimulus-induced calcium influx.

According to the data in the literature (see Ref. 43),
the modulation of the properties of the membrane re-
ceptors and/or the components of the calcium signal
transduction pathway through protein kinase action may
have a basic physiological importance. Recently we
have demonstrated the elimination of the aCD3-in-
duced calcium signal in Jurkat lymphoblasts when pro-
tein kinase C was activated by phorbol ester or by a
soluble DAG [44]. However, in these cases the develop-
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ment of the signal is completely blocked and the activa-
tion of protein kinase C in the Jurkat lymphoblasts by
the above agents did not yield a significant membrane
depolarization (Sarkadi and Tordai, unpublished data).

A recent report in Nature [13] indicates, that recep-
tor-operated (thrombin-induced) calcium channels in
excised platelet membrane fragments do not show a
voltage sensitivity. In contrast, the above cited studies
and the data presented here suggest that in situ, in the
living cell membrane, such channels are not voltage-de-
pendent, but they are certainly voltage sensitive — that
is not opened but inhibited by membrane depolariza-
tion. Thus the induction of an increased conductive
Na* and/or Cl~ permeability in the cell membrane
(the latter is known to occur e.g. during volume regu-
lation of various cell types — see Refs. 30, 31 and 45)
should affect calcium-dependent cell stimulation.
Several endogenous modulators or pharmacological
agents may specifically depolarize certain cell types (see,
for example, reports on cyclosporin action [46,47)), thus
the further exploration of such effects is a challenging
project in studying cellular regulation.
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