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Mitochondrial uncoupling does not influence the stability of the
intracellular signal activating plasma membrane calcium channels*
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The effects of various concentrations of thapsigargin, a specific inhibitor of
Ca” -ATPase in the endoplasmic reticulum (ER) membrane, on calcium homeostasis in
lymphoidal T cells (Jurkat) were investigated. Preincubation of these cells suspended in
nominally calcium-free medium with 0.1 #M thapsigargin resulted in a complete release of
Ca“" from intracellular calcium stores. When the medium was supplemented with 3 mM
CaCl, the cells maintained constantly elevated level of cytosolic Ca * However, tha-
psigargin applied at lower concentration produced only a partial depletion of the stores.
For example, in the cells pretreated with 1 nM thapsigargin and suspended in calcium-free
medium approximately 75% of the calcium content was released from the intracellular
stores. The addition of 3 mM CacCls to such cell suspension led to a transient increase in
cytosolic calcium concentration, followed by a return to a lower steady-state. This phe-
nomenon, related to the refilling of the ER by Ca2+, allowed to estimate the half-time for
the process of cell recovery after activation of store-operated calcium channels. By this ap-
proach we have found that carbonyl cyanide m-chlorophenylhydrazone, which has been
documented to inhibit calcium entry into Jurkat cells, does not influence the stability of
the intracellular signal involved in the activation of store-operated calcium channels.

Cytosolic free Cal2+ is the major second messen-
ger in all types of cells. It regulates many crucial
cytosolic processes, including gene expression,
cell division, exocytosis, cell contraction and
many metabolic reactions. Thereby, the cytosolic
Ca2Jr concentration ([Ca2+]c) must be controlled
in an extremely precise manner (Berridge, 1995).

In non-electrically excitable cells, the resting level
of cytosolic free Ca®" is as low as 100 nM, while in
the main intracellular calcium stores localised in
the endoplasmic reticulum (ER) it is estimated to
be two orders of magnitude higher. Calcium con-
centration in the extracellular milieu is even
higher and amounts to 1-2 mM; i.e., it is ten- to
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twenty thousand times more concentrated than
that in the cytosol.

These high concentration gradients are built up
and kept at the cost of the energy from ATP by
CaZ"-ATPases (calcium pumps) localised in the
ER membranes and in the plasma membrane
(PM). If the cell is activated by extracellular stim-
uli (for example by some hormones or growth fac-
tors) the low basal [Caer]C changes into an ele-
vated one. The key event in this physiological re-
action is the depletion of intracellular calcium
stores which leads to the opening of calcium chan-
nels in PM and massive calcium entry into the
cell. As the activation of calcium influx depends
on the filling state of ER calcium stores, these
channels are called store-operated channels
(SOC). This regulatory phenomenon was formerly
known as the capacitative regulation of calcium
entry (Putney, 1986; 1990). Although the physio-
logical and biochemical importance of such activa-
tion of calcium influx has been well documented
and repeatedly confirmed for many types of cells
(Parekh & Penner, 1997), the accurate signalling
mechanism coupling ER to PM calcium channels
has remained unknown so far. Similarly, the ex-
act nature of SOC needs to be elucidated. Re-
cently, it has been suggested that the store-oper-
ated calcium influx may be mediated by proteins
homologous to transient receptor potential (TRP)
family members (Kiselyov et al., 1998; Barrit,
1999, for review).

Under physiological conditions, a transient in-
crease in [Caer]C is followed by some regulatory
processes leading to restoration of the original
resting steady-state of calcium concentration.
This events include fast and slow feed-back inhibi-
tions of SOC by increased [Ca2+]c, an activation
of the plasma membrane calcium pump and a re-
plenishment of ER calcium stores (Parekh, 1998;
Zweifach & Lewis, 1995a; 1995b). In accordance
with the hypothesis of the regulation of SOC activ-
ity, refilling of ER calcium stores should turn off
signal transmission between ER and PM.

The depletion of ER calcium stores may be exe-
cuted by thapsigargin, a selective inhibition of ER
Ca2+-ATPase (Thastrup et al., 1994; Parekh &
Penner, 1997). On the other hand, thapsigargin
inhibits Ca2+-ATP irreversibly and thus, at high

concentrations, completely prevents the reloading
of ER calcium stores. Moreover, thapsigargin
must be used with caution because of its inhibi-
tory side effects on SOC (Thastrup et al., 1994).

It has been recently demonstrated that mito-
chondria play an important role in the regulation
of SOC (Gamberucci et al., 1994; Hoth et al. 1997,
Fernando et al., 1998; Makowska et al., 2000). In
various cell lines deenergisation of mitochondria
greatly impaired the store-operated calcium influx
(Wasniewska & Duszynski, 2000). The aim of the
present study was to investigate the mechanism
of mitochondrial involvement in SOC regulation.
We demonstrate that the energy state of mito-
chondria does not influence the stability of the
intracellular signal involved in the activation of
SOC by ER calcium stores.

MATERIALS AND METHODS

Materials. Fura-2/AM was purchased from Mo-
lecular Probes (Eugene, OR, U.S.A.). Ionomycin,
oligomycin, thapsigargin and carbonyl cyanide
m-chlorophenylhydrazone (CCCP) were from
Sigma (St. Louis, MO, U.S.A.). Other chemicals
were of analytical grade. The standard assay me-
dium consisted of 130 mM NaCl, 5 mM KCl, 1 mM
MgClg, 0.5 mM NasHPOy4, 25 mM Hepes, 1 mM
pyruvate and 5 mM glucose, pH 7.2.

Cell cultures. Jurkat lymphoidal T-cell line was
RPMI-1640 medium (Ludwik
Hirszfeld Institute of Immunology and Experi-

cultured in

mental Therapy, Wroclaw, Poland) supplement-
ed with 10% foetal bovine serum (GIBCO BRL), 2
mM glutamine, penicillin (100 units/ml) and
streptomycin (50 yg/ml) in a humidified atmo-
sphere containing 5% COg9 and 95% air at 37°C, as
described previously (Makowska et al., 2000).
Measurements of intracellular calcium.
[C‘%12+]C was measured fluorimetrically using the
fluorescent probe Fura-2. (Grynkiewicz et al.,
1985). Jurkat cells suspended in the culture me-
dium (106 cells/ml) were loaded with 1 uM
Fura-2/AM for 15 min at 37°C. Then, the cells
were washed by centrifugation with the standard
assay medium containing 0.1 mM CaClg and sus-
pended in the nominally calcium-free assay me-
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dium (containing 0.1 mM EGTA instead of Ca2+)
at pH 7.2. When indicated, 3 mM CaCly, 1 uM
CCCP, and thapsigargin at the appropriate con-
centration were added to the cell suspension. The
presence of both glucose and oligomycin in the
cell suspension enabled cellular ATP to be kept at
the unchanged level despite the impairment of ox-
idative phosphorylation. As oligomycin alone
does not influence calcium entry into the cells, it
was routinely added to all samples, including con-
trols. Fluorescence was measured at 30°C in a
Shimadzu RF5000 spectrofluorimeter set in the
ratio mode using 340/380 nm wavelength for exci-
tation and 510 nm for emission. The time resolu-
tion of the measurements was 1 s. [Ca2+]C was cal-
ibrated for cells in each run in the presence of 3
mM of externally added CaCly and 3 uM
ionomycin plus 0.002% digitonin.

RESULTS AND DISCUSSION

We tested the rate of calcium influx into Jurkat
cells initially suspended in the nominally cal-
cium-free medium and then pre-treated with vari-
ous concentrations of thapsigargin. If the cells
were pretreated with 0.1 uM thapsigargin, subse-
quent addition of CaCly resulted in an immediate
elevation of [CaZ+]C, that was not followed by any
decrease towards the original steady-state
(Fig. 1). Thapsigargin delivered at such high con-
centration totally inhibited ER Ca®".ATPase.
Therefore, the refilling of ER calcium stores was
impossible. This resulted in a sustained genera-
tion of SOC activating signal and, in consequence,
the persistent activation of calcium influx. The
plateau reached by [Ca2+]c was a resultant of the
activated calcium entry, gradually reduced by a
feed-back inhibition of SOC, and calcium efflux
from the cells, driven by PM calcium pumps.
Figure 2 shows results of the titration of Jurkat
cells with thapsigargin. After release of CaZJr due
to inhibition of ER Ca2+-ATPase, the remaining
stored calcium was released by treatment of the
cells with ionomycin. The total amount of Ca2+
which could be released by ionomycin is shown in
Fig. 2A. We found that 0.1 uM concentration of

thapsigargin was high enough for a complete de-

pletion of intracellular calcium stores (Fig. 2C)
while pre-incubation of the cells with 1 nM
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Figure 1. Changes in [Ca2+]c in Jurkat cells pre-

treated with 0.1 uM thapsigargin (Tg) and then ex-
posed to 3 mM extracellular CaCl,.

One trace typical of five is shown.

thapsigargin resulted in only a partial release of
Ca®t (Fig. 2B). Application of thapsigargin at still
lower concentrations caused similar but weaker
effects on the ER calcium content unless its con-
centration was lower than 0.25 nM. Below this
concentration, thapsigargin was poorly effective
(data not shown).

As shown in Fig. 3A, the addition of CaCly to the
suspension of Jurkat cells pretreated with 1 nM
thapsigargin resulted in a fast but transient eleva-
tion of [Ca2+]c' The initial rate of Ca®" influx (ex-
pressed as the rate of [Ca2+]C changes) amounted
to 46 + 7nM X s~}
rate after pretreatment of the cells with 0.1 uM
thapsigargin (47 + 4 nM X s_l) (calculated for
three independent experiments). This indicates

and was similar to the influx

that the intensity of the signal transmitted from
ER to PM did not depend on the degree of empty-
ing of ER calcium stores, at least in this range of
thapsigargin concentration. Alternatively, in the
presence of higher concentrations of thapsigargin
and a complete depletion of ER stores, activation
of a hypothetical signal coupling ER to PM consid-
erably exceeded the level needed for full activa-
tion of SOC. Figures 1 and 3 also show that the
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Figure 2. The effect of different concentrations of thapsigargin on the degree of Ca2+ release from

intracellular stores.

The cells were pretreated with DMSO alone (A), 1 nM thapsigargin (Tg) (B) and 0.1 uM thapsigargin (C). One trace typical

of three is shown.

maximal level of [Ca2+]C resulting from calcium
influx into the cells was dependent on the concen-
tration of thapsigargin used; it was much lower in

and SOC closure in consequence of the refilling of
ER stores. It also reflects, to some extent, the sta-
bility of the hypothetical SOC-opening signal. Pre-
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Figure 3. The effect of CCCP on
changes in [Ca2+]c in Jurkat cells
pretreated with 1 nM thapsigargin

\ (Tg) and then exposed to extra-

cellular CaCls,.
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the case of cells preincubated in the presence of 1
nM thapsigargin than with 100 nM thapsigargin.

The slope of the descending part of the curve
represents a decrease in Ca2+ concentration re-
sulting from both CaZJr extrusion from the cells
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A. Control cells. B. Cells preincubated
with CCCP. One trace typical of three
is shown.

sumably, the rate of SOC closure depends on the
disappearance of the signal that had been gener-
ated by ER until ER calcium stores became re-
loaded (Hofer et al., 1998). This pattern of [Ca2+]c
changes allowed us to estimate the halftime of
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reaching the new steady-state calcium level. In
other words, the half-time of the cell recovery af-
ter signalling between ER and PM has been bro-
ken. This parameter may be useful to characterise
the regulation of calcium homeostasis in various
types of cells or in cells challenged by different
extracellular stimuli.

We have previously described the inhibitory ef-
fect of a mitochondrial uncoupler (CCCP) on the
rate of calcium entry into Jurkat cells preincu-
bated with 1 uM thapsigargin (Makowska et al.,
2000). It was then evidenced that the decrease in
the mitochondrial membrane potential influenced
the initial rate of the calcium influx. Figures 3 A
and B show that CCCP inhibits the calcium entry
Jurkat pretreated with 1 nM
thapsigargin as well, but it does not exert any sig-

into cells
nificant effect on the half-time of cell recovery; it
amounted to 25 s for both control and CCCP-
treated cells. In our previous paper (Makowska et
al., 2000) it was concluded that CCCP did not
change the rate of calcium efflux from the cells. If
S0, our present observations indicate that the sta-
bility (the half-time) of the intracellular signal in-
volved in the activation of SOC by ER calcium
stores was not reduced even if the mitochondrial
membrane potential was collapsed. This observa-
tion additionally supports our former conclusion
that mitochondrial potential was essential for
SOC activation to occur but it was not involved in
the regulation of cell recovery.
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