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The mitochondrial Na+/Ca2+ exchanger plays a key role
in the control of cytosolic Ca2+ oscillations
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Abstract

There is increasing evidence that mitochondria play an important role in the control of cytosolic Ca2+ signaling. We show here that the
main mitochondrial Ca2+-exit pathway, the mitochondrial Na+/Ca2+ exchanger, controls the pattern of cytosolic Ca2+ oscillations in non-
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xcitable cells. In HeLa cells, the inhibitor of the mitochondrial Na /Ca exchanger CGP37157 changed the pattern of the oscillations
nduced by histamine from a high-frequency irregular one to a lower frequency baseline spike type, surprisingly with little changes in the
verage Ca2+ values of a large cell population. In human fibroblasts, CGP37157 increased the frequency of the baseline oscillations in cells
aving spontaneous activity and induced the generation of oscillations in cells without spontaneous activity. This effect was dose-dependent,
isappeared when the inhibitor was washed out and was not mimicked by mitochondrial depolarization. CGP37157 increased mitochondrial
Ca2+] and ATP production in histamine-stimulated HeLa cells, but the effect on ATP production was only transient. CGP37157 also activated
istamine-induced Ca2+ release from the endoplasmic reticulum and increased the size of the cytosolic Ca2+ peak induced by histamine
n HeLa cells. Our results suggest that the mitochondrial Na+/Ca2+ exchanger directly modulates inositol 1,4,5-trisphosphate-induced Ca2+

elease and in that way controls cytosolic Ca2+ oscillations.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

There is much evidence that mitochondria modulate
ytosolic Ca2+ signaling and has a privileged relationship in
erms of Ca2+ homeostasis with both the endoplasmic retic-
lum and the plasma membrane. The large capacity and rate
f Ca2+ accumulation by mitochondria allows this organelle
o accumulate transiently most of the Ca2+ influx occurring
uring cell stimulation [1]. Thus, acting as transient Ca2+

uffers, mitochondria are able to modulate the size of the

Abbreviations: [Ca2+]c, cytosolic [Ca2+]; [Ca2+]M, mitochondrial
Ca2+]; ER, endoplasmic reticulum; [Ca2+]ER, ER [Ca2+]; InsP3, inositol
,4,5-trisphosphate; InsP3R, InsP3 receptor
∗ Corresponding author. Tel.: +34 983 423085; fax: +34 983 423588.

E-mail address: jalvarez@ibgm.uva.es (J. Alvarez).

cytosolic Ca2+ ([Ca2+]c) transient and the associated physio-
logical phenomena, such as secretion [2,3]. The subsequent
slower release of the accumulated Ca2+ by mitochondria
generates characteristic shoulders in the stimulus-induced
[Ca2+]c transients [4–6] and facilitates also refilling with Ca2+

of the endoplasmic reticulum [7–9] when the Ca2+ transient is
due to Ca2+-release from this organelle. There is also struc-
tural and functional evidence suggesting that mitochondria
and ER are closely coupled in terms of Ca2+ homeosta-
sis, probably through specific and stable interactions among
both organelles [10–13]. In that way, the close proximity
between inositol 1,4,5-trisphosphate receptors (InsP3R) and
mitochondrial Ca2+ uniporters may facilitate a rapid trans-
fer of Ca2+ from the ER to the mitochondria, as well as
the modulation by mitochondria of the local Ca2+ microen-
vironment surrounding InsP3R. This allows mitochondria
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to control Ca2+ release, as InsP3R have a strong positive
and negative feedback regulation by the local [Ca2+] sur-
rounding the release site [14,15]. In addition, mitochondria
appear to hold also specific interactions with the plasma
membrane, where they regulate the opening of different
Ca2+ channels by maintaining a low-Ca2+ environment close
to the channels, thus avoiding their inactivation by Ca2+

[16,17].
The role of mitochondria in cytosolic Ca2+ signaling has

been widely explored using protonophores or respiratory
chain inhibitors to depolarize the mitochondrial membrane
and thus block Ca2+ uptake into the organelle. Mitochon-
drial depolarization usually induces a large increase in the
size of the stimulus-induced [Ca2+]c transient and acceler-
ates the return of [Ca2+]c to resting levels [4,6,18,19]. In
addition, this maneuver has been shown to inhibit the gen-
eration of long-lasting Ca2+ oscillations [20] and to produce
a larger ER depletion [7,8] in stimulated HeLa cells. On the
other hand, Ca2+ efflux from mitochondria occurs mainly
through the mitochondrial Na+/Ca2+ exchanger and the spe-
cific inhibitor of this transport system CGP37157 has also
been used to investigate the relationship between mitochon-
drial and cytosolic Ca2+ homeostasis. This inhibitor has been
shown to mimic the effect of mitochondrial depolarization by
reducing ER Ca2+-refilling in non-excitable cells stimulated
with an InsP -producing agonist [7,9]. Thus, the mitochon-
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2.2. [Ca2+]M, [Ca2+]c, and [Ca2+]ER measurements in
cell populations with targeted aequorin

In the case of the mitochondrial [Ca2+] measurements, a
mutated form of aequorin with lower Ca2+ affinity was used
in order to reduce aequorin consumption and thus measure
better the real changes in [Ca2+]M, avoiding the artifacts due
to saturation with Ca2+ of aequorin. A detailed discussion
of the reasons for using a low-affinity aequorin to measure
[Ca2+]M changes has been presented elsewhere [22]. The
HeLa cell clone MM5 was used for most of the measure-
ments of mitochondrial [Ca2+] ([Ca2+]M). In some cases,
[Ca2+]M measurements were made using wild type HeLa
cells transfected with the pcDNA3.1 plasmid containing
the construct for mitochondrially-targeted mutated aequorin.
Cytosolic [Ca2+] ([Ca2+]c) measurements were carried out
using HeLa cells transiently transfected with the plasmid for
cytosolic aequorin. Cells were plated onto 13 mm round cov-
erslips. For aequorin reconstitution, HeLa cells expressing
cytosolic aequorin were incubated for 1–2 h at room tem-
perature with 1 �M of wild-type coelenterazine, and cells
expressing mitochondrially-targeted mutated aequorin were
incubated for 1–2 h at room temperature with either 1 �M of
wild-type coelenterazine (for experiments with intact cells)
or 1 �M of coelenterazine n (for experiments with permeabi-
lized cells), in standard medium containing 145 mM NaCl,
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rial Na+/Ca2+ exchanger has been implicated in both ER-
itochondria Ca2+ recycling [7] and in the transfer of Ca2+

rom the extracellular medium to the ER through mitochon-
ria [8,9].

We have studied here further the role of the mitochondrial
a+/Ca2+ exchanger in cytosolic and mitochondrial Ca2+

omeostasis and we show evidence that this system has a dis-
inct role in the modulation of InsP3-induced cytosolic Ca2+

scillations, thus suggesting a functional coupling between
he exchanger and InsP3R.

. Experimental procedures

.1. Cell culture and targeted aequorin expression

HeLa cells were grown in Dulbecco’s modified Eagle’s
edium supplemented with 5% fetal calf serum. The con-

tructs for aequorin targeted to the cytosol and mutated
equorin targeted to either the ER or the mitochondria have
een described previously [3,21]. The luciferase gene was
btained from Promega (pSP-luc + vector) and cloned into
he pcDNA3.1 plasmid. The HeLa cell clone MM5, that
tably expresses mitochondrially-targeted mutated aequorin
as also been described previously [22]. Transfections
ere carried out using Metafectene (Biontex, Munich,
ermany). Cultures of human fibroblasts were obtained

rom skin biopsies of healthy donor volunteers. They were
rown in 199 medium supplemented with 10% fetal calf
erum.
mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM glucose,
nd 10 mM HEPES, pH 7.4. Cells were then placed in the
erfusion chamber of a purpose-built luminometer thermo-
tatized at 37 ◦C. For the experiments with permeabilized
ells, mitochondrially-targeted mutated aequorin was recon-
tituted with coelenterazine n in order to reduce still fur-
her its Ca2+-affinity, thus allowing measurement of higher
Ca2+]M. Then, standard medium containing 0.5 mM EGTA
nstead of Ca2+ was perfused for 1 min, followed by 1 min
f intracellular medium (130 mM KCl, 10 mM NaCl, 1 mM
gCl2, 1 mM K3PO4, 0.5 mM EGTA, 1 mM ATP, 20 �M
DP, 2 mM succinate, 20 mM Hepes, pH 7) containing
00 �M digitonin and again intracellular medium without
igitonin for 5–10 min prior to the addition of [Ca2+] buffers.
R [Ca2+] ([Ca2+]ER) measurements were carried out using
eLa cells transiently transfected with the plasmid for ER-

argeted aequorin. Cells were plated onto 13 mm round cover-
lips. Before reconstituting aequorin, [Ca2+]ER was reduced
y incubating the cells for 10 min at 37 ◦C with the sar-
oplasmic and endoplasmic reticulum Ca2+-ATPase inhibitor
,5-di-tert-buthyl-benzohydroquinone (BHQ) 10 �M in stan-
ard external medium containing (in mM): NaCl, 145;
Cl, 5; MgCl2, 1; glucose, 10; HEPES, 10, pH 7.4, sup-
lemented with 0.5 mM EGTA. Cells were then washed
nd incubated for 1 h at room temperature in the same
edium with 1 �M coelenterazine n. Then, the coverslip
as placed in the perfusion chamber of a purpose-built ther-
ostatized luminometer, and standard medium containing

.5 mM EGTA was perfused for 5 min prior to the experi-
ent.
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2.3. Measurements of intracellular ATP

HeLa cells expressing the plasmid for cytosolic luciferase
were placed in the perfusion chamber of a purpose-built lumi-
nometer thermostatized at 37 ◦C. Then, standard medium
containing 2–5 �M luciferin was perfused until a steady-state
luminescence was reached. Then, the required stimuli were
perfused in standard medium containing the same amount of
luciferin.

2.4. Single cell [Ca2+]c measurements

HeLa cells or fibroblasts were loaded with fura-2 by
incubation in standard medium containing 2 �M fura-2-AM
for 45 min at room temperature. Cells were then washed
with standard medium for 45 min at room temperature and
mounted in a cell chamber in the stage of a Zeiss Axiovert
200 microscope under continuous perfusion. Single cell flu-
orescence was excited at 340 and 380 nm using a Cairn
monochromator (100 ms excitation at each wavelength every
2 s, 10 nm bandwidth) and images of the emitted fluorescence
obtained with a 40× Fluar objective were collected using
a 400DCLP dichroic mirror and a D510/80 emission filter

(both from Chroma Technology) and recorded by a Hama-
matsu ORCA-ER camera. Single cell fluorescence records
were ratioed and calibrated into [Ca2+] values off-line as
described before [23] using the Metafluor program (Univer-
sal Imaging). Experiments were performed at 37 ◦C using an
on-line heater from Harvard Apparatus.

2.5. Materials

Wild type coelenterazine, coelenterazine n and fura-2-AM
were obtained from Molecular Probes, OR, USA. CGP37157
was from Tocris, Bristol, UK. Other reagents were from
Sigma, Madrid or Merck, Darmstadt.

3. Results

3.1. Dose-dependence of the inhibition by CGP37157 of
mitochondrial Ca2+ exit

The mitochondrial Na+/Ca2+ exchanger is the main
system responsible of mitochondrial Ca2+-efflux in most
cell types. Fig. 1 shows that Ca2+-efflux from mitochondria
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ig. 1. Inhibition by CGP37157 of mitochondrial Ca2+ release. MM5 cells expre
oelenterazine n. Then, they were permeabilized as described in Section 2 and a C
ndicated in the figure. Then, Ca2+ release from mitochondria was triggered by pe
ddition, 10 mM Na+ was included at that point in all the experiments (except that
GP37157, as indicated (CGP37157 was present also during the Ca2+ uptake perio

o 17 experiments of each kind similar to those shown in the upper panel.
ssing mutated mitochondrially-targeted aequorin were reconstituted with
a2+ buffer containing 2.5 �M [Ca2+] in Na+-free medium was perfused as
rfusing medium containing 0.5 mM EGTA instead of the [Ca2+] buffer. In
labeled “0 Na”) either in the absence or in the presence of 1, 3 or 10 �M
d in those experiments). The lower panel show mean data obtained from 8
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in permeabilized HeLa cells is largely inhibited when
medium containing no Na+ is perfused. Cells expressing
mitochondrially-targeted aequorin were permeabilized as
described in Section 2 and then mitochondrial Ca2+ uptake
was induced by perfusing a 2.5 �M Ca2+-buffer in Na+-free
intracellular medium (140 mM KCl, 1 mM MgCl2, 1 mM
K3PO4, 0.5 mM potassium EGTA, 1 mM potassium ATP,
2 mM potassium succinate, 20 mM Hepes, pH 7 with KOH).
Then, release of the accumulated Ca2+ was triggered by per-
fusing medium without Ca2+ (EGTA-containing) and with
either 0 or 10 mM Na+. In several similar experiments, the rate
of Ca2+ release obtained in the presence of Na+-free medium
was 19 ± 1% (mean ± S.E., n = 15) of that obtained in Na+-
containing medium. The figure shows also that CGP37157,
an inhibitor of the mitochondrial Na+/Ca2+ exchanger,
produced a dose-dependent inhibition of the rate of Ca2+

release in Na+-containing medium. The lower panels show
the dose-dependence of this inhibition. Nearly-full inhibition
was obtained at 10 �M (88 ± 3% of the effect of Na+-free
medium, mean ± S.E., n = 15), and half-maximal inhibition at
1.6 ± 1.0 �M (mean ± S.D., sigmoidal logEC50 fitting, Bio-
DataFit program, Chang Bioscience, CA, USA). The residual
Ca2+ release from mitochondria observed in the absence
of Na+ may take place through Na+-independent Ca2+

extrusion pathways, such as the H+/Ca2+ exchanger [24].
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Fig. 2. Effect of CGP37157 on the histamine-induced mitochondrial and
cytosolic [Ca2+] peaks. Upper panel: MM5 cells expressing mutated
mitochondrially-targeted aequorin were reconstituted with native coelen-
terazine and stimulated with 100 �M histamine either in the presence or
in the absence of several concentrations of CGP37157, as indicated. This
compound was added in each case 2 min prior to the addition of histamine.
Experiments are representative of 7–15 similar experiments of each kind.
Lower panel: HeLa cells transfected with cytosolic aequorin were reconsti-
tuted with native coelenterazine. Then, they were stimulated with 100 �M
histamine either in the absence or in the presence of 10 �M CGP37157
(preincubated for 2 min prior to histamine stimulation). The traces shown
are the mean of 11 experiments of each type. The right trace shows the two
experiments superimposed (dotted trace with CGP37157).

higher (mean ± S.E., n = 15 in all cases). We expected that
these effects of CGP37157 on the [Ca2+]M peak induced
by histamine would be accompanied by a corresponding
decrease in the [Ca2+]c peak. However, the cytosolic [Ca2+]
peak was slightly but significantly increased in the pres-
ence of CGP37157, from 1.02 ± 0.04 �M in the controls to
1.15 ± 0.03 �M in the presence of the inhibitor (mean ± S.E.,
n = 11 in both cases, p < 0.05, ANOVA test). Fig. 2, lower
panel, shows mean data of 11 separate experiments of each
kind, and the differences can be better seen in the right trace
when both peaks are superimposed. The figure shows that, in
addition to the increase in the [Ca2+]c peak, the rate of [Ca2+]c
decrease after the peak was also increased in the presence of
CGP37157, so that [Ca2+]c in the shoulder of the transient was
significantly smaller (p < 0.05 for the differences in the mean
values along the shoulder) in the presence of this compound.
This effect is consistent with the increased accumulation of
Ca2+ in mitochondria.

The discrepancy among the changes induced by
CGP37157 in the mitochondrial and cytosolic [Ca2+] peaks
could be due to effects of the inhibition of mitochondrial
Na+/Ca2+ exchanger by CGP37157 on the release of Ca2+

from the endoplasmic reticulum. It has been previously
.2. Effects of CGP37157 on [Ca2+]c, [Ca2+]M and
Ca2+]ER responses to histamine

Our main objective in this paper was to investigate if
odulation of the activity of the mitochondrial Na+/Ca2+

xchanger significantly affects cytosolic Ca2+ homeosta-
is. During cytosolic Ca2+-transients induced by agonists,
art of the Ca2+ released from the endoplasmic reticulum
s transiently accumulated into mitochondria. Inhibition of
he mitochondrial Na+/Ca2+ exchanger should increase the
mount of Ca2+ accumulated into mitochondria and thus
educe the [Ca2+] in the cytosol. We first studied to what
xtent was CGP37157 able to modify the mitochondrial Ca2+

eaks induced by an agonist. Fig. 2, upper panel, shows that
GP37157 increased both the size and the duration of the

Ca2+]M peak induced by histamine. However, as expected
or an inhibitor of mitochondrial Ca2+ efflux, the effect on
he duration of the [Ca2+]M transient was much larger than
hat on the peak values. The [Ca2+]M peak was increased
rom 22 ± 2 �M in the control to 32 ± 2 �M (mean ± S.E.,
= 15 in both cases) in the presence of CGP37157 10 �M,
n increase of near 50%. The duration of the peak was esti-
ated indirectly by looking at the [Ca2+]M level 2 min after

tart of the stimulation. Under control conditions, [Ca2+]M
apidly returned to resting levels after the peak, and 2 min
fter stimulation it was only 0.77 ± 0.11 �M (resting levels
efore stimulation 0.23 ± 0.03 �M). Instead, in the presence
f CGP37157 10 �M, [Ca2+]M required a much longer time
o return to resting levels and the [Ca2+]M level 2 min after
tart of the stimulation was 3.76 ± 0.31 �M, about five-fold
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Fig. 3. Effect of CGP37157 on histamine-induced Ca2+ release from the ER.
HeLa cells transfected with ER-targeted aequorin were depleted of Ca2+

and reconstituted with coelenterazine n as described in Section 2. Then,
medium containing 1 mM Ca2+ in the presence or in the absence of 10 �M
CGP37157 was perfused to refill the ER with Ca2+. When indicated, cells
were stimulated with 100 �M histamine. Experiments shown are the mean
of five different experiments and are representative of 11 similar ones of
each kind.

shown that CGP37157 increases ER-Ca2+ depletion in
histamine-stimulated HeLa cells [7], but that effect was
only attributed to a decreased ER refilling. We have used
aequorin targeted to the endoplasmic reticulum to investigate
in detail the kinetics of the effect of CGP37157 on the Ca2+

release induced by histamine. Fig. 3 shows that, as reported
previously [25], Ca2+ release from the ER is biphasic, with
a fast initial step of Ca2+ release that suddenly stops and is
followed by a second phase of slower release. As reported
previously [7], in the presence of CGP37157 release of Ca2+

was significantly increased. Considering the amount of Ca2+

released in the initial 90s after stimulation with histamine,
the ER released 60.5 ± 2.0% (mean ± S.E., n = 11) of its
content in the controls and 68.9 ± 1.5% (mean ± S.E.,
n = 11) of its content in the presence of CGP37157 10 �M
(p < 0.005, ANOVA test). However, the increase in the
rate of release started already in the initial fast phase of
release. Measuring the amount of Ca2+ released during the
initial 10 s after stimulation, the ER released 17.8 ± 1.0%
(mean ± S.E., n = 11) of its content in the controls and
21.6 ± 1.2% (mean ± S.E., n = 11) of its content in the pres-
ence of CGP37157 10 �M (p < 0.05, ANOVA test). These
results suggest that CGP37157 may also directly stimulate
Ca2+ release, at least during the initial fast phase of release.
This larger Ca2+ release from the ER may compensate for
t 2+
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Fig. 4. Effect of CGP37157 on histamine-induced [Ca2+]c oscillations in
HeLa cells. Fura-2-loaded HeLa cells were stimulated for 1 min with 100 �M
histamine and then for the rest of the experiment with 3 �M histamine. When
indicated, medium containing also 10 �M CGP37157 was perfused. The fig-
ure shows data from two different experiments: four single-cell records, the
mean of these four records (mean-4) and the mean of all the cells present in
the microscope field in each case (mean-25 or mean-39). These experiments
are representative of 20 similar ones.

release from mitochondria through the Na+/Ca2+ exchanger
could modulate the activity of InsP3R. If that was the case, we
reasoned that mitochondrial Na+/Ca2+ exchanger could also
modulate cytosolic Ca2+ oscillations. To test this hypothesis,
we have used two different cell models: histamine-stimulated
HeLa cells and spontaneous oscillations in primary fibrob-
lasts. In both cases [Ca2+]c oscillations derive from periodic
Ca2+ release from the endoplasmic reticulum via InsP3R,
as these cells do not possess voltage-dependent Ca2+ chan-
nels in the plasma membrane. This is important to validate
the effects obtained with CGP37157, as this compound has
been reported to inhibit also voltage-dependent Ca2+ chan-
nels [26].

Fig. 4 shows single HeLa cell records of cytosolic Ca2+

from two different experiments, together with the mean
response of the four cells shown (mean-4) and that of all
the cells present in the microscope field (lower trace in each
case). A low concentration of histamine (3 �M) was used to
facilitate the generation of long-lasting oscillations. We have
shown previously that this concentration produces a much
slower release of Ca2+ from the ER [25]. HeLa cells were
stimulated with histamine to trigger Ca2+ oscillations and
then the mitochondrial Na+/Ca2+ exchange was inhibited by
perfusing CGP37157. It can be observed that inhibition of
mitochondrial Na+/Ca2+ exchange produces a clear change
i
i
m
o
v
a
i
C

he increased accumulation of Ca in mitochondria, thus
xplaining the observed increase in the cytosolic [Ca2+]
eak induced by histamine in the presence of CGP37157.

.3. Effects of CGP37157 on [Ca2+]c oscillations in
eLa cells and human fibroblasts

The increased Ca2+-release from the ER in the presence
f CGP37157 was surprising, because it suggested that Ca2+
n the oscillatory pattern in the single cells, although surpris-
ngly the mean values were not significantly modified. The

ean of the four single-cell traces shows already that, in spite
f the dramatic change in the oscillatory pattern, mean [Ca2+]
alues are scarcely affected even when only a few cells are
veraged. Consistently, in the mean of all the cells present
n the microscope field (lower trace in each experiment),
GP37157 produces no effect at all. Careful examination of
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Fig. 5. Effect of CGP37157 on [Ca2+]c oscillations in human fibroblasts.
Fura-2 loaded human fibroblasts were perfused with standard medium con-
taining either no additions, 1 or 10 �M CGP37157, as indicated. The left
panel shows five single-cell records belonging to five cells present in the
same microscope field. These experiments are representative of 30 simi-
lar ones. The upper right panel shows statistical data of the increase in the
frequency of oscillations induced by several concentrations of CGP37157
(Sp = spontaneous oscillations). The number of cells analyzed for each con-
dition was: spontaneous, 157; CGP37157 1 �M, 13; CGP37157 2 �M,
14; CGP37157 10 �M, 54. In the lower right panel, fibroblasts expressing
mitochondrially-targeted mutated aequorin were reconstituted with coelen-
terazine and stimulated with 10 �M CGP37157. This experiment is repre-
sentative of 10 similar ones.

the single cell traces provides an explanation for this apparent
contradiction. In the absence of CGP37157, oscillations are
faster and most times Ca2+ does not return to resting levels
in the interval between two consecutive spikes. In contrast,
in the presence of CGP37157, the size of the oscillations
increases, the frequency is reduced and [Ca2+]c fully returns
to resting levels before the start of a new spike. The increase
in size of the spikes compensates the decrease in frequency
and in inter-spike [Ca2+] level, so that the average of many
different cells with non-synchronic oscillations is not modi-
fied.

In Fig. 5, we can see single cell [Ca2+]c measurements
in human fibroblasts. In some cells, spontaneous [Ca2+]c
oscillations were already observed in the absence of stimula-
tion (see cells 4 and 5). These spontaneous oscillations were
observed in 52% of the cells (of 157 analyzed cells), while the
rest were silent under resting conditions, at least for the ini-
tial 10 min of recording. In any case, addition of CGP37157
induced the generation of [Ca2+]c oscillations in those cells
previously silent or increased the frequency of the oscilla-
tions in those cells showing spontaneous oscillations. The
experiments shown reveal that this effect was induced by sub-
maximal concentrations of CGP37157 (1 �M), and the oscil-
latory frequency obtained increased when the CGP37157
concentration was increased. The concentration-dependence
of this effect of CGP37157 is shown in the upper right panel
o
(
b

mon mechanism. The frequency of the [Ca2+] oscillations
measured as oscillations/10 min increased from 1.35 ± 0.13
in the absence of CGP37157 to 2.08 ± 0.41, 3.43 ± 0.66 and
5.32 ± 0.29 in the presence of 1, 2 and 10 �M CGP37157,
respectively (mean ± S.E., the number of data is shown in the
figure). This increase in the frequency of [Ca2+]c oscillations
occurred in parallel with an increase in [Ca2+]M in the low
micromolar range (lower right panel of Fig. 5).

3.4. Effect of CGP37157 on [Ca2+]M and ATP in
histamine-stimulated HeLa cells

Finally, to obtain further information on the mechanism
of activation of Ca2+ oscillations by CGP37157, we have
tested if this compound modified the intracellular ATP lev-
els. Fig. 6, upper panel, shows that CGP37157 produces a
prolonged increase in mitochondrial [Ca2+] in HeLa cells
stimulated with 5 �M histamine. The presence of histamine
is necessary to trigger Ca2+ oscillations in HeLa cells, so that
mitochondria may take up Ca2+. In the absence of histamine,
CGP37157 produces no increase in mitochondrial Ca2+ in
these cells (data not shown). It is known that an increase
in mitochondrial [Ca2+] activates ATP production [27], and
ATP is known to modulate the inositol 1,4,5-trisphosphate

F
stimulated HeLa cells. Upper panel: MM5 cells expressing mutated
mitochondrially-targeted aequorin were reconstituted with native coelen-
terazine and stimulated with 5 �M histamine. When indicated, 10 �M
CGP37157 was perfused still in the presence of histamine. Lower panel:
HeLa cells expressing cytosolic luciferase were perfused with 2 �M luciferin
and the same stimuli as in the upper panel. These experiments are represen-
tative of 15 similar ones of each kind.
f the figure and was very similar to that obtained above
Fig. 1) for the inhibition of Ca2+ release from mitochondria
y this compound, suggesting that both effects share a com-
ig. 6. Effects of CGP37157 on [Ca2+]M and cytosolic ATP in histamine-
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receptor [28]. Therefore, we wanted to test if the ATP lev-
els were increased along this period. Fig. 6, lower panel,
shows a record of luminescence obtained in cells expressing
luciferase in the cytosol and perfused with luciferin to mea-
sure intracellular levels of ATP on-line. As described previ-
ously [27], stimulation with histamine in glucose-containing
medium induces a decrease in ATP levels due to the activation
of Ca2+-pumps in the plasma membrane and in the endoplas-
mic reticulum. This excess ATP waste cannot be compensated
by the increased ATP production due to the activation of
respiration by the increased mitochondrial Ca2+. Then, the
steady-state ATP levels return to the initial state while still in
the presence of histamine, once the increased ATP production
compensates for the waste due to Ca2+-pumping during the
oscillations. At this point, addition of CGP37157 produces a
fast but surprisingly very transient increase in ATP concentra-
tion. The ATP levels then return rapidly to the values present
before CGP37157 addition and keep constant all the time
while CGP37157 is present. Interestingly, when CGP37157
is washed at the end of the experiment, ATP levels increase
again.

4. Discussion

We show in this paper that inhibition of the mitochondrial
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plings between mitochondrial Ca2+ uptake sites and InsP3R
has been inferred from the fact that mitochondria take up Ca2+

much more effectively from the local [Ca2+] microdomains
created after InsP3-induced Ca2+ release [12,34].

There is also evidence that the close couplings between
mitochondria and ER facilitate Ca2+ transfer from mito-
chondria to the ER via mitochondrial Na+/Ca2+ exchangers
releasing Ca2+ close to ER Ca2+ pumps [7–9]. In that way
mitochondria would recycle the released Ca2+ back to the
ER and would serve also to take up Ca2+ close to the plasma
membrane and release it in inner regions of the cell close
to ER-Ca2+ pumps. Blockade of mitochondrial Na+/Ca2+

exchange with CGP37157 inhibited refilling of the ER and
this effect was mimicked by mitochondrial depolarization.

Our data provide new evidence for this tight coupling
of mitochondria and ER regarding Ca2+ homeostasis and
introduce a new type of interaction, that occurring between
mitochondrial Na+/Ca2+ exchange and ER InsP3R. It has
been previously shown that inhibition of Na+/Ca2+ exchange
with CGP37157 increases ER-Ca2+ depletion induced by his-
tamine in HeLa cells [7], a phenomenon that was attributed
to inhibition of Ca2+ recycling between ER and mitochon-
dria. We show here that this increased depletion occurs from
the beginning of Ca2+ release, suggesting that an increased
Ca2+ release in the presence of CGP37157 may also con-
tribute to the increased depletion. This idea is reinforced by
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a+/Ca2+ exchanger with the specific inhibitor CGP37157
roduces dramatic changes in the pattern of cytosolic Ca2+

scillations in non-excitable cells. In HeLa cells, inhibition
f the mitochondrial Na+/Ca2+ exchanger shifted the pattern
rom high-frequency irregular oscillations to baseline spikes
nd in fibroblasts increased the frequency of the oscillations
r induced the generation of spikes in cells previously silent.
hese effects are not mimicked by a global abolition of the
itochondrial Ca2+ buffering capacity. It has been shown that
itochondrial depolarization inhibits the production of Ca2+

scillations in HeLa cells [20] and we have seen here that the
ame occurs in fibroblasts (data not shown). Therefore, our
ata suggest a specific role for the mitochondrial Na+/Ca2+

xchange in the regulation of InsP3-dependent [Ca2+]c sig-
aling.

It has been known for many years that binding of InsP3 to
he InsP3R is necessary but not sufficient to open the channel,
nd Ca2+ binding to a specific region of the InsP3R [29] is
equired as a coagonist for the opening of the channel [14,15].
n addition, the effect of Ca2+ on the InsP3R is biphasic, pro-
ucing inhibition of Ca2+ release at higher concentrations.
herefore, InsP3-induced Ca2+ release is under both positive
nd negative feedback control by the released Ca2+ and this
odulation appears to be critical for the development of Ca2+

ignaling patterns such as oscillations or waves [29–33]. It
as been shown previously that mitochondria closely asso-
iated to the ER inhibit Ca2+ release through InsP3R [10]
nd the suggested mechanism involves Ca2+ uptake by mito-
hondria suppressing the local positive feedback effects of
a2+ on the InsP3R. Consistently, the presence of close cou-
he observed changes in the oscillatory pattern induced by
GP37157. In the presence of this compound, HeLa cells

educe the frequency of the oscillations but produce larger
pikes with clearly defined start and end. In contrast, in human
broblasts, CGP37157 increases the frequency of baseline
pike oscillations. Although the effects of CGP37157 in both
ypes of cells may seem opposite, it is remarkable that in
oth cases the final oscillatory pattern in the presence of the
nhibitor is very similar. In our opinion, both effects can be
xplained by an increased activation of InsP3R in the presence
f CGP37157. This would generate larger spikes in HeLa
ells, leading to increased ER-Ca2+-depletion and feed-back
a2+-inhibition of InsP3R, thus finally producing a decrease

n frequency. The same mechanism, activation of InsP3R, in
broblasts would produce an increase in frequency, as these
ells are either silent or show low-frequency baseline spike
scillations.

We have shown before [25] that inhibition by Ca2+ of
nsP3R is a major factor limiting the extent of histamine-
nduced Ca2+ release. During prolonged cell stimulation with
ubmaximal concentrations of histamine, the mean mito-
hondrial [Ca2+] keeps very low (Fig. 6), essentially at the
ame levels as before stimulation, although individual cells
ay be undergoing rapid and small Ca2+ spikes in paral-

el with the cytosolic ones, as described before for other
ells [35]. Block of mitochondrial Na+/Ca2+ exchanger at
his point induced a small and slow increase in the mean

itochondrial [Ca2+], which must be due to Ca2+ entry into
itochondria during cytosolic oscillations, as CGP37157

roduced no change in [Ca2+]M in the absence of histamine
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(data not shown). That increase, even though not higher than
0.5 �M [Ca2+]M, should be enough to activate ATP produc-
tion and we show in Fig. 6 that this is the case. However,
the increase in ATP was only transient, while the increase
in [Ca2+]M was much more prolonged, and the ATP levels
increased again only after wash out of CGP37157. This phe-
nomenon is difficult to explain but may be due to the increase
in ATP consumption following the activation of ER Ca2+

release by CGP37157. If this hypothesis is correct, then in
the presence of this compound there is both increased ATP
production (by the increased [Ca2+]M) and increased ATP
consumption (by the increased Ca2+ pumping). Apparently,
the increase in ATP production starts earlier after addition
of CGP37157, but soon equilibrates with the increased con-
sumption, keeping ATP levels close to resting values after
the initial peak. Then, when CGP37157 is removed, its effect
on ATP consumption rapidly disappears, while ATP produc-
tion continues increased for some time, perhaps using the
energy provided by the excess NADH accumulated inside
mitochondria while [Ca2+]M was high. In any case, the tran-
sient increase in ATP may not account for the prolonged effect
on Ca2+ oscillations induced by CGP37157.

The small increase in [Ca2+]M induced by CGP37157
should not modify significantly the large capacity of mito-
chondria to take up Ca2+ [3]. Therefore, the main effect
of CGP37157 must be that of reducing mitochondrial Ca2+
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