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Ca2� may trigger apoptosis in �-cells. Hence, the control of
intracellular Ca2� may represent a potential approach to pre-
vent �-cell apoptosis in diabetes. Our objective was to investi-
gate the effect and mechanism of action of plasma membrane
Ca2�-ATPase (PMCA) overexpression on Ca2�-regulated apo-
ptosis in clonal�-cells. Clonal�-cells (BRIN-BD11) were exam-
ined for the effect of PMCA overexpression on cytosolic and
mitochondrial [Ca2�] using a combination of aequorins with
different Ca2� affinities and on the ER andmitochondrial path-
ways of apoptosis. �-cell stimulation generated microdomains
of high [Ca2�] in the cytosol and subcellular heterogeneities
in [Ca2�] among mitochondria. Overexpression of PMCA de-
creased [Ca2�] in the cytosol, the ER, and themitochondria and
activated the IRE1�-XBP1s but inhibited the PRKR-like ER
kinase-eIF2� and the ATF6-BiP pathways of the ER-unfolded
protein response. Increased Bax/Bcl-2 expression ratio was
observed in PMCAoverexpressing�-cells. This was followed by
Bax translocation to the mitochondria with subsequent cyto-
chrome c release, opening of the permeability transition pore,
and apoptosis. In conclusion, clonal �-cell stimulation gener-
ates microdomains of high [Ca2�] in the cytosol and subcellular
heterogeneities in [Ca2�] among mitochondria. PMCA overex-
pression depletes intracellular [Ca2�] stores and, despite a
decrease in mitochondrial [Ca2�], induces apoptosis through
the mitochondrial pathway. These data open the way to new

strategies to control cellular Ca2� homeostasis that could
decrease �-cell apoptosis in diabetes.

Apoptosis, or programmed cell death, plays a major role in
the maintenance of tissue homeostasis. Ca2�, in addition to its
contribution to the regulation of cellular processes, may act as a
proapoptotic agent, and both intracellular Ca2� depletion or
overload may trigger apoptosis (1). Apoptosis can be triggered
by three pathways: oligomerization of death receptors, mito-
chondrial damage, and the ER pathway (2, 3). At the level of the
ER, disruption of Ca2� homeostasis causes ER stress with sub-
sequent activation of cysteine protease 12 (caspase-12) that
cleaves executioner caspases. The latter cleave structural com-
ponents of the cell that complete the apoptosis process (1).
Before orienting the cell fate to apoptosis, the cell triggers
homeostatic mechanisms to preserve ER function, a process
known as the unfolded protein response (UPR)6. The UPR is
mediated by three pathways controlled by transmembrane ER
proteins: IRE1� (inositol-requiring transmembrane kinase and
endonuclease 1�), PRKR-like ER kinase (PERK), and ATF6
(activation of transcription factor 6). These proteins activate
specific transcription factors (such as XBP1s (spliced X- box
binding protein 1) and ATF4 (activating transcription factor 4),
triggering the expression of UPR-related genes (such as C/EBP
homologous protein (CHOP)) (4, 5).
At the level of themitochondria, a crucial phenomenon lead-

ing to cell death is the mitochondrial membrane permeabiliza-
tion (6). Mitochondrial membrane permeabilization implies
the permeabilization of the outer mitochondrial membrane
(OMM), the inner mitochondrial membrane or both. In the
case of OMM permeabilization, the role of proapoptotic mem-
bers of the Bcl-2 family (Bax and Bak) appears to be prominent.
Upon apoptosis induction, Bax oligomerizes and inserts into
the OMM-forming supramolecular openings, allowing the
release in the cytoplasm of intermembrane space proteins
(including cytochrome c) leading to caspase-9 activation. In
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contrast, the antiapoptotic members of the Bcl-2 family (e.g.
Bcl-2 and Bcl-xL) prevent the oligomerization of Bax and Bak in
OMM and pore formation (6). In the case of inner mitochon-
drial membrane permeabilization, the principal mechanism
involved is the so-called “permeability transition,” due to the
opening of a voltage-dependent channel known as the mito-
chondrial permeability transition pore (7). The permeability
transition pore can be activated by high Ca2� concentrations in
the mitochondrial matrix, and a prolonged opening of the per-
meability transition pore is followed by swelling of the mito-
chondrial matrix, rupture of the OMM, loss of the membrane
potential (��), and the release of cytochrome c (8). Due to the
low affinity of the mitochondrial Ca2� uptake system (the
uniporter), Ca2� is takenup inmitochondria in restricted zones
of the cytosol displaying microdomains of high Ca2� concen-
tration, e.g. close to the ER Ca2� release channels and/or to the
plasmamembraneCa2� channels (9, 10). The different apopto-
tic pathways may be interrelated. For instance, in the case of
sustained release of Ca2� from the ER, the cation may be taken
up by mitochondria localized in the Ca2� microdomain, with
subsequent mitochondrial membrane permeabilization and
cell death (11).
In view of the putative proapoptotic role of Ca2�, the control

of intracellular Ca2� may represent a potential approach to
prevent or enhance apoptosis and hence to treat diseases char-
acterized by either an increased rate of apoptosis (e.g. type 1
diabetes, neurodegenerative disorders, viral infections, etc.) or
by a decrease rate of cell death (e.g. cancers), respectively. This
could be done by overexpressing or down-regulating keymech-
anisms responsible for Ca2� extrusion from cells, namely the
Na/Ca exchanger and the plasma membrane Ca2�-ATPase
(PMCA; 12, 13), which have been both implicated in cell death
(14–17).
Ca2� plays a major regulatory role in the process of insulin

release from the pancreatic �-cell (18), and in type 1 diabetes,
the autoimmune destruction of pancreatic�-cells appears to be
mediated by apoptosis (19), a phenomenon involving Ca2� (20,
21). In a previous study, we showed that overexpression of
Na/Ca exchanger in an insulin-secreting cell line (BRIN-BD11;
22) depleted ERCa2� stores, leading to ER stress and apoptosis.

In the present study, we examined the impact of PMCA2
overexpression on cell death in BRIN-BD11 cells. To clarify the
mechanisms involved in �-cell death, we used the luminescent
Ca2� probe aequorin (23) to determine [Ca2�] prevailing in the
cytoplasm ([Ca2�]i) and the mitochondria ([Ca2�]m). Further-
more, we examined the expression of several proteins impli-
cated in ER stress response and in mitochondrial membrane
permeabilization.
Our data show that stimulation of insulin-secreting cells gen-

erates microdomains of high [Ca2�]i and subcellular hetero-
geneities in [Ca2�]m among mitochondria. PMCA2 overex-
pression depletes cytosolic, ER and mitochondrial Ca2� stores
and induces apoptosis via the mitochondrial pathway.

EXPERIMENTAL PROCEDURES

Media, chemicals, and antibodies were purchased from the
sources indicated in the supplemental material.

Cell Culture of BRIN-BD11 Cells and Stable Transfection—
Cells used in this study were BRIN-BD11 cells obtained by
electrofusion of RINm5F with rat islet cells (24). The paren-
tal BRIN-BD11 cell line, the two clones overexpressing
PMCA2wb, and one clone expressing the vector carrying no
insert coding for PMCA2 were characterized previously (25).
The PMCA was correctly targeted to the plasma membrane
as shown by immunohistochemistry andWestern blot, and the
clones showed Ca2� responses to K�-induced membrane
depolarization, glucose stimulation, sarco-endoplasmic reticu-
lum Ca2�-ATPase (SERCA) inhibition by thapsigargin, and
cyclopiazonic acid (CPA). This and a glucose-induced insulin
release comparable with that seen in primary �-cells (25) indi-
cates that this is a good model for primary �-cells. Cells were
grown as described previously (24). Control cells (nontrans-
fected and vector-only transfected cells) and clones were stably
transfected with wild type (26) or mutated (10) aequorin by the
use of Lipofectamine. Positive clones were selected through
resistance against ZeocinTM (250 �g/ml, Invitrogen) and veri-
fied byRT-PCR.mRNA fromAeq-transfected cellswas isolated
and reverse transcribed as described previously (25). The prim-
ers used in this study are described in supplemental Table S1.
Intracellular Ca2� Concentration Measurements—To re-

constitute aequorin, cells expressing wild type aequorin or
mutated aequorin were incubated for 2 h at 37 °C with 5 �M of
either WT, n or h coelenterazine in KRB medium at pH 7.4.
Cells were placed in the perfusion chamber of a purpose-built
thermostatic luminometer (Cairn Research Ltd.) at 22 or 37 °C.
The medium used to perfuse the cells was as described previ-
ously (25). At the end of each experiment, cells were permeabi-
lized using 100 �M digitonin in medium containing 10 mM

Ca2�. This leads to total consumption of aequorin and allows
the calibration of the luminescent signal. Luminescence values
were transformed into [Ca2�] according to Brini et al. (27).
Assessment of Cell Viability, Quantitative RT-PCR, and

Western Blot—Cell viability, quantitative RT-PCR, and West-
ern blot were performed as described in the supple-
mental “Materials and Methods.”
Mitochondria Morphology, Activity, and ��m Measure-

ment—Mitochondrial morphology was evaluated using
MitoTracker�Green. Cells were incubated with the probe (100
nM) during 30 min at 37 °C and examined using fluorescence
microscopy. Mitochondrial activity was determined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide assay as described previously (22).

��mwas determined using the fluorescent probe DePsipherTM,
a greenmonomeric compound (510/527 nm), which aggregates
in the mitochondria upon membrane polarization, forming an
orange-red fluorescent compound (585/590 nm; 28). Cells were
trypsinized, incubated in the presence of DePsipher, washed,
andprocessed by flow cytometry. Photomultiplier settingswere
adjusted to detect greenmonomers and red aggregates fluores-
cence on the FL1 (530 nm) and FL2 (585 nm) detectors,
respectively.
Cytochrome c Release and Bax Translocation—Cells were

fixed in fresh 4% paraformaldehyde, rinsed in PBS, permeabi-
lized for 10 min in PBS-Triton X-100 0.1%. Slides were then
incubated overnight at 4 °C in the presence of polyclonal rabbit
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anti-Bax (1/1000) and monoclonal mouse anti-cytochrome c
(1/1000) and anti-ATP synthase-� (1/1000). Cells were washed
and further exposed for 1 h to anti-mouse Alexa Fluor 546 and
anti-rabbit Alexa Fluor 488-conjugated antibodies (1/1000).
After washing, cells stained with Hoechst were mounted and
photographed using fluorescence microscopy. A minimum of
400 cells was counted in each experimental condition by two
independent observers, one of them unaware of sample
identity.
Statistical Analysis—Data are presented as means � S.E.

Comparisons were performed using Student’s t test or analysis
of variance with post test with Bonferroni correction.

RESULTS
Expression of Aequorin and PMCA2—PMCA2 protein

expression as determined by Western blot analysis showed a
clear band at the expected molecular range (�135 kDa) that
was similar in BRIN-BD11 cells and in rat islet cells (Fig. 1a).

PMCA2-overexpressing cells (clones 2 and 5) showed a mark-
edly increased amount of the 135-kDa protein (p � 0.01; Fig.
1b). Densitometric analyses of Western blots further demon-
strated that clone 2 expressed significantly higher levels of
PMCA2 than clone 5 (Fig. 1c).
Quantitative PCR analysis yielded two bands of 298 bp for

aequorin and of 589 bp for �-actin, respectively, for cytosolic
(Fig. 1d) and mitochondrial aequorin transfected cells (Fig. 1e).
The level of aequorin expressionwas similar in all preparations,
except for mitochondrial aequorin in vector-transfected cells
where it was lower.
Measurement of [Ca2�] in Cytosol and Mitochondria—

Aequorinwas used tomeasure [Ca2�] in the cytosol ([Ca2�]i) and
the mitochondria ([Ca2�]m) of BRIN cells. Fig. 2a shows the
effect of 5 short (30 s) stimulations with K� (50 mM) on [Ca2�]i
in cells stably expressing cytosolic aequorin, reconstitudedwith
WT coelenterazine and carried out at 22 °C. The stimulations

FIGURE 1. Western blot analysis of PMCA2 in rat islets and in PMCA2-transfected and nontransfected BRIN-BD11 cells and aequorin transfection. a and
b, Western blot analyses of PMCA in rat islet cells and control BRIN-BD11 cells (a) and in nontransfected (control; Ctrl) and PMCA2-transfected BRIN-BD11 cells
(b) using an antibody directed against PMCA2 reveal the presence of the endogenous PMCA2 (b, lanes 1– 4) and the PMCA2-transfected clone 5 (b, Cl 5, lanes
5–7) or clone 2 (b, Cl 2, lanes 8 –10). c, quantitative assessment of PMCA2 levels normalized to the tubulin levels in three independent experiments revealed that
PMCA2 expression was significantly higher in clone 2 as compared with clone 5. Results are means of three independent experiments. **, p � 0.01 versus
nontransfected control. d and e, RT-PCR amplification yielded two bands of 298 bp for aequorin and 589 bp for �-actin (c, cytosolic; d, mitochondrial). 1 kb DNA
ladder molecular weight marker (M, sizes in bases). C, control cells (nontransfected); V, vector-transfected cells); Cl 2 and Cl 5, BRIN-BD11 cells transfected with
PMCA2 (clones 2 and 5, respectively). The PCR products were separated by agarose gel electrophoresis and stained with ethidium bromide.
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were followed by exposure of the cells to digitonin to permeabi-
lize the plasma membrane to calibrate the luminescent signal
(data not shown) (23). K� induced five consecutive increases in
[Ca2�]i with a progressive but limited reduction of the signal
with time, indicating limited consumption of the dye (dotted
line). A similar phenomenon was observed at 37 °C, except that
the value of the peaks were slightly lower (supplemental
Fig. S1a). The limited consumption of aequorin indicates that
the affinity of the complex is adequate and that the increase in
[Ca2�]i measured in response to K� represents the exact
change in [Ca2�]i induced by the stimulus. The recombination
of aequorin with a more sensitive coelenterazine (h) led to a
more important consumption of the dye during the first expo-
sure to K� during which a [Ca2�]i of 35 �M was reached. (Fig.
2b). The consumption of aequorin also enables it to be used in
detecting subcellular heterogeneities in [Ca2�] (10). Indeed,
after aequorin consumption in areas of high [Ca2�], the mea-
surements reflect only the behavior of low [Ca2�] areas. This
indicates that [Ca2�] up to 35 �M are reached in limited zones
of the cytoplasm during cell stimulation. In agreement with
this, a concentration of �7.37 � 1.28 �M was reached during
the second peak, reflecting the rise of [Ca2�] in low [Ca2�]
areas, a value comparable (p � 0.1) with that measured using
WT coelenterazine (Fig. 2a). When aequorin was recombined
with a low affinity coelenterazine (n), very small signals were
observed (data not shown), indicating that the affinity of the
complex was too low to measure [Ca2�]i.

To measure [Ca2�]m, the low
affinity aequorin targeted to the
mitochondria was used and recom-
bined with either n or WT coelen-
terazine and carried out at 22 °C. In
both cases, when the cells were
exposed to five short K� stimula-
tions, a major initial increase in
[Ca2�]i was observed (Fig. 2, c and
d). For the experiment carried out
with coelenterazine n, no further
increases in [Ca2�]i were observed
on further K� stimulation, whereas
small increases were observed when
WT coelenterazine was used. This
indicates subcellular heterogene-
ities in [Ca2�]m among mitochon-
dria. Thus, during the first K�

stimulation, some mitochondria
show large (mM range) increases
in [Ca2�]m with complete con-
sumption of aequorin. Subsequent
stimulations only evoke smaller
responses (�M range) from other
mitochondria.
Effect of PMCA2 Overexpression

on [Ca2�]i and [Ca2�]m—Supple-
mental Fig. S1b shows that [Ca2�]i
data similar to that obtained in non-
transfected cells (Fig. 2a) were
obtained in vector-transfected cells

for wild type aequorin at 22 °C. The first peak [Ca2�]i value
averaged 5.64 � 0.39 �M at 22 °C, a value similar to that
observed in nontransfected cells (Fig. 2a, p � 0.8). In clone 2 of
PMCA2-transfected cells, the K�-induced increases in [Ca2�]i
were reduced by�65% (Fig. 3a) comparedwith control cells. In
clone 5 (Fig. 3b), the increases were reduced by 45%. A similar
picture was observed at 37 °C (data not shown, p � 0.001).

Similar to [Ca2�]i, supplemental Fig. S1c shows that the data
for [Ca2�]m obtained in vector-transfected cells at 22 °Cwere in
a similar range to those obtained in nontransfected cells (Fig.
2c). Compared with control cells, PMCA2-transfected cells
(Fig. 3, c and d) showed a 82 and 70% decrease in a K�-induced
rise in [Ca2�]m in clones 2 and 5, respectively (p � 0.001). Sim-
ilar data were obtained at 37 °C (data not shown).
To examine the effect of glucose on [Ca2�]i and [Ca2�]m, the

experiments were carried out at 37 °C, and the exposure to 11.1
mM of the sugar was continuous from min 2 (supple-
mental Fig. S2).Glucose (11.1mM) induced inmost cases a succes-
sion of brief spikes of [Ca2�]i on a flat basal level in control
(supplemental Fig. S2a) or vector-transfected cells (supple-
mental Fig. S3a). In some cases, there was a modest or more
important increase in basal level (supplemental Fig. S3, b and c). A
quite similar picture is seen in single (dispersed) �-cells (29) and
BRIN-BD11cellsusing fura-2 tomeasure [Ca2�]i (25). InPMCA2-
overexpressing cells, the spikes were reduced in number and size
(supplemental Fig. S2, c, and d, Fig. S2, c and e), and there were no
increases in basal level. The value of the highest spike was 2.30 �

FIGURE 2. Effect of KCl (50 mM) on [Ca2�]i and [Ca2�]m in control BRIN-BD11 cells. a and b, effect of five
successive exposures (30 s) to KCl on [Ca2�]i (solid line) and aequorin consumption (dotted line) using wild type
aequorin (Cyt-Aeq) recombined with wild type coelenterazine (WT) and coelenterazine h (h) at 22 °C. The first
[Ca2�]i peak value averaged 5.51 � 0.45 �M (a). c and d, effect of five successive exposures (30 s) to KCl on
[Ca2�]m (solid line) and aequorin consumption (dotted line) using mutated aequorin (Mit) recombined with
coelenterazine n (c) or WT coelenterazine (d, WT) at 22 °C. The value reached during the first peak averaged
5062 � 990 �M and 162 � 16 �M, respectively. The total amount of aequorin consumption was measured at the
end of each experiment by exposing the cells to 100 �M digitonin in 10 mM Ca2� to permeabilize the plasma
membrane to fully expose cellular aequorin to Ca2� and totally consume it to calibrate the luminescent signal.
The dotted line illustrates the progressive consumption of the dye due to Ca2� exposure. The curves shown are
representative of eight individual experiments in each panel, except b and d, where n � 12 and 16, respectively.
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0.20�Mincontrol and1.30�0.17�M

and 1.52 � 0.20 �M in PMCA2-over-
expressing cells, clones 2 and 5,
respectively (p � 0.05). Likewise, the
numberof spikesmeasured incontrol
cells averaged 4.54 � 0.62 for the
whole period of exposure to glucose,
and 1.89 � 0.31 and 2.13 � 0.23 in
PMCA2-overexpressing cells, clones
2 and 5, respectively (p � 0.001).

With respect to [Ca2�]m, spikes
also were observed in response to
glucose, but comparedwith [Ca2�]i,
their number was low and no ele-
vation in the baseline value was
observed (supplemental Fig. S2b).
Again, in PMCA2-overexpressing
cells, the spikes were reduced in
number and size (supplemental
Fig. S2, d and f). In clone 2 of
PMCA2-overexpressing cells, there
were no spikes in 8 of 12 experi-
ments (supplemental Fig. S2d).
Altogether, our data show that

insulin-secreting cell stimulation
generates microdomains of high
[Ca2�]i and subcellular heteroge-
neities in [Ca2�]m among mito-

FIGURE 3. Effect of PMCA2 overexpression on 50 mM KCl-induced increase in [Ca2�]i and [Ca2�]m. a and b,
effect of five successive exposures (30 s) to KCl on [Ca2�]i using wild type aequorin (Cyt) recombined with wild
type coelenterazine (WT) at 22 °C in PMCA2-overexpressing cells (a, clone 2, first peak value, 2.63 � 0.56 �M;
b, clone 5, first peak value, 3.95 � 0.69 �M). c and d, effect of five successive exposures (30 s) to KCl on [Ca2�]m
using mutated aequorin (Mit) recombined with coelenterazine n (n) at 22 °C in PMCA2-overexpressing cells
(c, clone 2; d, clone 5). Shown is the same presentation as in Fig. 2. The curves shown are representative of eight
individual experiments in each case.

FIGURE 4. Effect of PMCA2 overexpression on cells viability and caspase-3 cleavage. a, cell viability. Nontransfected BRIN BD-11 cells (Ctrl) or different
clones of BRIN cells transfected with PMCA2, clone 2 (Cl 2), or clone 5 (Cl 5) and/or aequorin targeted to the cytosol (Cyt-Aeq) or the mitochondria (mutated
aequorin (Mit-Aeq)) were untreated (black bars) or treated for 24 h with CPA (white bars), thapsigargin (striped bars), or the solvent DMSO (dotted bars). Apoptosis
levels were evaluated by observation under a microscope after Hoechst 33342-propidium iodide staining. The data are expressed as the percentage of
apoptotic cells over the total number of cells counted � S.E. Results are means of three to five independent experiments. *, p � 0.05 and **, p � 0.01 versus
respective nontransfected control. b, caspase-3 cleavage. Western blot analyses of nontransfected (Ctrl) and PMCA2-transfected cells, clone 2 (Cl 2) or clone 5
(Cl 5) using an antibody directed against the cleaved caspase-3 fragment. Upper panel, representative blot of caspase-3 and �-actin expression. Lower panel,
quantitative assessment of cleaved caspase-3 levels normalized to the �-actin levels. Results are means of five independent experiments. *, p � 0.05 versus
respective nontreated control. #, p � 0.05 versus respective nontransfected condition.
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chondria and that PMCA2 overexpression depletes cytosolic
and mitochondrial Ca2� stores. We then examined the effect of
PMCA2 on cell viability.
Effect of PMCA2 Overexpression on Cell Viability—PMCA2-

overexpressing clonesdisplayedan increasedrateofbasal apopto-
sis (Fig. 4a). The SERCA inhibitors CPA (50�M) and thapsigargin
(500 nM) increased apoptosis levels in all clones, but this wasmore
marked in PMCA2-overexpressing cells (Fig. 4a). The rate of apo-
ptosis induced by CPA was significantly higher in clone 2 than in
clone 5, in line with the higher expression of PMCA2 in clone 2

(Fig. 1,band c). PMCA2-overexpress-
ing cells also displayed increased lev-
els of caspase-3 cleavage compared
with control cells, in the absence
or presence of CPA (Fig. 4b). Under
these conditions, the rate of
caspase-3 cleavage tended to be
higher in clone 2 than in clone 5.
Mechanism of Apoptosis—We

then examined whether PMCA2
overexpression induced apoptosis
through the ER or mitochondrial
pathway. We first examined the
expression of several genes and pro-
teins implicated in the UPR. Under
basal conditions, PMCA2 overex-
pression did not affect CHOP
expression (Fig. 5a), decreased BiP
expression (Fig. 5b), and increased
XBP1s expression (Fig. 5c). A 24-h
CPA or thapsigargin treatment re-
sulted in a significant increase in
CHOP, BiP, and XBP1s expression
in all cells (Fig. 5, a–c). The latter
increase in CHOP and BiP expres-
sionwas reduced by�30 and 50% in
PMCA2-overexpressing cells (both
clones), whereas that of XBP1s
showed no difference compared
with control cells. The expression of
the ER Ca2� chaperone calreticulin
was strongly impaired under both
basal and treated conditions (Fig.
5e), whereas calnexin expression,
which was significantly increased in
response to CPA and thapsigargin
in control cells, was less affected by
the SERCA inhibitors in PMCA2-
overexpressing cells (Fig. 5d). The
expression of the cytosolic Ca2�-
binding protein calbindin was not
significantly modified in PMCA2-
overexpressing cells, but there was a
trend for lower values than in con-
trol cells (Fig. 5f). At the protein
level, there was no decrease in basal
BiP expression, but the increase in
expression induced by CPA was

partially lost in clone 5 and fully suppressed in the clone 2 of
PMCA2-overexpressing cells (Fig. 5g). The decreased CHOP
mRNA response to SERCA inhibitors in PMCA-overex-
pressing cells suggested a decreased PERK-eIF2� pathway
activity, and, indeed, we observed that both PERK and eIF2�
phosphorylation were decreased in PMCA2-overexpressing
cells when exposed to CPA (Fig. 5, h and i). PMCA2 overex-
pression failed to increase caspase-12 expression under basal
condition and to affect its expression activated by CPA or
thapsigargin (supplemental Fig. S4a).

FIGURE 5. Effect of PMCA2 overexpression on ER-related genes and on the BiP and PERK-eIF2� pathway
of the UPR. a–f, ER-related genes. Control cells (black bars) or cells stably transfected with PMCA2, clone 5
(striped bars), and clone 2 (white bars) were treated or not for 24 h with CPA (50 �M) or thapsigargin (Thap; 100
nM). mRNAs were extracted, and real-time PCR experiments were performed. Data represent expression of
CHOP (a), BiP (b), XBP1s (c), calnexin (d), calreticulin (e), and calbindin (f) normalized per GAPDH expression.
Results are means � S.E. of four independent experiments. *, p � 0.05 and **, p � 0.01 versus respective
nontransfected condition. g, BiP. Control cells or cells stably transfected with PMCA2, clone 5 (Cl 5), and clone
2 (Cl 2) were treated (black bars) or not (white bars) for 24 h with CPA (50 �M). Upper panel, representative
Western blot of BiP expression. Lower panel, quantitative assessment of BiP protein expression normalized to
the �-actin levels. Results are means � S.E. of four independent experiments. *, p � 0.05; **, p � 0.01. h and i,
PERK-eIF2� pathway. h, representative Western blot of PERK and eIF2� phosphorylation. i, quantitative assess-
ment of eIF2� phosphorylation, normalized to total eIF2� levels. Results are means � S.E. of four independent
experiments. **, p � 0.01 versus nontreated condition; #, p � 0.05 versus CPA-treated nontransfected BRIN-
BD11 cells.
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As a second step, we examined mitochondrial function and
morphology. Using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide assay to measure mitochondrial
activity, we observed that under basal conditions, there was
no difference between clone 5 and nontransfected cells
(supplemental Fig. S4b), whereas mitochondrial activity of
clone 2 was reduced by 40%. CPA and thapsigargin reduced
mitochondrial activity in all cell preparations (p � 0.001;
supplemental Fig. S4b). In control cells and clone 5, the effect of
the SERCA inhibitors was modest (	15 to 20%), whereas in
clone 2, the SERCA inhibitors more markedly reduced mito-
chondrial activity (	50%). Mitochondrial alteration was con-
firmed morphologically using the mitochondria-specific fluo-
rescent probe Mitotracker Green (Fig. 6a). In control cells, the
mitochondria displayed a punctated pattern with clear con-
tours that disappeared in the presence of CPA, with the mito-
chondria now displaying a diffuse appearance. In the absence of
CPA,mitochondria of clone 5 cells displayed a diffuse pattern, a
phenomenon that was accentuated in clone 2. In the presence
of CPA, a diffuse appearance similar to that seen in control cells
was seen in clones 2 and 5 (Fig. 6a). Analysis by flow cytometry
of live cells stained with DePsipher further revealed that
PMCA2 overexpression or CPA treatment significantly re-
duced ��m as compared with untreated cells (Fig. 6b and Fig.
supplemental Fig. S5). Carbonyl cyanide p-chlorophenylhydra-
zone (CCCP), a protonophore anduncoupler of oxidative phos-
phorylation, was used as a positive control. PMCA2-overex-
pressing cells displayed increased Bax translocation to the
mitochondria and cytochrome c release (Fig. 7, a and b and
supplemental Fig. S6). Quantitative assessment of the immuno-
fluorescence experiments showed that under basal conditions,
Bax translocation and cytochrome c release were increased in
clone 2 and 5 compared with control cells. CPA increased both
phenomenon but again to a larger extent in PMCA-overex-

pressing cells. Western blot analysis of antiapoptotic protein
Bcl-2 and proapoptotic protein Bax revealed that in PMCA2-
overexpressing cells, basal levels of Bax were increased (p �
0.05), whereas there was a tendency toward a decreased basal
Bcl-2 expression (Fig. 7c). This resulted in a drastic increase in
Bax/Bcl-2 ratio in PMCA2-overexpressing cells (Fig. 7c). CPA
further increased this ratio, the effect being of largermagnitude
in PMCA2-overexpressing than in control cells. During cell
culture, clone 2 of PMCA2-overexpressing cells had a signifi-
cantly longer doubling time than control cells (p � 0.05,
supplemental Table S2).

DISCUSSION

In the present study, the combination of different aequorins
and coelenterazines were used to determine the Ca2� concen-
trations prevailing in the cytoplasm and mitochondria of
insulin-secreting cells in response to K�-induced membrane de-
polarization. Compared with fluorescent Ca2� indicators, Ca2�-
bound aequorin has the advantage to be detected without
illuminating the sample. Conversely, one disadvantage of
aequorin is its irreversible consumptionwhen exposed to a high
[Ca2�], a phenomenon that can be minimized or avoided by
using aequorins recombined with coelenterazines both having
different (lower) affinities for Ca2�. The affinity of the complex
for Ca2� (and its consumption) also can be reduced by lowering
the temperature from 37 to 22 °C (10). In the bulk of the cyto-
plasm, peak concentrations of 3–5 �M were observed. This is
higher than the concentration measured in previous studies
using fura-2 or aequorin (29–36). Fura-2 saturates at �1 �M

Ca2�, but for aequorin, the reason of the discrepancy is unclear.
The present values are in agreement with the concentrations
required for exocytosis whether measured in permeabilized
cells or in patch clamp experiments (37–40). Moreover, a con-
centration of �35 �M was observed in a restricted zone of the
cytoplasm, probably beneath the plasma membrane. This con-
firms the existence of Ca2� heterogeneities in insulin-secreting
cells (41–43; for a review, see Ref. 44). Of note, the concentra-
tion measured in the present study (30 �M) is the highest so far
observed in an insulin-secreting cell and might correspond to
the “microdomains” of high [Ca2�] or high “Ca2� hotspots”
described in other tissues (9, 10). The existence of Ca2�

microdomains in pancreatic �-cells has been postulated based
on theoretical grounds and on Ca2� requirements for exocyto-
sis. Although some authors found slightly higher Ca2� levels
beneath the plasma membrane or around secretory granules
than in the bulk of the cytoplasm (33, 44), others using confocal
spot detection methods (42) or fura-2 in cells stimulated by
glucose or voltage-clamp depolarizations (38), respectively,
measured Ca2� concentrations �7 �M near the plasma mem-
brane. Itwas estimated that values up to 10�Mcould be reached
just beneath the plasma membrane, a value in the range of that
found in the present study (35 �M).
In previous studies, higher Ca2� concentration increases

were observed in the mitochondria than in the cytosol, in
response to various agents (34, 35, 45–47). However, the Ca2�

concentrations measured in the mitochondria in the present
study were markedly higher than that measured in these previ-
ous studies. The reason for such a difference is that wild type

FIGURE 6. Effect of PMCA2 overexpression on mitochondria morphology
and membrane potential. a, mitochondrial morphology. BRIN-BD11 cells
(Ctrl; control) or cells transfected with PMCA2 (clones (Cl) 2 and 5) were
treated (panels 2, 4, and 6) or not (panels 1, 3, and 5) for 24 h with CPA (50 �M)
and stained with the mitochondrial marker Mitotracker green. Shown are
representative images of four individual experiments. b, mitochondrial mem-
brane potential. BRIN-BD11 cells (Ctrl) or PMCA2-overexpresing cells (clones 2
and 5) were treated or not (Ctrl) for 24 h with CPA or for 30 min with carbonyl
cyanide p-chlorophenylhydrazone (CCCP). The ��m of the cell was deter-
mined by flow cytometry in cells stained with the DePsipher dye. Data are
mean � S.E. of four independent experiments expressed as a ratio of the two
populations with either a high ��m or low ��m. *, p � 0.05; **, p � 0.01; and
***, p � 0.001 versus nontreated control.
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aequorin and/or wild type coelenterazinewere used in previous
studies, whereas we used the mutated low Ca2�-affinity
aequorin and coelenterazine n that allow the measurement of
higher Ca2� concentrations. In a recent study, Quesada et al.
(47) measured mitochondrial Ca2� in digitonin permabilized
islets using a low Ca2� affinity aequorin set (low Ca2� affinity-

mutated mitochondrial aequorin
and coelenterazine n) like in this
study. Rises in medium [Ca2�] to 5
�M induced rapid increases in
[Ca2�]m up to 500�M, in agreement
with our observation. The finding of
one single (initial) peak when
mutated aequorin was recombined
with coelenterazine n indicates sub-
cellular heterogeneities in [Ca2�]
among mitochondria, namely that
the first peak reflects high Ca2�

increases in a limited number of
mitochondria, probably localized
close to the mouth of the voltage-
sensitive Ca2� channels. This also
indicates that other mitochondria
localized away from the region of
high Ca2�, display more modest
increases in Ca2�, as indicated by
the small peaks on further stimula-
tion of the cells using WT coelen-
terazine (Fig. 2d). Although our data
are different from those of Rutter
et al. (44) who failed to detect diff-
erence in Ca2� increases in mito-
chondria located away or close to
the plasma membrane, they are in
agreement with data obtained in
chromaffin cells where millimolar
mitochondrial Ca2� transients and
a similar heterogeneity in mito-
chondrial Ca2� responses are
observed (10). Although the former
data may appear to argue against the
requirement of microdomains at the
plasma membrane for rapid mito-
chondrial Ca2� uptake during stimu-
latedCa2� influx, they donot exclude
such a view. Indeed, Quesada et al.
(47) showed in digitonin-permabi-
lized islets that Ca2� uptake in mito-
chondria was observed at [Ca2�]i as
lowas500nM,ofcourseata lower rate
than at 5 �M.
In response to glucose, the cells

displayed a succession of brief
spikes both in the cytosol and the
mitochondria in the micromolar (2
�M) or the tens of the micromolar
(70 �M) range, respectively. This is
at variance with a previous study, in

aequorin-expressing INS-1 cells, in which a sustained increase
in [Ca2�]i and [Ca2�]m were observed in response to glucose
(35). The reason for this difference is unclear. In the case of the
cytosolic response, the differences may due to difference in cell
preparations or glucose concentrations used. It was mentioned
under “Results” that some of the preparations showed an

FIGURE 7. Effect of PMCA2 overexpression on Bax/Bcl-2 ratio, Bax translocation, and cytochrome c
release. a, representative field showing live (L) and apoptotic cells (A) stained using anti-cytochrome c, anti-
apoptosis-inducible factor (AIF), anti-ATP synthase �, anti-Bax antibodies, Hoechst, and a merged picture of all
channels (red, cytochrome c; green, apoptosis-inducible factor; red, ATP synthase; green, Bax; blue, Hoechst).
100
 magnification; the scale bar represents 10 �m. Apoptosis-inducible factor and ATP synthase � were used
as mitochondrial markers. b, Bax translocation. Nontransfected BRIN-BD-11 cells (control; Ctrl) or cells trans-
fected with PMCA2, clone 5 (Cl 5), and clone 2 (Cl 2), were treated or not for 24 h with CPA (50 �M). Bax
translocation to the mitochondria and cytochrome c release from the mitochondria were evaluated by obser-
vation under a microscope after immunofluorescence using specific antibodies. The data are expressed as the
percentage of cells showing Bax translocation and/or cytochrome c release over the total number of cells
counted � S.E. Results are means of four to five independent experiments. *, p � 0.05 and **, p � 0.01 versus
respective nontreated control. #, p � 0.01 and ##, p � 0.001 versus respective nontransfected (control). c, non-
transfected BRIN-BD-11 cells or cells transfected with PMCA2, clone 5, and clone 2 were treated or not for 24 h
with CPA (50 �M). Bax and Bcl-2 expression were analyzed by Western blot. Upper panel, representative blot of
Bax, Bcl-2, and �-actin. Lower panel, quantitative assessment of Bax over Bcl-2 levels. Results are means of four
independent experiments. #, p � 0.05 versus respective non-transfected BRIN-BD11 (Ctrl).
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increase in basal Ca2� level on which spikes were superim-
posed.When using fura-2 to measure [Ca2�]i, BRIN cells stim-
ulated by 11.1 mM glucose display large individualized Ca2�

spikes on an almost flat basal Ca2� level (25). Primary �-cells
behave in a similar way (29, 48). At the level of the mitochon-
dria, the data cannot be compared with that of previous studies
in view of the use of different aequorin/coelenterazine sets.
Interestingly, however, the spikes induced by glucose in the
cytosol, which were in the �M range (2 �M), generated spikes in
themitochondria that were in the tens of themicromolar range
(70�M). This confirms the view that the stimulation of our cells
generates microdomains of high [Ca2�].

Our data show that PMCA overexpression reduces [Ca2�]i
and [Ca2�]m. The reduction was more pronounced in clone 2
than in clone 5, in good agreement with the higher PMCA
expression in clone 2. Furthermore, the rate of apoptosis was
higher in clone 2 than in clone 5, indicating that Ca2� depletion
in itself is instrumental. The Ca2� depletion can be attributed
to an increased Ca2� extrusion from the cytoplasm. In a previ-
ous study, using fura-2 and furaptra, we showed that both the
ER Ca2� concentration and content were also reduced in
PMCA-overexpressing cells (25).
To determine whether cell death was triggered via the ER or

mitochondrial pathway, we studied the main UPR pathways
(49). PMCA2 overexpression activated the IRE1�-XBP1s path-
way as indicated by an increase in XBP1s expression under
basal condition. In contrast, the PERK-eIF2�-CHOP and the
ATF6-BiP pathways appeared to be inhibited in PMCA-over-
expressing cells. Thus, there was a decrease in PERK and eIF2�
phosphorylation together with a decrease CHOP mRNA re-
sponse to SERCA inhibitors. Likewise, the twomain chaperone
systems in the ER (calnexin and calreticulin) and the heat shock
protein BiP were decreased under basal and stressed condi-
tions. Therefore, it is conceivable that chronic ER Ca2� deple-
tion hampers activation of the prosurvival UPR responses, sen-
sitizing �-cells to ER stress-induced apoptosis. We have
observed a similar pattern with INF� treated �-cells, where an
inhibition in the expression of�-cell chaperones sensitize these
cells to CPA-induced apoptosis (50). From the data obtained, it
is apparent that apoptosis was induced by Bax translocation
and not from the activation of other proapototic pathways such
as the PERK-eIF2�-CHOP pathway or from the activation of
procaspase-12. Indeed, there was no change in caspase-12
expression and as above mentioned the PERK-eIF2�-CHOP
pathway was inhibited. Bax contribution is suggested by (1) an
increase in Bax expression together with (2) a tendency toward
a decrease in Bcl-2 expression resulting in drastic increase in
the Bax/Bcl-2 ratio, (3) an increase in Bax translocation from
the cytosol to the mitochondria with subsequent cytochrome c
release and (4) opening of themitochondrial permeability tran-
sition pore with loss of mitochondrial membrane potential. In
agreement with these data, PMCA overexpression altered
mitochondrial function andmorphology, the latter probably as
a result of profound rearrangements of the submitochondrial
structure (6).
Interestingly, [Ca2�] was not solely decreased in the cyto-

plasm and the ER of PMCA2-overexpressing cells but also in
the mitochondria. In various models of cell death due to ER

Ca2� release and ER Ca2� depletion, cell death is attributed to
the uptake of Ca2� by the mitochondria with resulting opening
of the mitochondrial permeability transition pore and loss of
the mitochondrial electrochemical gradient (1). Although the
two latter changes were observed in our cells, they cannot be
attributed to mitochondrial Ca2� overload. ER Ca2� depletion
has been shown to have a biphasic effect on apoptosis, a
reduced ERCa2� content exerting a protective effect, whereas a
massive depletion increased the action of apoptotic agents (1).
This suggests that PMCAoverexpression induces amajor Ca2�

depletion in our cells.
In conclusion, our study shows that insulin-secreting cell

stimulation generates microdomains of high [Ca2�]i and
subcellular heterogeneities in [Ca2�]m among mitochondria.
PMCA overexpression depletes cytosolic, ER, and mitochon-
drial Ca2� stores and induces apoptosis most probably through
the mitochondrial pathway. If it is possible to increase the rate
of apoptosis by PMCA overexpression, then it should be possi-
ble to obtain opposite effects by down-regulating the PMCA2
or the Na/Ca exchanger. Therefore, our data open the way to
new strategies to control cellular Ca2� homeostasis that could
decrease �-cell apoptosis.
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