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We show that poliovirus (PV) infection induces an increase in cytosolic calcium (Ca2�) concentration in
neuroblastoma IMR5 cells, at least partly through Ca2� release from the endoplasmic reticulum lumen via the
inositol 1,4,5-triphosphate receptor (IP3R) and ryanodine receptor (RyR) channels. This leads to Ca2�

accumulation in mitochondria through the mitochondrial Ca2� uniporter and the voltage-dependent anion
channel (VDAC). This increase in mitochondrial Ca2� concentration in PV-infected cells leads to mitochon-
drial dysfunction and apoptosis.

Poliovirus (PV), the prototype member of the Picornaviridae
family, is the etiological agent of paralytic poliomyelitis (26,
27). This acute human disease of the central nervous system
results from the destruction of motor neurons associated with
PV replication. In PV-infected mice, motor neurons die
through apoptosis (16). However, the mechanisms involved are
poorly understood (5).

Apoptosis is an active cell death process triggered by various
stimuli, including viral infections (18). This process leads to
DNA fragmentation and is triggered by two main pathways
(22): (i) the extrinsic pathway, mediated by the activation of
cell surface death receptors such as Fas/CD95, and (ii) the
intrinsic pathway, characterized notably by mitochondrial
membrane permeabilization (MMP). In many models, this
process implies a loss of mitochondrial transmembrane poten-
tial (��m) and the release of proapoptotic molecules, including
cytochrome c, from the mitochondrial intermembrane space
into the cytosol. The apoptotic program initiated by PV infec-
tion has been shown to involve mitochondrial dysfunction in
several cell lines (2–4, 17).

The intrinsic pathway also can originate from the endoplas-
mic reticulum (ER) (30). The ER participates in protein syn-
thesis and folding, cellular responses to stress, and intracellular
calcium (Ca2�) homeostasis. Nevertheless, under stress condi-
tions, it may induce apoptosis via several different mechanisms,
one of which involves ER cross-talk with mitochondria, medi-
ated by Ca2� release from ER stores through the inositol
1,4,5-triphosphate receptor (IP3R) and ryanodine receptor
(RyR) channels (7, 12, 15). Several recent studies have iden-
tified Ca2� signaling as a key cellular target for viral infection
(for a review, see reference 8). Upon PV infection, cells display

an increase in cytosolic Ca2� concentration (20). Phospho-
lipase C also is activated, leading to an increase in IP3 concen-
tration in PV-infected cells (19), potentially accounting for the
observed increase in cytosolic Ca2� concentration. However,
the role of Ca2� efflux from the ER in PV-induced apoptosis
has yet to be studied.

Here, we postulated that an increase in cytosolic Ca2� fol-
lowing PV infection can have an impact on cell fate and inves-
tigated the cellular response in terms of mitochondrial func-
tion and apoptosis in neuroblastoma IMR5 cells.

MATERIALS AND METHODS

Chemicals and antibodies. Thapsigargin (TG) (T9033), 2-aminoethoxydi-
phenyl borate (2-APB) (D9754), 4,4�-diisothiocyanatostilbene-2,2�-disulfonic
acid (DIDS) (D3514), and ruthenium red (RR) (84071) were obtained from
Sigma-Aldrich. FLUO3-AM, 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tet-
raacetic acid tetra (acetoxymethyl) ester (BAPTA-AM) (196419), dantrolene
(251680), and A23187 (A23) (100105) were purchased from Calbiochem.
Acridine orange (AO), 3,3�-dihexyloxacarbocyanine iodide [DiOC6(3)], and
Rhod2-AM were purchased from Molecular Probes. Xestospongin C (XeC)
(64950) was obtained from VWR Cayman. Mouse anti-cytochrome c antibody
(556433) and mouse anti-actin antibody (A4700) were obtained from BD
Pharmingen and Sigma-Aldrich, respectively. Horseradish peroxidase
(HRP)-conjugated anti-mouse antibody (NA9310) was purchased from Am-
ersham Biosciences.

Cell line, virus stock, and viral infection. Human neuroblastoma IMR5 cells
(kindly provided by V. Yuste and S. Susin, Centre de Recherche des Cordeliers,
Paris, France) and human HEp-2c cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 2 mM L-glutamine
(Gibco) and 10% (vol/vol) heat-inactivated fetal bovine serum (FBS) (Gibco).
Cells were maintained at 37°C in humidified air containing 95% air and 5% CO2.

The attenuated vaccinal Sabin 2 strain of PV was used. Virus stocks were
generated in HEp-2c cells and stored at �80°C until use. Virus titers were
determined on HEp-2c and IMR5 cells by determining the number of 50% tissue
culture infective doses (TCID50) per ml, as described by Reed and Muench (28).
Virus titers were similar in the two cell lines (data not shown). In all experiments,
subconfluent IMR5 cell monolayers grown in 25-cm2 flasks (TPP), in 24-well
dishes (TPP), or in 6-well dishes (TPP) were inoculated with PV at a multiplicity
of infection (MOI) of 50 TCID50/cell in DMEM supplemented with 10% FBS, as
previously described (3). Time zero postinfection (p.i.) corresponds to the time
at which inoculation was performed.

In analyses of the apoptotic features of PV-infected cells, both adherent and
detached cells were taken into account. Adherent cells were treated with EDTA
or trypsin for Western blotting and flow cytofluorometry, respectively. They were
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collected with detached floating cells by centrifugation for 5 min at 500 � g. The
cells were rinsed by centrifugation in phosphate-buffered saline (PBS) without
calcium and analyzed as described below.

Flow cytofluorometry. Aliquots of 4 � 105 cells were used. Fluorescence was
measured with a FACScan machine (Becton Dickinson). We analyzed at least
20,000 cells for each sample. Data were analyzed with Cellquest software (Bec-
ton Dickinson).

Cytosolic calcium measurement. The calcium-sensitive dye FLUO3-AM (ex-
citation wavelength, 506 nm; emission wavelength, 526 nm) was used to measure
the cytosolic calcium level. FLUO3-AM is almost nonfluorescent unless it is
bound to calcium, and its fluorescence increases with rising calcium concentra-
tion (25). Cells were incubated in DMEM supplemented with 10% FBS and 1
�M FLUO3-AM, at 37°C, for 2 h before PV infection. At various times postin-
fection, cells were harvested, pelleted, and resuspended in ice-cold PBS contain-
ing 10 mM glucose and 10% FBS. Cytosolic calcium levels were determined by
flow cytofluorometry.

Assessment of apoptosis. Cells were harvested, pelleted, and resuspended in
ice-cold DMEM containing 10 �g/ml AO metachromatic nuclear dye (excitation
wavelength, 500 nm; emission wavelength, 526 nm). The percentage of apoptotic
cells was determined by flow cytofluorometry. Two populations of cells were
separated, one consisting of living cells, characterized by bright AO fluorescence
labeling, and the second corresponding to apoptotic cells, with a low fluorescence
intensity (13).

Assessment of ��m drop. Changes in the mitochondrial transmembrane po-
tential (��m) were assessed by the flow cytofluorometry analysis of aliquots of
4 � 105 IMR5 cells stained with the potential-sensitive dye DiOC6(3) (excitation
wavelength, 484 nm; emission wavelength, 501 nm) for 15 min at 4°C at a final
concentration of 50 nM. DiOC6(3) fluorescence was measured by flow cytoflu-
orometry. A drop in DiOC6(3) staining indicates the disruption of the mitochon-
drial membrane potential associated with apoptosis.

Mitochondrial calcium measurement and fluorescence staining. Rhod2-AM
(excitation wavelength, 552 nm; emission wavelength, 581 nm) was used to
measure the mitochondrial calcium level. The fluorescent dye Rhod2-AM has a
net positive charge, facilitating its sequestration into mitochondria through mem-
brane potential-driven uptake. The AM ester of the probe is cell permeant and
rapidly cleaved in the mitochondria to yield the Rhod2 indicator, which displays
a large increase in fluorescence intensity upon binding Ca2� (32). For flow
cytofluorometry, cells were harvested, pelleted, and resuspended in ice-cold PBS
containing 10 mM glucose, 10% FBS, and 10 �M Rhod2-AM. Mitochondrial
calcium levels were determined by the flow cytofluorometry analysis of aliquots
of 4 � 105 cells. For fluorescence microscopy, IMR5 cells were grown on poly-
lysine-coated (10 �g/ml) slides and stained with 7.5 �M Rhod2-AM in DMEM
supplemented with 10% FBS for 2 h before PV infection. Cells were fixed by
incubation for 15 min at 4°C in 4% paraformaldehyde. Cells were washed in PBS,
and images were acquired with Zeiss Apotome and Axiovision software.

Subcellular fractionation. The subcellular proteome extraction kit (Calbio-
chem) was used to isolate the cytosolic fraction of IMR5 cells according to the
manufacturer’s instructions. Aliquots of 5 � 106 cells were harvested, pelleted,
washed twice in PBS, resuspended in ice-cold extraction I buffer containing a
protease inhibitor mixture, and incubated for 10 min at 4°C with gentle shaking.
The suspension was centrifuged at 1,200 � g at 4°C for 10 min. The supernatant
was used as the cytosolic fraction.

Western blot analysis. Protein concentrations were determined with the bicin-
choninic acid protein assay kit (Pierce). Samples containing equal amounts of
protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (10 to 20% Tricine gels; Novex) as previously described (3). The pro-
teins then were transferred to nitrocellulose membranes (Amersham Bio-
sciences). Nonspecific sites were blocked as previously described (3), and the
membranes were incubated for 2 h at room temperature with the primary
antibody. Membranes then were washed in 0.1% Tween 20 in PBS (PBST; pH
7.4) and treated with the appropriate HRP-conjugated secondary antibody for
2 h at room temperature. The immunoblots were washed in PBST, and proteins
were detected with an enhanced chemiluminescence detection kit (Amersham
Biosciences) and a G-Box (SynGene). Anti-actin antibody was used to check for
equal protein loading. The intensity of the bands was determined by densitom-
etry.

Statistical analysis. Data are expressed as means � standard errors of the
means for three independent experiments. Student’s t test was used to compare
experimental conditions and controls. A P value of 	0.05 was considered signif-
icant.

RESULTS AND DISCUSSION

PV induced an increase in cytosolic Ca2� concentration that
parallels PV-induced apoptosis. We first investigated whether
PV modifies the cytosolic Ca2� level in IMR5 cells. Cells were
infected with PV at a multiplicity of infection (MOI) of 50
TCID50 per cell. This MOI was used for all assays in this study.
As a positive control for the analysis of cytosolic Ca2� in-
creases, cells were treated with TG (10 �M for 24 h), an
inhibitor of ER Ca2�-ATPase pumps leading to an accumula-
tion of Ca2� in the cytosol (31). Mock-infected cells were used
as a negative control. The Ca2�-sensitive dye FLUO3-AM was
used to stain both adherent and detached cells for the deter-
mination of cytosolic Ca2� levels by flow cytometry from 2 to
18 h p.i. Such pools of adherent and detached cells were used
for all assays in this study. PV infection resulted in a time-
dependent increase in the percentage of cells displaying an
increase in cytosolic Ca2�, reaching a plateau at 16 h p.i. (Fig.
1A and B).

We then compared the kinetics of the increase in cytosolic
Ca2� to those of PV-induced apoptosis, mitochondrial dys-
function (��m drop), and viral growth in PV-infected IMR5
cells. Apoptosis was analyzed at the indicated time points (Fig.
1C and D) until 18 h p.i. by measuring chromatin condensation
and fragmentation by flow cytometry after being stained with
the AO nuclear dye. ��m drop was measured by flow cytom-
etry in cells stained with the potential-sensitive dye DiOC6(3).
The kinetics of the percentage of PV-infected cells displaying
apoptosis or ��m drop paralleled the kinetics of the percent-
age of cytosolic Ca2� increase. The rate of virus synthesis
reached a plateau at 8 h p.i. (Fig. 1E). For most of the other
experiments presented, cells were monitored for 8 h, based on
the cycle of virus synthesis.

An increase in cytosolic Ca2� concentration is involved in
PV-induced apoptosis. To investigate the possible role of cy-
tosolic Ca2� in the progression of PV-induced apoptosis, we
used a permeant Ca2� chelator, BAPTA-AM. Cells were left
untreated or were treated with BAPTA-AM (15 �M) 2 h
before PV infection. In all assays, including chelators or inhib-
itors, cells were treated 2 h before PV infection and drug
concentrations were maintained throughout infection. Time
zero p.i. corresponds to the time point at which inoculation was
performed. Mock-infected cells, left untreated or treated with
BAPTA-AM, were used as negative controls. We also checked
that BAPTA-AM decreased cytosolic Ca2� concentrations in
PV-infected cells (Fig. 2A). Apoptosis was analyzed at 6 and
8 h p.i. after AO staining. BAPTA-AM significantly decreased
the level of proapoptotic nuclear alterations induced by PV
(Fig. 2B). We also analyzed the effect of BAPTA-AM on
mitochondrial dysfunction, particularly as concerns ��m drop
and cytochrome c efflux from mitochondria to the cytosol, in a
time course experiment. ��m drop was measured by the flow
cytometry analysis of cells stained with DiOC6(3). The drop in
��m induced by PV was inhibited in cells treated with
BAPTA-AM (Fig. 2C). Cytochrome c efflux into the cytosolic
fraction was analyzed by Western blotting. Cytochrome c
was detected in the cytoplasm of infected cells from 4 h p.i.
(Fig. 2D). Cytochrome c release was clearly inhibited by
BAPTA-AM in infected cells (Fig. 2D). Thus, an increase in
cytosolic Ca2� concentration appears to play a role in mi-
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FIG. 1. PV-induced increase in cytosolic Ca2� concentration and apoptosis and PV yield in IMR5 cells. (A) Time course of the increase in cytosolic
Ca2� concentration ([Ca2�]c) in PV-infected IMR5 cells. At the indicated times p.i., cytosolic Ca2� levels were measured by flow cytometry with the
Ca2�-sensitive dye FLUO3-AM. Mock-infected (M) and TG-treated (TG) IMR5 cells were used as negative and positive controls, respectively. The
graph shows the mean percentages of FLUO3-AM-fluorescent cells obtained from three independent experiments. Error bars indicate the standard
errors of the means. (B) Representative flow cytometry histograms, after FLUO3-AM staining of mock-infected and PV-infected (8 h p.i.) IMR5 cells.
The profiles of mock-infected control cells (gray area) and PV-infected cells (blank area) are shown. The percentages of FLUO3-AM-fluorescent cells
are indicated for each of two experimental conditions. (C) Time course of apoptosis (DNA fragmentation and ��m loss) in PV-infected IMR5 cells.
Mock-infected (M) and PV-infected IMR5 cells were analyzed at the indicated times p.i. by flow cytometry after being stained with the nuclear dye AO
or DiOC6(3) to assess DNA fragmentation and ��m loss, respectively. The graph shows the means, from three independent experiments, of the
percentages of cells with fragmented DNA (black) and cells with ��m loss (gray). Error bars indicate the standard errors of the means. (D) Repre-
sentative flow cytometry histograms after AO (top) or DiOC6(3) (bottom) staining of mock-infected and PV-infected (8 h p.i.) IMR5 cells. The profiles
of mock-infected control cells (gray area) and PV-infected cells (blank area) are shown. The percentages of apoptotic cells, with a low fluorescence
intensity, are indicated for each set of experimental conditions. (E) One-step growth curve of PV in IMR5 cells. Cells and supernatants were harvested
at the indicated times p.i. and subjected to three cycles of freezing and thawing. Total virus yields were determined by TCID50 assays. Each point
represents the mean virus titer for three independent experiments. Error bars indicate the standard errors of the means.
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FIG. 2. Treatment of cells with the intracellular Ca2� chelator BAPTA-AM decreases PV-induced apoptosis and PV externalization in IMR5
cells. (A) Smaller increase in cytosolic Ca2� concentration ([Ca2�]c) in PV-infected IMR5 cells treated with the intracellular Ca2� chelator
BAPTA-AM. Mock-infected and PV-infected IMR5 cells treated with 15 �M BAPTA-AM (gray) or not treated (black) were analyzed at the
indicated times p.i. by flow cytometry after FLUO3-AM staining. The increase (n-fold) in cytosolic Ca2� was calculated as the ratio of the
percentage of fluorescent PV-infected IMR5 cells to the percentage of fluorescent mock-infected cells. The data shown are the means from three
independent experiments. Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells
to treated IMR5 cells. (B) Decrease in apoptosis in PV-infected cells treated with BAPTA-AM. Mock-infected and PV-infected IMR5 cells,
treated with BAPTA-AM (15 �M) (gray) or not treated (black), were analyzed at the indicated times p.i. by flow cytometry after AO staining. The
increase (n-fold) in apoptosis was calculated as the ratio of the percentage of apoptotic PV-infected IMR5 cells to the percentage of apoptotic
mock-infected cells. The data shown are the means from three independent experiments. Error bars indicate the standard errors of the means. *,
P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells. (C) Decrease in ��m drop in PV-infected cells treated with
BAPTA-AM. Mock-infected and PV-infected IMR5 cells treated with 15 �M BAPTA-AM (gray) or not treated (black) were analyzed at the
indicated times p.i. by flow cytometry after DiOC6(3) staining. The increase (n-fold) in apoptosis was calculated as the ratio of the percentage of
apoptotic PV-infected IMR5 cells (��mLow) to the percentage of apoptotic mock-infected cells. The data shown are the means from three
independent experiments. Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells
to treated IMR5 cells. (D) Decrease in cytochrome c release in PV-infected cells treated with BAPTA-AM. Cells were mock infected or infected
with PV in the presence or absence of BAPTA-AM (15 �M). At the indicated times p.i., cells were collected and subjected to subcellular
fractionation. Cytochrome c (Cyt c) was detected in the cytosolic fraction by Western blotting with an anti-cytochrome c antibody. Actin was used
as a protein-loading control. Protein levels were determined by densitometry and plotted as ratios relative to actin levels. (E) Effect of BAPTA-AM
on viral growth and PV externalization. IMR5 cells were infected with PV in the presence or absence of BAPTA-AM (15 �M). The total virus
yield (extracellular and intracellular) was determined by TCID50 assay at the indicated times after three cycles of freezing and thawing to release
intracellular viruses. The extracellular virus titers were determined from the supernatant of PV-infected cells at the indicated times after the
removal of detached cells by centrifugation. Each point represents the mean virus titer for three independent experiments. Error bars indicate the
standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells.
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tochondrial dysfunction and apoptosis following the PV in-
fection of IMR5 cells.

We then evaluated the effect of an increase in cytosolic Ca2�

on the amount of virus produced in IMR5 cells by determining
the kinetics of total virus yield in the presence or absence of
BAPTA-AM. The Ca2� chelator had no effect on the total
amount of virus produced (Fig. 2E). We previously showed
that PV-induced apoptosis is involved in virus release (2, 3). As
PV-induced apoptosis levels were lower in infected cells
treated with BAPTA-AM than in untreated cells (Fig. 2B), we
assessed the possible effects of this decrease on virus release.
Virus release was delayed until 10 h p.i. in the presence of
BAPTA-AM (Fig. 2E). From 14 h p.i. onwards, virus release
was similar in the presence and absence of BAPTA-AM, prob-
ably because of high apoptosis levels.

Thus, an increase in cytosolic Ca2� concentration appears to
play a role in viral release without affecting virus production, as
previously observed in cells infected with another enterovirus,
coxsackievirus B (CVB) (34).

Ca2� is released from the ER in PV-infected cells. The
increase in cytosolic Ca2� may be due to an influx of Ca2�

from the extracellular medium across the plasma membrane
and/or Ca2� release from intracellular stores, predominantly
from the ER. Irurzun et al. (20) previously showed that at least
some of the cytosolic Ca2� in PV-infected cells is transported
from the external medium, through voltage-sensitive Ca2�

channels. However, the increase in cytosolic Ca2� in Ca2�-free
medium indicates that intracellular stores also provide cytoso-
lic Ca2� (20).

We investigated the role of extracellular Ca2� in the in-
crease in cytosolic Ca2� concentration during PV infection in
IMR5 cells by analyzing cytosolic Ca2� levels in cells placed in
a medium without Ca2� for 2 h before and throughout PV
infection. The increase in cytosolic Ca2� was similar in media
with and without Ca2� at 4, 6, and 8 h p.i. (Fig. 3A). Thus,
extracellular calcium does not seem to be involved in the in-
crease in cytosolic Ca2� in our model.

Van Kuppeveld’s group previously demonstrated that a
channel formed by the PV nonstructural protein 2B may be
involved in Ca2� release from ER stores into the cytosol (10).
We investigated whether the increase in cytosolic Ca2� con-
centration during PV infection in IMR5 cells also was due to

FIG. 3. PV induces Ca2� release from the ER through IP3R and RyR channels in IMR5 cells. (A) Smaller increase in the cytosolic Ca2�

concentration ([Ca2�]c) in PV-infected IMR5 cells treated with the IP3R channel inhibitor 2-APB or the RyR inhibitor dantrolene. Cells were
mock infected or infected with PV in medium without Ca2� (light gray) or in medium with Ca2� in the presence of 10 �M 2-APB (dark gray) or
20 �M dantrolene (gray) or in the absence of inhibitor (black). At the indicated times p.i., cells were analyzed by flow cytometry after FLUO3-AM
staining. The increase (n-fold) in cytosolic Ca2� was calculated as the ratio of the percentage of fluorescent PV-infected IMR5 cells to the
percentage of fluorescent mock-infected cells. The data shown are the means from three independent experiments. Error bars indicate the standard
errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells. (B) The treatment of IMR5 cells with
2-APB, XeC, or dantrolene does not affect PV growth. IMR5 cells were infected with PV for 8 h in the presence or absence of 2-APB (10 �M),
XeC (10 �M), or dantrolene (20 �M). Total virus yield (extracellular and intracellular) was determined by TCID50 assay after three cycles of
freezing and thawing to release intracellular viruses. Each point represents the mean virus titers for three independent experiments. Error bars
indicate the standard errors of the means. (C) Smaller increase in cytosolic Ca2� concentration ([Ca2�]c) in PV-infected IMR5 cells treated with
the IP3R channel inhibitor XeC. Mock-infected and PV-infected (8 h p.i.) IMR5 cells treated with 10 �M XeC (gray) or left untreated (black) were
analyzed at the indicated times p.i. by flow cytometry after FLUO3-AM staining. The increase (n-fold) in cytosolic Ca2� was calculated as the ratio
of the percentage of fluorescent PV-infected IMR5 cells to the percentage of fluorescent mock-infected cells. The data shown are the means from
three independent experiments. Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5
cells to treated IMR5 cells.
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the release of Ca2� from the ER through the IP3R and/or RyR
channels, which have been implicated in apoptotic Ca2� sig-
naling between intracellular stores and mitochondria in several
models (7, 12, 15). We therefore treated cells with inhibitors of
these receptors, 2-APB (10 �M) and dantrolene (20 �M),
respectively. We checked that 2-APB and dantrolene had no
effect on PV yield at the concentrations used (Fig. 3B). Mock-
infected cells, left untreated or treated with 2-APB or dan-
trolene, were used as negative controls. Cytosolic Ca2� levels
were analyzed at 4, 6, and 8 h p.i. (Fig. 3A). The inhibition of
Ca2� release from the ER by 2-APB or dantrolene resulted in

lower cytosolic Ca2� concentration. Thus, Ca2� release from
the ER lumen through the IP3R and RyR channels seems to be
involved in the increase in cytosolic Ca2� concentration during
PV infection. For the confirmation of the role of IP3R in the
release of Ca2� from the ER following PV infection, we used
another IP3R inhibitor, XeC (10 �M) (14). We first checked
that XeC had no effect on PV yield at the concentration used
(Fig. 3B). This inhibitor decreased cytosolic Ca2� concentra-
tion to an extent similar to that of 2-APB (Fig. 3C). This result
provides further evidence that IP3R is involved in the release
of Ca2� from the ER following PV infection.

FIG. 4. Inhibition of IP3R and RyR channels decreases PV-induced cytochrome c release and apoptosis in IMR5 cells. (A) Decrease in
cytochrome c release in PV-infected IMR5 cells treated with the IP3R channel inhibitor 2-APB or XeC. Cells were mock infected or infected with
PV in the presence or absence of 10 �M 2-APB (top) or 10 �M XeC (bottom). At the indicated times p.i., cells were collected and subjected to
subcellular fractionation. Cytochrome c (Cyt c) was detected in the cytosolic fraction by Western blotting with an anti-cytochrome c antibody. Actin
was used as a protein-loading control. Protein levels were determined by densitometry and plotted as ratios relative to the actin levels. (B) Decrease
in cytochrome c release in PV-infected IMR5 cells treated with the RyR channel inhibitor dantrolene. Cells were mock infected or infected with
PV in the presence or absence of 20 �M dantrolene. At the indicated times p.i., cells were collected and subjected to subcellular fractionation.
Cytochrome c was detected in the cytosolic fraction by Western blotting with an anti-cytochrome c antibody. Actin was used as a protein-loading
control. Protein levels were determined by densitometry and plotted as ratios relative to the actin levels. (C) Decrease in apoptosis in PV-infected
cells treated with 2-APB or XeC. Mock-infected and PV-infected IMR5 cells were left untreated (black) or were treated (gray) with 10 �M 2-APB
(top) or 10 �M XeC (bottom). At the indicated times p.i., cells were analyzed by flow cytometry after AO staining. The increase (n-fold) in
apoptosis was calculated as the ratio of the percentage of apoptotic PV-infected IMR5 cells to the percentage of apoptotic mock-infected cells.
The data shown are the means from three independent experiments. Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s
t test comparing untreated IMR5 cells to treated IMR5 cells. (D) Decrease in apoptosis in PV-infected cells treated with dantrolene. Mock-infected
and PV-infected IMR5 cells were left untreated (black) or were treated with 20 �M dantrolene (gray). At the indicated times p.i., cells were
analyzed by flow cytometry after AO staining. The increase (n-fold) in apoptosis was calculated as the ratio of the percentage of apoptotic
PV-infected IMR5 cells to the percentage of apoptotic mock-infected cells. The data shown are the means from three independent experiments.
Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells.
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FIG. 5. PV induces mitochondrial Ca2� uptake via the mitochondrial Ca2� uniporter and VDAC in IMR5 cells. (A) Time course of the
increase in mitochondrial Ca2� concentration ([Ca2�]m) in PV-infected IMR5 cells. At the indicated times p.i., mitochondrial Ca2� levels were
measured by flow cytometry with Rhod2-AM. Mock-infected (M) and A23-treated (A23) IMR5 cells were used as negative and positive controls,
respectively. The graph shows the mean percentages of Rhod2-AM-fluorescent cells obtained from three independent experiments. Error bars
indicate the standard errors of the means. (B) Representative flow cytometry histograms after Rhod2-AM staining of mock-infected and
PV-infected (6 h p.i.) IMR5 cells. The profiles of mock-infected control cells (gray area) and PV-infected cells (blank area) are shown. The
percentages of Rhod2-AM-fluorescent cells for each of two experimental conditions are indicated. (C) Reduction of mitochondrial Ca2� level in
PV-infected IMR5 cells treated with RR or DIDS, antagonists of the mitochondrial Ca2� uniporter and VDAC, respectively. IMR5 cells were
mock infected or infected with PV (6 h p.i.) in the presence or absence of RR (2 �M) or DIDS (10 �M). Cells were analyzed by fluorescence
microscopy after Rhod2-AM staining (red; middle). Nuclei were stained with 4�,6-diamidino-2-phenylindole (DAPI; blue; left). The merged image
is an overlay of the DAPI and Rhod2-AM images (right). (D) The treatment of IMR5 cells with RR does not affect the PV-induced increase in
cytosolic Ca2� concentration ([Ca2�]c). Mock-infected and PV-infected (8 h p.i.) IMR5 cells treated with 2 �M RR (gray) or not treated (black)
were analyzed by flow cytometry after FLUO3-AM staining. The increase (n-fold) in cytosolic Ca2� was calculated as the ratio of the percentage
of fluorescent PV-infected IMR5 cells to the percentage of fluorescent mock-infected cells. The data shown are the means from three independent
experiments. Error bars indicate the standard errors of the means. *, P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5
cells. (E) The treatment of IMR5 cells with RR or DIDS does not affect PV growth in IMR5 cells. IMR5 cells were infected with PV for 8 h in
the presence or absence of RR (2 �M) or DIDS (10 �M). Total virus yield (extracellular and intracellular) was determined by TCID50 assay after
three cycles of freezing and thawing to release intracellular viruses. Each point represents the mean virus titers for three independent experiments.
Error bars indicate the standard errors of the means.

12232 BRISAC ET AL. J. VIROL.



Ca2� release from the ER is involved in PV-induced apop-
tosis. We investigated the possible role of Ca2� release from
the ER in mitochondrial dysfunction in infected IMR5 cells by
analyzing cytochrome c efflux from mitochondria at 4, 6, and
8 h p.i. in the cytosolic fraction of cells left untreated or treated
with 2-APB, XeC, or dantrolene. Cytochrome c release was
clearly inhibited in cells infected with PV in the presence of
2-APB, XeC, or dantrolene (Fig. 4A and B). Similarly, all three
inhibitors clearly decreased the level of DNA fragmentation
(Fig. 4C and D).

Thus, Ca2� release from the ER through the IP3R and RyR
channels is involved in PV-induced mitochondrial dysfunction
and apoptosis.

Ca2� translocation into mitochondria plays a role in PV-
induced apoptosis. We then investigated the mechanism by
which Ca2� released from the ER contributed to apoptosis in
PV-infected IMR5 cells. As mentioned above, Ca2� exchange
between the ER and mitochondria can play a key role in
apoptosis (7, 12, 15). Ca2� influx into mitochondria was as-
sessed in PV-infected cells, with the fluorescent, mitochondrial
probe Rhod2-AM (32). Mitochondrial Ca2� uptake was deter-
mined in mock- and PV-infected cells from 2 to 8 h p.i. by flow
cytometry. The Ca2� ionophore A23 (10 �M for 1 h) was used
as a positive control to induce the influx of Ca2� into mito-
chondria in uninfected cells (12). PV infection resulted in a

time-dependent increase in the percentage of cells displaying
an increase in mitochondrial Ca2� (Fig. 5A and B). A high
concentration of Ca2� in mitochondria also was illustrated by
punctate labeling in cells, which is consistent with the location
of Ca2� in the mitochondria following fluorescence staining
with Rhod2-AM at 6 h p.i. (Fig. 5C).

Two major mitochondrial actors mediating Ca2� signaling
delivery between the ER and mitochondria are the Ca2�

uniporter (29) and the voltage-dependent anion channel
(VDAC) (9). We investigated the involvement of these chan-
nels in mitochondrial Ca2� uptake during PV-induced apop-
tosis by treating cells with RR (2 �M), a noncompetitive in-
hibitor of the mitochondrial Ca2� uniporter (35), or with the
VDAC inhibitor DIDS (10 �M), which inhibits Ca2� influx
into mitochondria (24). We checked that RR did not inhibit
the increase in cytosolic Ca2� in PV-infected cells (Fig. 5D).
This molecule therefore did not inhibit IP3R or RyR in our
model, in contrast to results of certain other reports (21). We
also checked that RR and DIDS had no effect on PV yield at
the concentrations used (Fig. 5E). The inhibition of mitochon-
drial Ca2� uptake by RR or DIDS in IMR5 cells infected
with PV was illustrated following fluorescence staining with
Rhod2-AM at 6 h p.i. (Fig. 5C).

Cytochrome c release from mitochondria in PV-infected
cells with or without RR or DIDS treatment was analyzed by

FIG. 6. Inhibition of mitochondrial Ca2� uptake following PV infection decreases cytochrome c release and apoptosis in IMR5 cells.
(A) Decrease in cytochrome c release in PV-infected cells treated with RR or DIDS. Cells were mock infected or infected with PV in the presence
or absence of 2 �M RR (left) or 10 �M DIDS (right). At the indicated times p.i., cells were collected and subjected to subcellular fractionation.
Cytochrome c (Cyt c) was detected in the cytosolic fraction by Western blotting with an anti-cytochrome c antibody. Actin was used as a
protein-loading control. Protein levels were determined by densitometry and plotted as ratios relative to actin levels. (B) Decrease in apoptosis
in PV-infected IMR5 cells treated with RR or DIDS. Mock- and PV-infected IMR5 cells were left untreated (black) or were treated (gray) with
2 �M RR (left) or 10 �M DIDS (right). At the indicated times p.i., cells were analyzed by flow cytometry after AO staining, and the increase
(n-fold) in apoptosis was calculated as the ratio of the percentage of apoptotic PV-infected IMR5 cells to the percentage of apoptotic
mock-infected cells. The data shown are the means from three independent experiments. Error bars indicate the standard errors of the means. *,
P 	 0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells.
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Western blotting on the cytosolic fraction at 4, 6, and 8 h p.i.
Mock-infected cells, left untreated or treated with RR or
DIDS, were used as negative controls. Cytochrome c efflux was
partially inhibited in infected cells by RR or DIDS (Fig. 6A).
The level of PV-induced apoptosis accordingly decreased in
cells treated with RR or DIDS (Fig. 6B).

Thus, mitochondrial Ca2� uptake through the Ca2�

uniporter and VDAC plays a role in PV-induced apoptosis in
IMR5 cells.

Mitochondria take up Ca2� released from the ER through
the IP3R and RyR channels, but other routes may be involved
in Ca2� release from the ER in cells infected with enterovi-
ruses (20, 34). Van Kuppeveld’s group has shown that the
individual expression of the nonstructural protein 2B from
CVB or PV in HeLa cells induces Ca2� release from both ER
and Golgi stores (6, 10, 11). 2B is a viroporin that forms pores
in membranes (1, 33). Interestingly, CVB 2B has an antiapop-
totic effect (6, 33). The 2B protein may downregulate apoptotic
Ca2� signaling between the ER and mitochondria by decreas-
ing the amount of Ca2� stored in the ER, thereby decreasing
Ca2� release through IP3R and RyR and its uptake by mito-
chondria. Indeed, the Ca2� released via 2B channels is not
taken up by the mitochondria, which take up Ca2� principally
at ER-mitochondrial junctions. The 2B protein therefore may
delay the PV-induced apoptotic program, providing the virus
with sufficient time to replicate. Using a different cell system,
Madan et al. (23) showed that PV 2B also was associated with
mitochondria and had a proapoptotic effect, inducing mito-
chondrial dysfunction in BHK-21 cells.

The role of Ca2� in the regulation of PV-induced apoptosis
therefore is complex. Ca2� may modulate several signaling
pathways involved in the pro-/antiapoptotic balance described
by Agol’s group in enterovirus-infected cells (4).

Our study provides new insight into these processes by show-
ing that PV infection induces an increase in cytosolic Ca2�

concentration, at least partly through Ca2� release from the
ER lumen via the IP3R and RyR channels, leading to Ca2�

accumulation in the mitochondria via the mitochondrial Ca2�

uniporter and VDAC. It also shows that this increase in mito-
chondrial Ca2� concentration in PV-infected cells contributes
to mitochondrial dysfunction and apoptosis.
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