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Bax and Calpain Mediate Excitotoxic Oligodendrocyte Death
Induced by Activation of Both AMPA and Kainate Receptors
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Sustained activation of AMPA and kainate receptors in rat oligodendrocytes induces cytosolic calcium overload, mitochondrial depolar-
ization, and an increase of reactive oxygen species, resulting in cell death. Here, we provide evidence that Bax, a proapoptotic member of
the Bcl-2 protein family, is involved in excitotoxic apoptotic death of oligodendrocytes and that calpain mediates Bax activation. Cultured
Bax �/� oligodendrocytes, obtained from the optic nerve of Bax knock-out mice, were resistant to AMPA and kainate receptor-mediated
insults. In turn, both mitochondrial calcium uptake and mitochondrial alterations after excitotoxic insults were diminished in Bax-null
oligodendrocytes. Moreover, pretreatment with furosemide, a blocker of Bax translocation to mitochondria, significantly protected rat
and mouse oligodendrocytes from AMPA- and kainate-induced damage; in contrast, bongkrekic acid, a blocker of the mitochondrial
permeability transition pore, had no effect. Finally, we analyzed the participation of calpain, which cleaves Bax and is activated by AMPA
and kainate, in oligodendrocyte death. Pretreatment with 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid (PD150606), a broad cell-
permeable calpain inhibitor, and two additional calpain inhibitors diminished Bax activation, inhibited its translocation to mitochon-
dria, and attenuated all apoptotic events resulting from excitotoxic insults to rat oligodendrocytes. Together, these results indicate that
Bax and calpain are essential intermediaries of the mitochondria-dependent death pathway, triggered by AMPA and kainate receptor
activation in oligodendrocytes.

Introduction
Oligodendrocytes express functional glutamate receptors and are
highly vulnerable to AMPA and kainate receptor-mediated exci-
totoxicity, both in vitro (Yoshioka et al., 1996; Matute et al., 1997;
McDonald et al., 1998; Sánchez-Gómez and Matute, 1999; Al-
berdi et al., 2002) and in vivo (Matute, 1998; Follett et al., 2000).
Excitotoxic insults to oligodendrocytes are dependent on Ca 2�

entry through ionotropic glutamate receptors, which alters Ca 2�

homeostasis and induces changes in the mitochondrial membrane,
leading to release of proapoptotic molecules such as cytochrome c
and apoptosis-inducing factor (AIF). This results in oligodendrocyte
death through caspase-dependent and -independent pathways (Al-
berdi et al., 2002; Sánchez-Gómez et al., 2003; Ness et al., 2004).

The Bcl-2 protein family consists of a network of proapoptotic
and antiapoptotic members that interact at both the physical and
functional level to regulate mitochondrial integrity and apoptotic
death (Tsujimoto, 2003). Antiapoptotic members include Bcl-2
and Bcl-xL, while proapoptotic proteins include the Bax subfam-
ily, such as Bax and Bak, which act as apoptosis executers (Reed,

1998; Cory and Adams, 2002; Polster and Fiskum, 2004; Ward et
al., 2004). The bulk of Bax protein normally resides in the cytosol
and translocates to mitochondria upon receiving a variety of ap-
optotic stimuli (Hsu et al., 1997; Goping et al., 1998). Once in-
serted into the outer mitochondrial membrane, Bax can exert its
proapoptotic action through the formation and/or regulation of
channels. This allows the release of intermembrane space pro-
teins into the cytoplasm, including cytochrome c, Smac/DIABLO
(second mitochondrial activator of caspase/direct IAP binding
protein with low pI), and AIF, key molecules in mitochondria-
dependent apoptotic pathways (Tikhomirov and Carpenter,
2005; Lovell et al., 2008; Galluzzi et al., 2009). Those crucial steps
require previous activation of Bax protein, but the upstream sig-
naling mechanism responsible for this activation still remains
unknown.

Calpains are Ca 2�-dependent cysteine proteases that are
ubiquitously expressed as two isoforms, �- and m-calpain, which
are activated by micromolar and millimolar concentrations, re-
spectively, of Ca 2�. Calpains have been characterized as pivotal
mediators of both necrotic and apoptotic cell death following
acute hypoxia, traumatic brain injury, chronic degeneration, or
excitotoxicity (Gafni and Ellerby, 2002; Liu et al., 2002; Crocker
et al., 2003; Nixon, 2003; Mansouri et al., 2007). The potential
role of calpains in apoptosis is indicated by a growing list of
substrates: p53, I�B�, PARP, and several cytoskeletal proteins
including fodrin and �II-spectrin. Moreover, previous reports
suggested calpain can bring about cleavage of Bax protein during
apoptosis (Wood et al., 1998) and that the calpain-induced Bax-
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cleavage product is a more potent inducer of cell death than
wild-type Bax (Wood and Newcomb, 2000; Toyota et al., 2003).

The aim of the present work was to determine whether the
presence and activation of Bax is critical in AMPA and kainate
receptor-induced oligodendrocyte death. In addition, we tested
the hypothesis that calpain is a mediator of Bax activation and its
translocation to mitochondria, and plays an essential role in trig-
gering the mitochondrial apoptosis pathway in oligodendroglial
excitotoxicity.

Materials and Methods
Oligodendrocyte cultures. Primary cultures of oligodendrocytes derived
from the optic nerves of male and female 12-d-old Sprague Dawley rats
and mice transgenic for the bax gene were obtained as described previ-
ously (Barres et al., 1992), with minor modifications (Alberdi et al.,
2002). Cells were seeded into 24-well plates bearing 14 mm diameter
coverslips coated with poly-D-lysine (10 �g/ml) at a density of 10 4 cells/
well and were maintained at 37°C and 5% CO2 in a chemically defined
medium (Barres et al., 1992). Cells were used 2– 4 d later for different
experiments, at which time, cultures were composed of at least 98%
O4 �/galactocerebroside (GalC) � cells (Alberdi et al., 2002).

Heterozygous Bax (C57BL/6J; Jackson Laboratories) mice were bred
to obtain wild-type, Bax �/�, and Bax �/� genotypes. The genotypes of
offspring were confirmed by PCR amplification of DNA extracted from
mouse tails, as described previously (Pérez-Navarro et al., 2005).

Toxicity assays. Toxicity assays were performed as described previously
(Sánchez-Gómez et al., 2003), with minor modifications. After 2 d in culture,
oligodendrocytes were exposed to 100 �M cyclothiazide (CTZ) or 100 �M

GYKI53655 [1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzodiazepine] for 10 min before incubation with AMPA (10 �M) or kai-
nate (3 �M or 3 mM), respectively. Agonists were applied for 15 min, and then
the cells were incubated for 24 h in fresh medium. For treatments with
enzyme inhibitors, cells were pretreated with the appropriate dilutions of
drugs in conjunction with CTZ or GYKI53655, which remained present
during incubation with agonists. Oligodendrocyte viability was assessed 24 h
later by loading cells with 1 �M calcein-AM (Invitrogen; C3100) for 30 min
and fluorescence was measured using a Synergy-HT fluorimeter (Bio-Tek
Instruments, Inc) as indicated by the supplier (485 nm excitation wavelength
and 530 nm emission wavelength). All experiments were performed in du-
plicate, and the values provided here are the averages of at least three inde-
pendent experiments.

Ca2� imaging in the cytosol. [Ca 2�]i was determined as previously
described (Grynkiewikcz et al., 1985). Oligodendrocytes were loaded
with fura-2 AM (5 �M; Invitrogen) in culture medium for 30 min at 37°C.
Cells were washed in HBSS containing 20 mM HEPES, pH 7.4, 10 mM

glucose, and 2 mM CaCl2 (incubation buffer) for 10 min at room tem-
perature. Experiments were performed in a coverslip chamber continu-
ously perfused with incubation buffer at 4 ml/min. The perfusion
chamber was mounted on the stage of a inverted epifluorescence micro-
scope (Zeiss Axiovert 35) equipped with a 150 W xenon lamp Poly-
chrome IV (T.I.L.L. Photonics) and a Plan Neofluar 40� oil-immersion
objective (Zeiss). Cells were visualized with a high-resolution digital
black-and-white white CCD camera (ORCA C4742-80-12 AG;
Hamamatsu Photonics). [Ca 2�]i was estimated by the 340/380 ratio
method, using a Kd value of 224 nM. At the end of the assay, in situ
calibration was performed with the successive addition of 10 mM iono-

Figure 1. Bax �/� oligodendrocytes are resistant to excitotoxic insults. A, Oligodendrocyte cultures were obtained from optic nerves of 12-d-old Bax �/�, Bax �/�, or Bax �/� mice and used
for toxicity assays after 1 d in vitro. Activation of AMPA receptors with 10 �M AMPA plus 100 �M cyclothiazide for 15 min caused oligodendroglial excitotoxicity in wild-type and Bax �/� cells, while
Bax �/� oligodendrocytes were totally resistant to this insult. In addition, maximal activation of high- or low-affinity kainate (KA) receptors by 3 �M or 3 mM kainate plus GYKI53655 caused cell
death, which was significantly diminished in oligodendrocytes obtained from Bax �/� or Bax-null mice. *p � 0.05, **p � 0.01, ***p � 0.001, compared with Bax �/� oligodendrocytes. B,
Microphotographs representing AMPA toxicity in oligodendrocytes derived from wild-type or Bax �/� mice. Cells were treated as indicated above and stained with calcein-AM (green, living cells)
and propidium iodide (red, dead cells) to quantify the effect of agonists. C, Caspase-9 and caspase-3 activation in Bax �/� and Bax �/� oligodendrocytes after exposure to AMPA or kainate.
Activation of AMPA and kainate receptors caused activation of caspase-9 and caspase-3 in wild-type oligodendrocytes but not in Bax �/� oligodendrocytes, as determined by immunocytochemistry
with antibodies to cleaved caspase-9 or caspase-3, respectively. *p � 0.05, **p � 0.01, ***p � 0.001, compared with Bax �/� oligodendrocytes.
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mycin and 2 M Tris/50 mM EGTA, pH 8.5. Data
were analyzed with Excel (Microsoft) and
Prism (GraphPad Software) software.

Measurement of mitochondrial Ca2�.
Rhod-2 AM (Invitrogen) was used to measure
mitochondrial Ca 2� according to the previous
procedure with modifications (Hajnóczky et
al., 1995). Rhod-2 AM has a net positive
charge, which facilitates its sequestration into
mitochondria due to membrane potential-
driven uptake. Cells were loaded with 2 �M

Rhod 2-AM for 30 min. The residual cytosolic
fraction of the dye was eliminated when the
cells were kept in culture for an additional 4 h
after loading; whereas, the mitochondrial dye
fluorescence was maintained. Fluorescence
images of Rhod-2 were acquired using 550 nm
excitation and 590 nm emission. The fluores-
cence of Rhod-2 was not calibrated in terms of
[Ca 2�]mit (mitochondrial calcium concentra-
tion) since it is not a ratiometric dye.

Measurement of intracellular reactive oxygen
species. Accumulation of reactive oxygen
species within cells was measured by loading
cells with 10 �M the oxidation-sensitive
fluorescent dye 5- (and-6)-chloromethyl-2�,7�-
dichlorodihydrofluorescein diacetate (CM-
DCFDA) (Invitrogen; C6827) for 20 min at
37°C and 5% CO2, using 1 �M calcein-AM as a
control dye. Fluorescence was measured using
a Synergy-HT fluorimeter (Bio-Tek Instru-
ments, Inc) and data were expressed as a nor-
malized percentage of CM-DCFDA/calcein
fluorescence in controls. Excitation and emis-
sion wavelengths for CM-DCFDA were 488
and 515 nm, respectively. All assays were per-
formed in duplicate and the values are the av-
erage of at least three independent experiments
(mean � SEM).

Analysis of mitochondrial membrane potential.
Oligodendrocyte cultures were exposed to
AMPA or kainate, alone or in presence of differ-
ent drugs, and the changes in mitochondrial
membrane potential were monitored by reduc-
tion of 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethyl-
benzimidazolcarbocyanine iodide (JC-1)
(Invitrogen), according to the manufacture’s
protocol. Briefly, after drug treatment, cells were
loaded with 3 �M JC-1 in culture medium for 15
min at 37°C and were then washed with
HBSS without phenol red two times to elim-
inate excess dye. In the cytosol, the monomeric form of this dye
fluoresces green (emission read at 527 nm when excited at 485 nm);
whereas, within the mitochondrial matrix, highly concentrated JC-1
forms aggregates that fluoresce red (emission at 590 nm when excited
at 485 nm). Both JC-1 monomers and aggregates were detectable
using a Synergy-HT fluorimeter (Bio-Tek Instruments) and the
changes in mitochondrial potential were calculated as the red/green
ratio for each condition. All experiments (n � 3) were performed at
least in triplicate and plotted as mean � SEM.

Calpain activity assay. The Calpain-Glo Protease Assay (Promega) was
used to measure the enzyme activity of calpains on live cells, according to
the manufacture’s instructions. Oligodendrocytes were seeded onto 98-well
plates (2 � 104 cells/well) and incubated at day 2 in vitro with AMPA or
kainate, alone or in the presence of the calpain inhibitors 3-(4-iodophenyl)-
2-mercapto-(Z)-2-propenoic acid (PD150606) (100 �M), calpeptin (20
�M), or N-[N-[(phenylmethoxy)carbonyl]-L-valyl]-phenylalaninal (MDL
28170) (10 �M). A freshly prepared dilution of the Calpain-Glo Reagent
stock solution was added to cells at different times and luminescence was

recorded with a plate reading luminometer (Bio-Tek Instruments Inc). Cal-
pain inhibitors were added for 30 min before exposure to the agonist, and the
assay was conducted in the presence of the inhibitors. All experiments were
performed in quadruplicate and the values provided are the calculated aver-
age of at least three independent experiments.

Western blotting analysis. Total protein was obtained from oligoden-
drocytes at specific time points after drug treatment by washing with
ice-cold PBS followed by mechanical scraping with 40 �l of ice-cold
sample buffer per tissue culture dish. The sample was subjected to 8 –12%
SDS-PAGE and proteins were electroblotted to nitrocellulose mem-
branes (Hybond ECL, GE Healthcare). After blocking with 5% nonfat
milk for 1 h, the blots were probed with primary antibodies overnight at
4°C. The blots were incubated with HRP-conjugated anti-IgG for 2 h.
After washing, the blots were developed using an enhanced chemilumi-
nescence detection kit, according to the manufacturer’s instructions (Su-
per Signal ULTRA, Pierce).

Preparation of cytosolic and mitochondrial proteins. Cytosolic and mi-
tochondrial fractions were prepared as described previously (Kim et al.,

Figure 2. Mitochondrial Ca 2� overload induced by AMPA receptor activation is reduced in Bax �/� oligodendrocytes. A, B,
Oligodendrocytes loaded with fura-2 were exposed to AMPA combined with CTZ in the presence of FCCP, and the changes in
[Ca 2�]i were analyzed by microfluorimetry. Selective activation of AMPA receptors, under these conditions, increased the [Ca 2�]i

levels in wild-type oligodendrocytes, while this effect was significantly reduced in Bax �/� and Bax-null oligodendrocytes (**p �
0.0005). C, Effects of FCCP on mitochondrial calcium in oligodendrocytes loaded with Rhod-2 AM. FCCP was used as an internal
control to release Ca 2� from mitochondria. D, Cells, loaded with Rhod-2 AM, were exposed to AMPA (10 �M) plus CTZ (100 �M)
for 30 s. [Ca 2�]mit induced by AMPA was reduced in Bax �/� oligodendrocytes compared with Bax �/� control cells. Recordings
in D illustrate the average � SEM responses of 63 cells from at least 5 experiments. E, F, Oligodendrocytes, loaded with Rhod-2-
AM, were exposed to continuous application of AMPA (10 �M plus 100 �M CTZ) for 6 min. The histogram represents the average �
SEM [Ca 2�]mit peak maxima for Bax �/� and Bax-null oligodendrocytes (n � 35 and 26, respectively; *p � 0.05).
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2003). Cells were washed with ice-cold PBS, harvested, and centrifuged at
2000 rpm for 5 min. The supernatant was discarded and the pellet was
resuspended in ice-cold lysis buffer (250 mM sucrose, 1 mM sodium
EDTA, 0.05% digitonin, 25 mM Tris [pH 6.8], 1 mM dithiothreitol, 1
�g/ml leupeptin, 1 �g/ml pepstatin, 1 �g/ ml aprotinin, 1 mM benzami-
dine, and 0.1 mM phenylmethylsulfonyl fluoride) and incubated on ice
for 30 min. The cells were homogenized by passages through a 27-gauge
needle and then centrifuged at 14,000 �g for 20 min at 4°C to separate the
supernatant (mitochondria-free cytosolic extract) and the pellet
(mitochondria-containing fraction). Cytosolic or mitochondrial frac-
tions were boiled for 5 min in sample buffer before they were subjected
individually to 8 –12% SDS-PAGE. Protein detection was performed as
indicated above. A monoclonal antibody to the mitochondrial protein,
cytochrome oxidase subunit IV (COX-IV), was used in Western blotting
procedures to assess the success of the fractionation procedure.

Statistical analysis. All data were presented as mean � SD. Significant
differences among the groups were determined using the unpaired Stu-
dent’s t test. A value of p � 0.05 was taken as an indication of statistical
significance. All the values described in the figures were obtained from at
least three independent experiments with similar results.

Results
AMPA and kainate receptor-induced excitotoxic events in
oligodendrocytes are attenuated in the absence of Bax
We previously determined rat oligodendrocytes are vulnera-
ble to excitotoxic signals mediated by AMPA receptors and by
high- and low-affinity kainate receptors and that this toxicity
is mediated by apoptosis, as suggested by calcium overload, mi-
tochondrial dysfunction, release of cytochrome c, and activation
of caspase-8, -9, and -3 (Sánchez-Gómez et al., 2003). In addi-
tion, the apoptotic process is characterized by morphological fea-
tures such as loss of plasma membrane asymmetry and exposition of
phosphatidylserine (PS), condensation of the nucleus, and fragmen-
tation of DNA. Here, we confirmed excitotoxicity-mediated oligo-
dendroglial cell death is apoptotic by the early presence of PS on the
outer leaflet of the lipid bilayer and its labeling with Annexin V-FITC
(supplemental Fig. 1, available at www.jneurosci.org as supplemen-
tal material). Moreover, we determined that activation of AMPA
and kainate receptors triggered late apoptotic nuclear changes such
as chromatin condensation and DNA fragmentation, determined by
Hoechst staining and the TUNEL assay (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material).

We next investigated whether Bax is involved in oligodendro-
cyte apoptotic death triggered by excitotoxicity. We activated
AMPA and kainate receptors in cultures of oligodendrocytes de-
rived from optic nerves of Bax�/�, Bax�/�, or Bax�/� mice and
observed cell death occurs in a genotype-dependent manner.
Thus, activation of AMPA receptors with 10 �M AMPA plus 100
�M cyclothiazide for 15 min caused oligodendroglial excitotox-
icity in wild-type (14.12 � 1.7%) and Bax�/� cells (7.93 � 3.5%),
while Bax�/� oligodendrocytes were totally resistant (0.04 �
0.03%) to this insult (Fig. 1A,B). In addition, maximal activation
of high- or low-affinity kainate receptors by 3 �M or 3 mM kai-
nate, respectively, in the presence of the AMPA receptor antago-
nist GYKI53655 caused cell death in Bax�/� oligodendrocytes
(11.25 � 2.2% and 18.93 � 3.9%, respectively), which was
significantly diminished when oligodendrocytes were ob-
tained from Bax �/� (2.06 � 1.2% and 3.66 � 1.9%, respec-
tively) or Bax-null mice (0.75 � 0.6% and 7.16 � 3.5%,
respectively; Fig. 1 A).

To further characterize the involvement of Bax in apoptotic
signaling cascades, triggered by activation of AMPA and kainate
receptors, we analyzed caspase-9 and caspase-3 activation in
oligodendrocytes derived from Bax �/� or Bax �/� mice after
exposure to AMPA or kainate receptor agonists using immu-

nocytochemistry with antibodies that recognize the active
form of those caspases (Fig. 1C). Consistent with the levels of
cell death shown in Figure 1 A, the number of cells showing
activation of caspase-9 and caspase-3 increased following in-
cubation with AMPA or kainate in Bax �/� but not Bax �/�

oligodendrocytes (Fig. 1C).
As a control to exclude the possibility that Bax-null oligoden-

drocytes had deficient glutamate receptor function, we examined
the properties of the responses to AMPA and kainate receptor
activation using electrophysiology and Ca 2� imaging. Thus, the
amplitude of the electrophysiological currents elicited by activa-
tion of each receptor subtype was similar in both Bax�/� and
wild-type oligodendrocytes (supplemental Fig. 3A, available at
www.jneurosci.org as supplemental material). In addition, the
increase of cytosolic Ca 2� levels induced by the activation of
AMPA and kainate receptors was not affected by the lack of Bax
(supplemental Fig. 3B–D, available at www.jneurosci.org as sup-

Figure 3. Activation of AMPA and kainate receptors induces ROS generation and loss of
mitochondrial potential, which are attenuated in Bax �/� oligodendrocytes. A, B, Oligoden-
drocytes were exposed to the agonists, AMPA or kainate (KA), for 15 min; and ROS generation
was determined immediately afterward using the dye DCFDA (20 �M) (A), and mitochondrial
membrane potential was quantified by fluorimetry at different times by loading cells with the
dye JC-1 (3 �M) (B). Levels of ROS and mitochondrial depolarization were attenuated in oligo-
dendrocytes derived from Bax-null mice, compared with cells obtained of wild-type animals
(*p � 0.05).
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plemental material). These results indi-
cate that the functioning of AMPA and
kainate receptors in oligodendrocytes is
independent of the expression of Bax.

Collectively, these results indicate that
selective activation of AMPA and kainate
receptors induces Bax-dependent oligo-
dendrocyte apoptotic death. In addition,
they show Bax is required for caspase-9 and
caspase-3 activation after excitotoxic insults
mediated by AMPA and kainate receptors,
and the lack of Bax protein confers resistance
to oligodendrocyte excitotoxicity.

Mitochondrial Ca 2� uptake after
exposure to AMPA is diminished in
Bax �/� oligodendrocytes
Excitotoxic insults evoke a substantial in-
crease in cytosolic Ca 2� levels in oligo-
dendrocytes. The mitochondrion is a
major regulator of cytosolic Ca 2� levels
[Ca 2�]i and massive Ca 2� influx results
in mitochondrial Ca 2� overload (Alberdi
et al., 2002; Sánchez-Gómez et al., 2003).
To examine whether Bax is involved in
Ca2� homeostasis, we used fura-2 micro-
fluorimetry in oligodendrocytes obtained
from Bax�/�, Bax�/�, and Bax�/� mice af-
ter brief exposure (30 s) to AMPA (10 �M)
plus CTZ (100 �M) (Fig. 2A,B). These ex-
periments were performed in the presence
of the mitochondrial proton gradient un-
coupler, carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone (FCCP), an agent
that dissipates the mitochondrial mem-
brane potential and releases Ca2� from mi-
tochondria but prevents further Ca 2�

uptake (Stout et al., 1998; Carriedo et al.,
2000). Mitochondrial depolarization with
FCCP, while activating the AMPA receptor,
induced a rapid sustained elevation in
[Ca2�]i in wild-type oligodendrocytes, with
a maximal peak at 910 � 144 nM (n � 30),
which indicates that a substantial part of cal-
cium is sequestered by mitochondria. This effect is significantly re-
duced in Bax�/� cells (51.4 � 4.4%; n � 32) and in Bax-null
oligodendrocytes (40.0 � 3.4%; n � 34), compared with cells ob-
tained from wild-type animals (Fig. 2A,B).

To clarify this event, we next studied mitochondrial Ca 2�

uptake in oligodendrocytes with Rhod-2 AM, a cationic indicator
that loads selectively into respiring mitochondria. We used FCCP
as an internal control. As expected, FCCP induced a rapid and
transitory reduction of Rhod-2 fluorescence (Fig. 2C). Under
these loading conditions, we assayed the effect of 10 �M AMPA
plus 100 �M CTZ on [Ca 2�]mit in oligodendrocytes derived from
Bax�/� and Bax�/� mice (Fig. 2D). Acute application of AMPA
(30 s) rapidly induced a transient increase in [Ca 2�]mit levels,
compared with the control assay (incubation buffer), in oligo-
dendrocytes expressing Bax protein (0.033 � 0.01, maximal peak
expressed in arbitrary units of fluorescence; n � 36) that was
minor in oligodendrocytes obtained from Bax-null mice
(0.021 � 0.004; n � 34; Fig. 2D). In addition, AMPA (10 �M plus
100 �M CTZ) continuously applied for 6 min in Bax�/� oligo-

dendrocytes induced a rapid and sustained increase in [Ca 2�]mit

(0.363 � 0.03, maximal value expressed in arbitrary units of flu-
orescence; n � 35) that was significantly reduced in oligodendro-
cytes derived from Bax-deficient mice (0.161 � 0.05; n � 26; p �
0.05; Fig. 2E,F). These results indicate that activation of AMPA
receptors induces mitochondrial Ca 2� overload in mice oligo-
dendrocytes and this effect is attenuated in the absence of Bax
protein.

Absence of Bax prevents AMPA and kainate receptor-mediated
mitochondrial dysfunction
Mitochondrial Ca 2� accumulation generates reactive oxygen
species (ROS) and causes loss of transmembrane potential (Lenaz
et al., 2002), particularly in oligodendrocytes after excitotoxic
insults (Sánchez-Gómez et al., 2003). To investigate whether Bax
is causally related to these alterations, we determined both ROS
production and mitochondrial depolarization in oligodendro-
cytes derived from mice lacking Bax, after treatment with AMPA
or kainate. Using the ROS indicator DCFDA, we observed ROS

Figure 4. Inhibition of Bax translocation to mitochondria protects oligodendrocytes against AMPA and kainate receptor-
mediated damage. Cultured rat oligodendrocytes were pretreated with furosemide (20 �M), a blocker of Bax translocation to
mitochondria, and then incubated with agonists for 15 min. A, Cell viability was assayed 24 h later using calcein-AM. Furosemide
significantly reduced cell death induced by AMPA or kainate receptor activation. B, ROS generation quantified with DCFDA (20 �M)
in response to AMPA and kainate (KA) was inhibited by furosemide. C, Western blot analysis of Bax expression in the mitochondrial
fraction showed an increase triggered by AMPA and kainate receptor activation, which was abolished with furosemide (20 �M,
pretreatment for 30 min). COX-IV levels were measured as a normalization control. D, Toxicity assays were performed in cultured
oligodendrocytes derived from Bax �/� or Bax �/� mice. AMPA or kainate receptors were activated for 15 min in the absence or
presence of furosemide (20 �M, pretreatment for 30 min) and viability was quantified 24 h later. Cell death was significantly
inhibited by furosemide in wild-type oligodendrocytes but had no effect on Bax �/� oligodendrocytes. E, F, Pretreatment of cells
with a blocker of the mitochondrial permeability transition pore (BkA, 5 �M, 30 min) before excitotoxic signal induction did not
reduce cell death (E) or ROS production (F ) caused by activation of AMPA and kainate receptors. *p � 0.05, **p � 0.01, ***p �
0.001 (cells treated with furosemide vs control cells); #p�0.05, ###p�0.001 (Bax �/� vs Bax �/� cells for the same treatment).
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levels in wild-type oligodendrocytes significantly increased 15
min after activation of AMPA or kainate receptors (up to 130.5 �
5.5 and 140.0 � 5.5%, respectively), an effect that was abolished
in Bax-null oligodendrocytes (Fig. 3A).

To monitor the mitochondrial potential, we used the fluores-
cent probe JC-1 and quantified its signal at different times post-
stimulus. As shown in Figure 3B, selective activation of both
AMPA and kainate receptors induced a reduction in JC-1 fluo-
rescence in Bax�/� oligodendrocytes, which was detected at 15
min poststimulation and was then further enhanced, reaching a
peak at 1 h (up to 59.4 � 0.9% for AMPA and 73.4 � 8.2% for 3
�M kainate, compared with untreated control Bax�/� cells; Fig.
3B). In contrast, the mitochondrial potential in Bax�/� oligo-
dendrocytes was not altered by the excitotoxins assayed (90.82 �
5.7% for AMPA and 100.73 � 3.7% for 3 �M kainate; Fig. 3B).
Overall, these results indicated that mitochondrial Ca 2� over-
load subsequent to AMPA and kainate receptor activation
causes alterations in mitochondrial function that are depen-
dent on the presence of Bax.

Bax translocation to mitochondria is required for
oligodendroglial excitotoxicity, but the mitochondrial
permeability transition pore is not involved
The results described above illustrate that Bax mediates the apo-
ptotic death of oligodendrocytes triggered by excitotoxicity. We
next analyzed the mechanism by which Bax is involved in apo-
ptosis in this experimental paradigm. Since translocation of Bax
into the mitochondria is required for apoptosis (Lin et al., 2005;
Perier et al., 2007), we explored the effects of the inhibitor of this
event, furosemide (Tafani et al., 2002), to determine whether it is
crucial for AMPA and kainate receptor-mediated cell death. Pre-
treatment with furosemide (20 �M, 30 min) significantly reduced
cell death induced by AMPA (10 �M) or kainate (3 �M and 3 mM),

in the presence of CTZ or GYKI53655, re-
spectively, on cultured oligodendrocytes
obtained from postnatal rat optic nerves
(Fig. 4A). In addition, the presence of fu-
rosemide diminished the levels of oxida-
tive stress caused by activation of AMPA
and kainate receptors (Fig. 4B). This sug-
gests Bax translocation to mitochondria is a
critical step in apoptosis of oligodendro-
cytes due to excitotoxicity and its inhibition
confers significant protection against AMPA
and kainate receptor-mediated damage.

Since furosemide can act on different
targets, we examined whether it inhibits
the translocation of activated Bax to mito-
chondria by immunoblotting of mito-
chondrial fractions obtained from control
and AMPA and kainate-treated cells. In-
deed, furosemide (20 �M, 30 min) re-
versed the increased Bax levels in the
mitochondrial fraction as a result of the
excitotoxic insults by AMPA and kainate
(Fig. 4C). To further assess that furo-
semide acts on Bax, we assayed its effect
on cellular death when applied to oligo-
dendrocytes derived from Bax�/� mice.
As we described above, activation of
AMPA or kainate receptors caused cell
death in Bax�/� oligodendrocytes
(18.84 � 1.8% and 11.02 � 1.8%, respec-

tively); this toxicity was significantly diminished when oligoden-
drocytes were treated with furosemide (2.74 � 1.0% and 3.42 �
1.8%, respectively; Fig. 4D). However, the residual cell death
detected in Bax�/� oligodendrocytes after stimulation with
AMPA or kainate was not affected by furosemide treatment, in-
dicating furosemide is not protective in the absence of Bax.

We also tested whether formation of the mitochondrial permea-
bility transition pore (MPTP) contributed to apoptotic disruption of
the mitochondrial membrane potential under our experimental
conditions, using the MPTP blocker bongkrekic acid (BkA) (5 �M).
We found that BkA did not reduce cell death (Fig. 4E) and did not
inhibit ROS induction (Fig. 4F), indicating MPTP does not partici-
pate in the excitotoxicity of oligodendrocytes induced by AMPA and
kainate receptor activation.

Calpain is involved in Bax activation after AMPA and kainate
receptor activation
Calpain is a Ca 2�-activated cysteine protease, which participates
in several apoptosis pathways (Liu et al., 2002; Crocker et al.,
2003; Mansouri et al., 2007). Since the excitotoxicity of oligoden-
drocytes is entirely dependent on Ca 2� overload, we initially an-
alyzed whether calpain is activated in oligodendrocytes following
treatment with AMPA or kainate agonists. As shown in Figure 5,
A and B, calpain activity was induced after agonist exposure and
was steadily detected for at least 60 min. This effect was prevented
when oligodendrocyte cultures were cotreated with the calpain
inhibitors PD150606, calpeptin, or MDL 28170. This early induc-
tion of calpain activity is consistent with its role as a proximal
death signal that may mediate the death process.

Bax is a cytosolic protein that, upon activation by apoptotic
stimuli, translocates into the mitochondrial membrane. The
mechanisms by which Bax is activated remains largely unknown,
but there is evidence that calpain participates in this process

Figure 5. Calpain inhibition prevents Bax activation and translocation after excitotoxicity. A, B, Treatment of oligodendrocytes
with 10 �M AMPA (A) or 3 �M kainate (KA) (B), in the presence of CTZ or GYKI53655, respectively, activates calpain. This effect was
prevented by the calpain inhibitors PD150606, calpeptin, or MDL 28170. At different times after treatment, calpain activity was
measured in live cells using the Calpain-Glo Protease Assay, and the results are shown as a percentage with respect to the control
(untreated cells; 100%). C, Bax activation and translocation were inhibited by PD150606, a calpain inhibitor. Oligodendrocytes
were treated for 15 min with 10 �M AMPA plus 100 �M CTZ and loaded for 15 min with Mitotracker Orange to identify mitochon-
dria (red). Cells were processed for Bax immunofluorescence using the Bax-NT antibody, which only recognized activated Bax.
Exposure to AMPA triggered Bax activation (green) and its translocation into mitochondria (yellow). Those effects were prevented
by the calpain inhibitor. Scale bar, 20 �m. *p � 0.05, **p � 0.01, ***p � 0.001.
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(Toyota et al., 2003). To test this, oligo-
dendrocytes were treated with AMPA plus
CTZ, in the absence or presence of an in-
hibitor of calpain, PD150606, and loaded
with Mitotracker Orange to identify mito-
chondria. Activation of Bax was deter-
mined by immunofluorescence using the
Bax-NT antibody, which only recognizes
activated-Bax. As shown in Figure 5C,
cells treated with AMPA showed Bax acti-
vation (green) and translocation to mito-
chondria (yellow, as a result of red and
green fluorescence overlap), while both
the control and AMPA plus PD150606-
treated cells did not show activated Bax.
Similar results were observed when cal-
pain was inhibited with calpeptin or MDL
28170 (data not shown).

Selective inhibition of calpain
attenuates Bax upregulation, its
translocation to mitochondria, and
cytochrome c release
To investigate the relationship between cal-
pain activation and Bax regulation during
AMPA and kainate-induced apoptosis, we
examined further the role of calpain in Bax
expression, the translocation of Bax to mi-
tochondria, and the subsequent apoptotic
processes. Cultured oligodendrocytes were
treated with 10 �M AMPA (plus 100 �M

CTZ) or 3 �M kainate (plus 100 �M

GYKI53655) for 15 min, in the absence or
presence of 100 �M PD150606, and Bax
protein expression and its localization
into the cell were assayed by subcellular
fractionation and immunoblotting. Fig-
ure 6 A shows a mild increase in total Bax
expression, �1.7-fold for the sample treated
with AMPA and 1.9-fold for cells treated
with kainate, compared with controls.

To analyze whether Bax translocation
into the mitochondria occurred through
calpain-mediated mechanisms, both mi-
tochondrial and cytosolic fractions were
prepared from untreated and AMPA and
kainate-treated cells in the presence or ab-
sence of the calpain inhibitor PD150606.
The relatively small amount of Bax found
in the mitochondrial fraction of control
cells increased up to 235.8 � 28.9% in the mitochondria of oli-
godendrocytes treated with 10 �M AMPA and up to 182.6 �
20.6% for 3 �M kainate, indicating translocation of Bax into the
mitochondria was induced by AMPA and kainate receptors (Fig.
6B). Furthermore, and in accordance with the observations in
mitochondria, there was a significant reduction of Bax protein in
the cytosol fraction (64.04 � 5.4% for AMPA and 75.38 � 10.1%
for kainate, compared with control cells). This occurred concom-
itantly with an increase of cytochrome c levels in the cytosol
(190.4 � 14.5% after AMPA and 237.1 � 12.2% after kainate
treatment) (Fig. 6C). In all instances, pretreatment with the cal-
pain inhibitor PD150606 (100 �M, 30 min) before the excitotoxic
stimuli prevented Bax translocation into mitochondria as well as

the subsequent release of cytochrome c into the cytosol (Fig.
6B,C). All the above results suggest AMPA and kainate receptor-
mediated calpain activation participates in both translocation of
Bax from the cytosol into mitochondria and release of cyto-
chrome c into the cytosol, key steps in the mitochondria-
dependent apoptotic pathways triggered by excitotoxicity in
oligodendrocytes.

Calpain inhibition protects oligodendrocytes from events
induced by excitotoxicity
The results above provide evidence that Bax processing is re-
quired for excitotoxic death and that calpain is involved in Bax
activation. We next analyzed whether calpain inhibition prevents
toxicity and the mitochondrial alterations that occur during oli-

Figure 6. Activation of AMPA and kainate receptors induces Bax upregulation, as well as Bax translocation to mitochondria and
cytochrome c release, which are calpain dependent. Cultured oligodendrocytes were stimulated with AMPA (10 �M, plus 100 �M CTZ) or
kainate (KA) (3�M, plus 100�M GYKI53655) for 15 min, with or without the calpain inhibitor PD150606 (100�M). After 30 min, both total
protein and mitochondrial or cytosolic fractions were extracted and analyzed by Western blotting with a specific antibody against Bax. A,
Representative blots for Bax expression in total cell lysates obtained from oligodendrocytes treated with agonists. Quantification of the
bands showed Bax upregulation as a consequence of AMPA and kainate receptor activation. �-Actin levels were measured as a normal-
ization control. B, Western blot analysis of Bax expression in the mitochondrial fraction showed an increase triggered by AMPA and kainate
receptor activation, which was abolished with the calpain inhibitor PD150606. The histogram illustrates the quantitative analysis and
shows that agonists caused an elevation of up to 2.5-fold of the mitochondrial Bax level, compared with the control, and the presence of
PD150606preventedthatincrease.COX-IVlevelsweremeasuredasanormalizationcontrol.C,WesternblotanalysisofBaxandcytochrome
c in cytosolic fractions of oligodendrocytes treated with AMPA or kainate, alone or in combination with PD150606. Treatment with agonists
induced a significant decrease in the cytosolic Bax expression level that was paralleled by an increase in the cytochrome c level. As shown by
quantitativeanalysis,bothchangeswerenotprecludedinthepresenceofthecalpaininhibitorPD150606.�-Actin levelsweremeasuredas
an internal cytosolic control. *p�0.05, **p�0.01, ***p�0.001, compared with control; #p�0.05, ##p�0.01, compared with cells
treated with agonist alone.
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godendroglial excitotoxicity. We treated cultured oligodendro-
cytes with AMPA plus CTZ (10 and 100 �M, respectively) or
kainate plus GYKI53655 (3 and 100 �M, respectively), in the
absence or presence of calpain inhibitors, and monitored cell
death, ROS, and mitochondrial potential. Calpain inhibition by
PD150606, calpeptin, or MDL 28170 attenuated oligodendrocyte
death induced by AMPA and kainate receptors (Fig. 7A). In turn,
ROS generation and mitochondrial depolarization resulting
from those excitotoxic insults were attenuated in the presence of
PD150606 (Fig. 7B,C), calpeptin, or MDL 28170 (data not
shown).

In a previous study (Sánchez-Gómez et al., 2003), we demon-
strated that caspase-3 activation is involved in AMPA and kainate
receptor-mediated apoptosis of rat cultured oligodendrocytes.
To determine whether caspase-3 activation was also affected by
calpain inhibition, we performed immunoblotting to evaluate
the levels of procaspase-3 and cleaved caspase-3 in oligodendro-

cytes treated with or without calpain inhibitor during AMPA and
kainate receptor stimulation. Western blots with antibodies rec-
ognizing the 32 kDa proenzyme and the 17 kDa fragment were
done with protein extracts harvested after 4 h of treatment.
The results are shown in Figure 8. A significant decrease in
procaspase-3 levels was detected in agonist-treated oligodendro-
cytes (75.8 � 4.0% for 10 �M AMPA and 63.9 � 3.8 for 3 �M

kainate, compared with the control; Fig. 8A,B), which was par-
alleled by a significant elevation in the active caspase-3 level
(154.8 � 26.6% for 10 �M AMPA and 197.34 � 35.4% for 3 �M

kainate, with respect to the control; Fig. 8A,C). Both the decrease
in the procaspase-3 protein level and increase in cleaved
caspase-3 were completely prevented in the presence of the cal-
pain inhibitor, suggesting the involvement of calpain in caspase-3
activation after excitotoxicity.

In sum, calpain inhibition reduces oligodendrocyte death, di-
minishes reactive oxygen species, prevents mitochondrial depo-
larization, and inhibits caspase-3 activation. These results
indicate that AMPA and kainate receptor-mediated calpain acti-
vation is involved in apoptotic oligodendrocyte death by altering
mitochondria function and inducing caspase-3 activation.

Discussion
The results reported here show that apoptosis induced by excito-
toxicity in optic nerve oligodendrocytes is mediated by Bax. In
addition, we found calpain is activated in response to excitotoxic
insults initiated by AMPA and kainate receptors, and that its
activation is required to turn on Bax and induce apoptotic cell
death through mitochondria-dependent death pathways. In a
previous study, we found activation of AMPA and kainate recep-
tors in oligodendrocytes results in Ca 2� influx and subsequent
mitochondrial dysfunction, consisting of mitochondrial Ca 2�

overload, oxidative stress, and membrane depolarization, which
ultimately results in caspase activation and apoptotic cell death
(Sánchez-Gómez et al., 2003). In the current study we have ob-
served those lethal events are prevented in the absence of Bax or
by pharmacological inhibition of calpain. These results are con-
sistent with the known protective effect of Bax deficiency in var-
ious experimental models, both in vivo and in vitro. Knock-out of
Bax confers neuroprotection in mouse models of Parkinson’s
disease (Vila et al., 2001; Perier et al., 2007), ischemia (Gibson et
al., 2001), excitotoxicity (Pérez-Navarro et al., 2005), and trauma
(Tehranian et al., 2008); reduces oligodendroglial injury after
spinal cord hemisection (Dong et al., 2003); and attenuates the
clinical signs of experimental autoimmune encephalomyelitis by
diminishing apoptotic cell death of oligodendrocytes (Lev et al.,
2004).

Absence of Bax also grants resistance against toxic stimuli in
different in vitro models in a variety of cell types derived from the
nervous system, such as neurons (Cregan et al., 1999; Steckley et
al., 2007), astrocytes (Yung et al., 2004), oligodendrocytes (Ness
et al., 2004; Liu et al., 2006; Pang et al., 2007; Hossain et al., 2009),
or neuroblastoma cells (Gómez-Lázaro et al., 2007), and from
other tissues, such as lung (Oh et al., 2004; Wu et al., 2007), liver
(Park et al., 2007), or epithelium (Owens et al., 2009).

In line with those findings, we observed that oligodendrocytes
are resistant to excitotoxic insults in the absence of Bax, which
interrupts the cascade of events leading to mitochondrial dys-
function. Thus, oligodendrocytes lacking Bax displayed less in-
tense mitochondrial Ca 2� overload than did their wild-type
counterparts and, hence, attenuated depolarization of the mito-
chondrial membrane, which is an early event in apoptosis (for
review, see Atlante et al., 2001; Skulachev, 2006), as well as re-

Figure 7. Calpain inhibition reduces oligodendroglial death and mitochondrial alterations in
response to excitotoxicity. Cells were treated with AMPA and kainate (KA) receptor agonists for
15 min, in the absence or presence of calpain inhibitors PD150606 (100 �M), calpeptin (20 �M),
or MDL 28170 (10 �M). A, Cell viability was determined by a calcein-AM assay after 24 h. All
calpain inhibitors used significantly reduced oligodendrocyte death caused by AMPA or kainate
exposure. B, C, ROS production and mitochondrial potential were monitored by measuring
DCFDA (20 �M) and JC-1 (3 �M) fluorescence, respectively. The presence of PD150606 inhibited
AMPA and kainate receptor-mediated ROS generation and mitochondrial depolarization. *p �
0.05, **p � 0.01, ***p � 0.001, compared with cells treated with agonist alone.
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duced oxidative stress. These observations
indicate that Bax is required to distort mi-
tochondrial function triggered by excito-
toxic insults to oligodendrocytes, as
proposed recently for neurons (Gavaldà et
al., 2008). Bax-deficient striatal neurons
respond to excitotoxicity by upregulating
other proapoptotic proteins, but are resis-
tant to excitotoxicity themselves. This
reveals Bax as a mediator of the mitochon-
drial phase of apoptosis and an essential
protein for execution of cell death in re-
sponse to excitotoxicity (Gavaldà et al.,
2008).

Translocation of Bax protein from the
cytosol into the mitochondrial membrane
is a necessary event to trigger mitochon-
drial dysfunction and induce apoptosis
(Hsu et al., 1997; Itoh et al., 2003; Lin et
al., 2005; Perier et al., 2007; Gavathiotis et
al., 2008; Galluzzi et al., 2009). Here, we
provided evidence indicating that Bax trans-
location into mitochondria is required for
excitotoxic apoptosis in oligodendrocytes.
Furosemide, a Bax translocation blocker
(Tafani et al., 2002), reduced both ROS
generation and cell death upon excito-
toxic exposure. Similarly, inhibiting Bax
translocation with furosemide signifi-
cantly protects neurons against ischemia-
induced damage (Lin et al., 2005) and
attenuates the extent of malonate-induced apoptosis in neuroblas-
toma cells (Gómez-Lázaro et al., 2007). In addition, preventing Bax
translocation with IGF-I also disrupts the glutamate-mediated apo-
ptotic pathway in oligodendrocyte progenitors (Ness et al., 2004).

Bax is constitutively present in the cytosol of healthy oligo-
dendrocytes; although, its expression levels vary during develop-
ment and maturation (Madison and Pfeiffer, 1996; Khorchid et
al., 2002; Osterhout et al., 2002). This is in contrast to the limited
expression of anti-apoptotic proteins Bcl-2 and Bcl-xl, implying
cells of oligodendrocyte lineage are always ready to die in response to
various apoptotic signals via the intrinsic pathway (Itoh et al., 2003;
Danial and Korsmeyer, 2004).

In the current study, we observed by immunoblotting that Bax
is present in a constitutive manner in oligodendrocytes derived
from the rat optic nerve, and Bax expression significantly in-
creased upon excitotoxic insults mediated by AMPA and kainate
receptors. Similarly, increased expression of Bax occurs in response
to lethal signals to oligodendrocytes (Jamin et al., 2001; Genc et al.,
2003; Liu et al., 2006) and after CNS injury (for review, see Gavaldà et
al., 2008). In other systems, Bax expression is induced, normally by
activation of p53, upon damage to the genome or interference with
the normal progression of the cell cycle (for review, see Wu and
Deng, 2002). However, whether Bax is constitutively expressed or
induced, its primary action results from its translocation from the
cytosol to the mitochondria (Tafani et al., 2002), as indicated by our
results. However, the mechanisms by which Bax becomes activated
are not currently known; although, several possibilities have been
proposed. Some models suggest BH3-only proteins, such as Bim and
tBid, can bind directly to Bax and Bak, or indirectly through anti-
apoptotic Bcl-2 proteins, and promote Bax activation (Kuwana et al.,
2005; Chipuk et al., 2006; Gavathiotis et al., 2008). On the other
hand, Bax function can be regulated by cleavage of its N-terminal

domain, which is necessary for maintaining Bax in its cytosolic con-
formation. Elimination of the domain renders the protein constitu-
tively localized to the mitochondria, increases its intrinsic cytotoxic
properties, and enhances its deleterious potential (Wood and New-
comb, 2000). An alternative idea proposes the N terminus of Bax can
be cleaved by calpain to produce its potent proapoptotic isoform,
which has greater affinity for mitochondrial membrane insertion
(Wood et al., 1998; Toyota et al., 2003; Oh et al., 2004). These find-
ings, along with the involvement of calpains in excitotoxic-mediated
cell death (Choi, 1988; Liu et al., 2002; Rami, 2003; Mansouri et al.,
2007) and myelin destruction by glutamate (Fu et al., 2009), led us to
examine whether these proteases are related to Bax activation in
oligodendrocytes following insults with AMPA and kainate. We ob-
served that calpain was activated in oligodendrocytes exposed to
glutamate receptor agonists and that its activity was abolished by
calpain inhibitors. In addition, using the Bax-NT antibody, which
recognizes an N-terminal epitope exposed after Bax activation
(Nechushtan et al., 1999), we observed an association between cal-
pain activation and the functional status of Bax. Calpain inhibition
during AMPA and kainate exposure resulted in an absence of Bax
activation. Finally, calpain inhibition preserved mitochondrial func-
tion and integrity and prevented the translocation of Bax after the
insult, subsequent cytochrome c release, caspase-3 activation, and
oligodendroglial cell death. These results strongly suggest calpain
activity is required for activation of the mitochondrial apoptosis-
signaling pathway in oligodendrocytes, in a Bax-dependent manner,
similar to findings by others in different models (Liu et al., 2002; Oh
et al., 2004; Mansouri et al., 2007).

Despite the remarkable increase in Bax level detected in the
mitochondrial fraction after AMPA and kainate exposure, the
reduction of cytosolic Bax was relatively small, although statisti-
cally significant and sufficient to trigger the release of cytochrome

Figure 8. Activation of caspase-3, after excitotoxicity in oligodendrocytes, is reduced by calpain inhibition. Oligodendrocytes
were exposed to AMPA or kainate (KA) for 15 min, alone or in combination with the calpain inhibitor PD150606 (100 �M), and the
total cell lysates were harvested after 4 h. Expression of procaspase-3 and active caspase-3 was assessed by Western immunoblot-
ting using specific antibodies, and the total �-actin level was used as a control for protein loading. A, Representative blot for total
procaspase-3 (top), cleaved caspase-3 (middle), and �-actin (bottom) expression obtained from oligodendrocytes treated with
agonists in the absence or presence of the inhibitor PD150606. B, C, The density of the bands of procaspase-3 (B) and cleaved
caspase-3 (C) was quantified using NIH Image, normalized to �-actin expression, and the values were expressed as a percentage
of the bands from the untreated control (100%). The addition of AMPA or kainate to oligodendrocytes led to a decrease in total
procaspase-3 (B) and an increase in active caspase-3 expression (C), which was blocked by PD150606. *p � 0.05, ***p � 0.001,
compared with control cells; #p � 0.05, compared with cells treated with agonist alone.

3004 • J. Neurosci., February 23, 2011 • 31(8):2996 –3006 Sánchez-Gómez et al. • Bax and Calpain Mediate Oligodendrocyte Excitotoxicity



c into the cytosol. This may have been due to the high abundance
of Bax in the cytosol in control conditions, as discussed above,
which could mask the reduction that occurs during the translo-
cation process. It was previously suggested that translocation of
�20% of cellular Bax to the mitochondria may be sufficient to
induce apoptosis (Annis et al., 2001).

Once inserted into mitochondria, Bax could trigger oligoden-
droglial death by permeabilization of the outer mitochondrial
membrane, thereby releasing cytochrome c into the cytosol. This
would cause activation of caspase 9 through formation of the
procaspase-9/Apaf-1 complex in the presence of adenosine
triphosphate, resulting in activation of executor caspases (Hen-
gartner, 2000). Although the mechanism by which Bax induces
cytochrome c release is still a matter of intense debate, our data
indicate, in the context of oligodendroglial excitotoxicity, that it
seems to be independent of the mitochondrial permeability tran-
sition pore. Pretreatment of oligodendrocytes with bongkrekic
acid, a blocker of the mitochondrial pore, do not attenuate ROS
formation or protect against AMPA or kainate-induced toxicity.
It is possible that insertion of Bax into the mitochondrial mem-
brane causes its oligomerization, thus favoring the formation of
ion-channels in liposomes or planar lipid membranes; such ion
channels can participate in the release of cytochrome c from mi-
tochondria to the cytosol (for review, see Galluzzi et al., 2009).

In summary, our data indicate that Bax and calpain are medi-
ators of excitotoxicity-mediated apoptosis in oligodendrocytes,
emphasize the central role of calpain in the regulation of Bax
upon these death stimuli, and demonstrate that calpain inhibi-
tion protects oligodendrocytes from excitotoxic insults. On the
basis of our results, we propose that activation of AMPA and
kainate receptors triggers sustained calpain activation, which in-
duces the insertion of Bax into the outer membrane of mitochon-
dria. This event leads to mitochondrial dysfunction, release of
cytochrome c into the cytosol, and subsequent caspase activation
leading to apoptotic cell death. Drugs that modulate these death
pathways can prevent excitotoxic damage to oligodendrocytes and
reduce the injuries that are the basis of demyelinating disorders.
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