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Mitochondrial dynamics have been extensively studied in
the context of classical cell death models involving Bax-medi-
ated cytochrome c release. Excitotoxic neuronal loss is a non-
classical death signaling pathway that occurs following overac-
tivation of glutamate receptors independent of Bax activation.
Presently, the role of mitochondrial dynamics in the regulation
of excitotoxicity remains largely unknown. Here, we report
that NMDA-induced excitotoxicity results in defects in mito-
chondrial morphology as evident by the presence of excessive
fragmented mitochondria, cessation of mitochondrial fusion,
and cristae dilation. Up-regulation of the mitochondrial inner
membrane GTPase, Opa1, is able to restore mitochondrial
morphology and protect neurons against excitotoxic injury.
Opa1 functions downstream of the calcium-dependent prote-
ase, calpain. Inhibition of calpain activity by calpastatin, an
endogenous calpain inhibitor, significantly rescued mitochon-
drial defects and maintained neuronal survival. Opa1 was re-
quired for calpastatin-mediated neuroprotection because the
enhanced survival found following NMDA-induced toxicity
was significantly reduced upon loss of Opa1. Our results define
a mechanism whereby breakdown of the mitochondrial net-
work mediated through loss of Opa1 function contributes to
neuronal death following excitotoxic neuronal injury. These
studies suggest Opa1 as a potential therapeutic target to pro-
mote neuronal survival following acute brain damage and neu-
rodegenerative diseases.

Excitotoxicity is a distinct mode of neuronal death that is
attributed to increased presynaptic glutamate release. Dis-
turbance of extracellular glutamate levels acting on NMDA3

receptors (NMDAR) results in enhanced calcium influx and
death of the cells. Overactivation of NMDAR is a major cause
of cell death following acute neuronal injury, such as stroke

and trauma, and is also implicated in neurodegenerative dis-
eases, such as Parkinson, Huntington, and Alzheimer diseases
(reviewed in Refs. 1 and 2). Mitochondria play a central role
in directing cell death signaling generated at the NMDAR.
The influx of cytoplasmic calcium resulting from excitotoxic-
ity leads to the accumulation of calcium in the mitochondria.
Blocking the mitochondrial calcium overload through manip-
ulation of mitochondrial membrane potential has been shown
to block neuronal death following NMDAR overactivation (3).
Recent studies suggest a link between components of mito-

chondrial dynamics and calcium signaling. In mammals, optic
atrophy 1 (Opa1) and mitofusins (Mfn1/2) regulate mito-
chondrial fusion, and dynamin-related protein 1 (Drp1) regu-
lates mitochondrial fission (reviewed in Ref. 4). Calcium-regu-
lated activity of Drp1 is mediated, at least in part, by Ca2�/
calmodulin-dependent protein kinase I� and calcineurin (5–
7). An increase in mitochondrial calcium influx results in
mitochondrial fragmentation (5, 8–10), and this fragmenta-
tion can be rescued by down-regulation of Drp1 activity (8,
10). Our knowledge of how mitochondrial fusion components
respond to calcium transients is limited. Mfn2 was recently
reported to bridge endoplasmic reticulum and mitochondria
in cell lines and to facilitate mitochondrial calcium influx
from endoplasmic reticulum stores (11). Components of the
mitochondrial fusion machinery play important roles in the
nervous system. For example, mutations in Mfn2 result in
Charcot-Marie-Tooth neuropathy type II, and mutations in
Opa1 result in autosomal dominant optic atrophy. Drp1 and
Mfn2 have been shown to impact mitochondrial morphology
and neuronal survival in the Bax-dependent mechanisms of
neuronal injury (12, 13). Excitotoxicity exhibits a partial apo-
ptotic-necrotic-like cell death, which does not require Bax/
Bak-mediated signaling (14–16). Because much of the func-
tion of mitochondria in cell death has focused on Bax-
mediated model systems (reviewed in Ref. 17), the role of
mitochondrial dynamics in nonclassical death signaling path-
ways, such as excitotoxicity, remains largely unknown. In the
present study, we have taken a combination of loss and gain of
function approaches and real-time imaging to investigate the
mechanisms by which excitotoxicity results in loss of mito-
chondrial integrity and neuronal survival. We demonstrate
that excitotoxic injury results in a fragmented mitochondrial
phenotype and an impairment of mitochondrial fusion. Im-
portantly, the inner mitochondrial membrane GTPase, Opa1,
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can promote neuronal survival and rescue mitochondrial
morphology defects following NMDA-induced toxicity. We
identify Opa1 as a key regulator of mitochondrial integrity
that is modulated by calpain activation. Inhibition of calpains
by calpastatin can preserve mitochondrial morphology and
protect neurons against excitotoxic cell death. Opa1 is re-
quired for calpastatin-mediated protection because protection
was significantly reduced in the absence of Opa1. Our study
provides a new mechanistic link between components of in-
ner mitochondrial membrane fusion and death signaling fol-
lowing excitotoxic neuronal injury. These dynamin GTPases
may serve as key molecular targets by which to preserve neu-
ronal survival after acute brain damage.

MATERIALS AND METHODS

Cell Culture and Virus Construction—Cerebellar granule
neurons (CGNs) were cultured from CD1 mice at postnatal
day 7 or 8, as described previously (18). For 4-well plates and
60-mm dishes, 0.5 and 6 million neurons were plated, respec-
tively, in the DMEM (Sigma) that contained 10% dialyzed FBS
(Sigma), 25 mM KCl, 2 mM glutamine (Invitrogen), 25 mM glu-
cose, and 0.1 mg/ml gentamycin (Sigma). Recombinant ad-
enoviral vectors carrying the Opa1 expression cassette were
prepared using AdEasy system, as described previously (19).
Lentivirus vectors carrying photoactivable GFP-ornithine car-
bamyltransferase (OCT:PAGFP) and MitoDsRed were pre-
pared using the ViraPower lentiviral expression system (cata-
log no. K4990-0, Invitrogen). For studies with lentiviruses,
neurons were transduced with a multiplicity of infection of
2–3 at 1 day in vitro (DIV), and for studies with adenoviruses,
neurons were infected with a multiplicity of infection of 100
at 5 DIV.
NMDA Treatment, Mitochondrial Length Measurements,

and Cell Viability Assays—Neurons were infected with ad-
enoviruses for either calpastatin (green fluorescent protein
(GFP)-tagged), Mfn2 (cyan fluorescent protein (CFP)-tagged),
human Opa1 (yellow fluorescent protein (YFP)-tagged),
ShOpa1 (YFP-tagged), or GFP at 5 DIV. The efficiency of in-
fection was about 10%. To model excitotoxicity, neurons were
treated with 100 �M NMDA and 10 �M glycine at 7 DIV (1 h,
100 �M in the 4-well plates), after which they were switched
to conditioned media from parallel cultures. Because most
dead neurons round up and are released from coverslips fol-
lowing treatment with NMDA, the total number of live in-
fected neurons remaining in the entire well was counted by an
individual blinded to the treatment conditions as described
previously (20). To count all of the infected live neurons, the
cells were first stained with an antibody against MAP2 (to
ensure that only neurons were counted), an antibody against
the fluorescent tag (to identify all adenoviruses tagged with
GFP, CFP, or YFP), and Hoechst as described previously (21).
The number of live infected neurons in the entire well was
counted by identifying the cells that were (a) positive for
MAP2, (b) contained the fluorescence tag, and (c) had intact
nuclei in the corresponding wells. The ratio of live infected
neurons was taken as a percentage of the total number of neu-
rons plated multiplied by infection efficiency. Mitochondrial
imaging and quantification were performed as described pre-

viously (12). Briefly, images were acquired by exciting at 549
nm with the CY3 filter (Chroma Technology Corp., Rocking-
ham, VT). Mitochondrial length was measured by tracing the
mitochondria using Northern Eclipse software. For compari-
son purposes, mitochondria were classified into different cat-
egories with a length ranging from less than 0.5 �m to 0.5–1
�m, 1–2 �m, 2–3 �m, and greater than 3 �m.
Time Lapse Imaging and Mitochondrial Fusion Assay—

CGNs were seeded on 4-well plates (Nalgene Nunc Interna-
tional, Rochester, NY) with attached glass coverslips coated
with poly-D-lysine (Fisher) and transduced with the photoac-
tivable GFP tagged to ornithine carbamyltransferase (OCT:
PAGFP) and/or MitoDsRed lentiviruses at 1 DIV. The cover-
slip was mounted in a temperature-controlled chamber
(37 °C) in regular growth medium supplemented with 20 mM

HEPES (pH 7.4) and visualized with an LSM-510 confocal
laser-scanning microscope (Axiovert 200), with a �63 oil im-
mersion objective, numerical aperture 1.4. For time lapse
studies, the MitoDsRed was excited with the 594-nm line of a
multiple line argon laser. Mitochondrial fusion assays were
performed as described previously with minor modifications
(22). Briefly, the OCT:PAGFP construct was photoactivated
with a 405-nm laser (three scans, 50–60% intensity), and the
spreading of the signal was imaged every 5 min using a
488-nm line for a total of 25 min. The fusion rate was ex-
pressed as a percentage of the area with pixel intensity at 25
min over that of 0 min (where 0 min represents the signal de-
tected right after photoactivation).
Immunofluorescence—At each time point, neurons were

fixed for 30 min with ice-cold 4% paraformaldehyde in phos-
phate-buffered saline (1� PBS) and then rinsed twice with 1�
PBS. Cells were permeabilized with 300 �l of ice-cold 0.4%
Triton X-100 in 1� PBS for 10 min. Cells were stained with
the primary antibodies in 10% normal goat serum, 0.4% Tri-
ton X-100, PBS for 1 h. The cells were washed three times for
5 min each with ice-cold 1� PBS. Cells were incubated with
the secondary antibodies in 10% normal goat serum, 0.4% Tri-
ton X-100, PBS for 1 h. The cells were washed for 5 min and
stained with Hoechst for 5 min. Following Hoechst staining,
neurons were washed with 1� PBS three times for 5 min each
and mounted. Representative samples were photographed
using a Zeiss 510 meta confocal microscope (Oberkochen,
Germany). The mitofluor red was excited with the 543-nm
line of a helium/neon laser, the Alexa 647 was excited with
the 633-nm line of a helium/neon red laser, and the Hoechst
was excited with the 405-nm line and the GFP was excited
with the 488-nm line of a helium/neon green laser. All images
shown demonstrate cells that are representative of moderate
infection efficiencies and that have been obtained from at
least three independent experiments.
Electron Microscopy (EM) Analysis—Neurons were seeded

on glass coverslips and treated with NMDA at different time
points. Neurons were fixed with 4% glutaraldehyde and sub-
jected to EM analysis as described previously (23). All counts
were quantified by an individual blinded to the treatment
conditions.
Cellular Fractionation and Western Analysis—Mitochon-

dria were isolated from CGNs as described previously for cor-
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tical neurons (16). Protein was extracted and subjected to
Western blot analysis. Opa1 expression was visualized in mi-
tochondrial and cytoplasmic fractions using an Opa1 anti-
body (1:1000; BD Biosciences).
Quantification and Statistical Analysis—The data represent

the mean and S.D. from three independent experiments (n �
3). n represents independently prepared neuronal cultures ob-
tained from different animals and on different days. p values
were obtained using two-way analysis of variance and Student’s t
tests. A p value of �0.05 was considered significant and is indi-
cated on the graphs by an asterisk. p values of �0.01 and �0.005
are indicated by two and three asterisks, respectively.

RESULTS

Mitochondrial Morphology Defects following Excitotoxic
Injury—Excitotoxicity is a key mechanism of cell death fol-
lowing acute neuronal injury that involves deregulation of
intracellular calcium. To model excitotoxicity, we used the
agonist, NMDA, to activate NMDA receptors in primary
CGNs. NMDA receptors are ionotropic receptors for gluta-
mate, and their overactivation is implicated as a main cause of
brain damage following stroke and trauma. CGNs at 7 DIV
were treated with 100 �M NMDA and 10 �M glycine for 1 h,
followed by return to conditioned media. This concentration
of NMDA results in 60–70% neuronal death at 24 h (Fig. 1A).
To analyze mitochondrial morphology changes relative to cell
death, mitochondria and nuclei were analyzed over a time
course at 0, 3, 8, 12, and 24 h. Representative images of mito-
chondrial morphology under different treatment conditions
are shown in Fig. 1B. A corresponding quantitative analysis of
mitochondrial length over time after NMDA treatment is
shown in Fig. 1C. In order to perform a comparative analysis
at different time points, mitochondrial length was binned into
different categories of �0.5, 0.5–1, 1–2, 2–3, and �3 �m as
described previously (12). Mitochondria with a length of �3
�m were considered elongated. Mitochondria with a length of
1–3 �m were considered tubular, and those with a length of
0.5–1 and �0.5 were considered short and fragmented, re-
spectively. In control neurons at 7 DIV, 42.82 � 3.52% of mi-
tochondria exhibited a tubular shape with a length of 1–2 �m
(Fig. 1C, n � 3). In contrast, NMDA-treated neurons exhib-
ited fragmented mitochondria, with 30.9 � 1.47 and 64.5 �
0.68% having a length of less than 0.5 �m at 12 and 24 h, re-
spectively (compared with 3.9 � 1.79% at 0 h) (Fig. 1C, n � 3,
p � 0.005). Mitochondrial fragmentation is first detected at
8 h following NMDA treatment with 21.9 � 3.52% of mito-
chondria exhibiting a length of less than 0.5 �m (Fig. 1C, n �
3, p � 0.005).

Because cytochrome c release is a very late event in excito-
toxic cell death (16, 24), mitochondrial morphology was as-
sessed by immunostaining with cytochrome c. To confirm
results with immunostaining, mitochondrial fragmentation
was also evaluated by live imaging of neurons expressing mi-
tochondrial targeted Ds-red. In live imaging studies, 54 �
9.1% of neurons exhibited fragmented morphology following
NMDA treatment at 12 h compared with 2.0 � 1.5% at 0 h
(p � 0.004, n � 3; Fig. 1D). Our results with live imaging were
entirely consistent with those obtained with immunostaining

with cytochrome c. Together, these results demonstrate that
mitochondria become significantly fragmented following
NMDA-induced neuronal injury.
Excitotoxicity Results in a Defect inMitochondrial Fusion—

We next asked if an inhibition of mitochondrial fusion con-
tributed to the fragmented mitochondrial phenotype ob-
served following NMDA receptor overactivation. To measure
the rate of fusion in a quantitative manner we employed a
mitochondrial fusion assay involving photoactivable GFP, as
previously described (22), with minor modification. A viral
vector was constructed carrying the photoactivable GFP
(PAGFP) fused to the 32-amino acid-matrix-targeting signal
of ornithine carbamyltransferase (OCT:PAGFP). Neurons
were infected with lentiviral vectors expressing OCT:PAGFP
at 1 DIV. At 7 DIV, neurons were treated with NMDA or
DMSO control. 7–8 h following treatment, the GFP signal
was activated in a small region aimed at 2–4 mitochondria
(Fig. 2, A and B). A small region was selected in order to avoid
illuminating mitochondria of the neighboring neuronal pro-
cesses. The spread of the signal was examined every 5 min
over a 25-min period. The assay of 25 min with scanning in-
tervals of every 5 min was chosen to reassure that there was
no photobleaching of the signal. At the end of the 25-min pe-

FIGURE 1. Mitochondrial morphology defects following NMDA-induced
neuronal death. Primary neurons were treated with 100 �M NMDA and 10
�M glycine for 1 h followed by switching to conditioned media. A, neuronal
survival was analyzed at different time points. B, mitochondrial and nuclear
morphology was assessed by staining with an antibody against cytochrome
c and Hoechst. Representative panels show mitochondrial morphology
switches at 0, 8, and 24 h. C, mitochondrial length was binned into different
length categories of �0.5, 0.5–1, 1–2, 2–3, and �3.0 �m. Panels demon-
strate quantification of mitochondrial length (expressed as a percentage)
following NMDA-induced neuronal death. D, mitochondrial morphology in
the absence and presence of NMDA was assessed in live neurons targeted
with MitoDsRed. The percentage of live neurons exhibiting fragmented
mitochondria at 0 and 12 h is plotted. Three independent experiments were
performed (n � 3). *, p � 0.05; ***, p � 0.005. Error bars, S.D.; CTL, control.
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riod, all of the PAGFP within the field was activated using the
laser at 405 nm (Total in Fig. 2). By creating a mask that
scored one binary signal per voxel, we calculated the percent-
age of the voxels containing a PAGFP signal at each time
point within the field relative to the total signal upon com-
plete illumination of the mitochondria. For mitochondria to
share their signal, a fusion event must occur. Thus, increased
fusion will enhance the spread of the PAGFP signal. The in-
crease in the area containing the PAGFP signal over the 25-
min period was plotted for the DMSO-treated (Fig. 2C) and
NMDA-treated (Fig. 2D) neurons. A minimum of 18 assays
were performed in the absence (Fig. 2C) and presence (Fig.

2D) of NMDA. Our data show that mitochondria of control
neurons shared their signal with 2.34 � 0.52% of inactivated
mitochondria (18 assays; Fig. 2C). In contrast, this value de-
creased dramatically in NMDA-treated neurons (19 assays;
Fig. 2D). Our results show that overactivation of NMDA re-
ceptors results in an arrest in mitochondrial fusion.
EM Links Mitochondrial Morphology Defects to Cristae

Remodeling—To investigate whether these mitochondrial
defects following excitotoxicity are associated with changes in
inner mitochondrial membrane structure, an ultrastructural
analysis was performed on neurons exposed to NMDA using
EM. Our results indicate that NMDAR overactivation results

FIGURE 2. Mitochondrial fusion rates are attenuated following NMDA-induced cell death. A, neurons were transduced with a lentivirus for OCT:PAGFP
at 1 DIV. At 7 DIV, the GFP signal was activated in a small region (aimed at 2– 4 mitochondria) using a laser at 405 nm (boxed area). The spread of the signal
throughout the axonal processes was captured by obtaining images of the neurons every 5 min for a total of 25 min. At the end of the assay, all of the
PAGFP within the targeted neuron was activated at 405 nm (Total). B, the assays were repeated as explained in A on the NMDA-treated neurons. C and D,
the increase in the area containing mitochondria pool over the 25-min period was plotted. 18 assays (n � 18) (C) and 19 assays (n � 19) (D) were performed
in the absence and presence of NMDA, respectively.
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in defects in the inner mitochondrial membrane structure and
opening of intercristal distances and the cristae junctions (Fig.
3). In the control neurons, the majority of mitochondrial cris-
tae appeared tubular with regular intercristal cross-sectional
distances (9, 25) of 10–20 nm across (Fig. 3A). Following 8 h
of treatment with NMDA, the majority of cristae (80.11 �
10.59%) exhibited an intercristal distance greater than 30 nm
compared with control at 1.82 � 0.02% (p � 0.0089). In con-
clusion, NMDA resulted in aberrant mitochondrial morphol-
ogy in which the cristae were dilated (Fig. 3). Together, our
studies indicate that mitochondria cease fusion (Fig. 2) and
undergo dramatic membrane remodeling (Fig. 3) following
overactivation of NMDA receptors.
The Inner Membrane Fusion GTPase, Opa1, Preserves Mito-

chondrial Structure and Protects Neurons against NMDA-
induced Excitotoxicity—Given that we have found an arrest in
mitochondrial fusion, we first asked whether up-regulation of

the outer membrane fusion protein, Mfn2, could protect neu-
rons against excitotoxic cell death. Neurons were infected
with viral vectors expressing Mfn2 or GFP control and after 7
days were subjected to NMDA treatment as described above.
Mfn2 expression levels were assessed by an antibody against
Mfn2 (Fig. 4A). Our results revealed that, although Mfn2 re-
sults in robust mitochondrial elongation in control neurons
(Fig. 4B), up-regulation of Mfn2 had little effect in restoring
mitochondrial length following exicitotoxicity (Fig. 4, B and
C). In addition, the Mfn2-expressing group exhibited a slight
improvement in neuronal survival, where 38.8 � 5.44% of
neurons survived compared with 25.9 � 2.26% in GFP-ex-
pressing controls, p � 0.05, n � 3) (Fig. 4D). Our results
clearly indicate that other mechanisms must contribute to
mitochondrial morphology defects and neuronal loss follow-
ing excitotoxicity. We therefore examined the involvement of
other mitochondrial proteins.
Given that NMDA-treated neurons exhibited severe cristae

deformation, we asked whether the function of the inner
membrane GTPase, Opa1, might be disrupted, contributing
to the loss of mitochondrial integrity. Not only is Opa1 an
important component of the mitochondrial fusion machinery
(26); Opa1 is also essential for the assembly of cristae junc-
tions (25, 27). In the yeast model system, the function of the
Opa1 orthologue has been differentially shown, where the
GTPase domain is required for fusion activity, and the coiled-
coil domains play a role in maintaining the complex cristae
architecture (28). To ask if increasing the levels of Opa1 could
preserve mitochondrial integrity and neuronal survival, pri-
mary neurons were plated at equal numbers, infected with
adenovirus vectors carrying Opa1 or GFP at 5 DIV, and then
treated with NMDA at 7 DIV. Overexpression of Opa1 was
confirmed by Western blot (Fig. 5A). Neurons were fixed fol-
lowing 24 h of treatment and stained with an antibody against
MAP2 (to ensure that only neurons were counted) and Ho-
echst (Fig. 5B). The number of live infected neurons (indi-
cated with an arrow in Fig. 5B) in the entire well was counted
as described under “Materials and Methods.” Following treat-
ment with NMDA, 22.5 � 2.49% of GFP-treated cells sur-
vived, whereas more than twice as many cells survived in the
Opa1 group (51.98 � 4.17%). These results show that up-reg-
ulation of Opa1 provides significant protection against
NMDA-induced excitotoxic cell death (p � 0.02, n � 3; Fig.
5C). We then asked whether up-regulation of Opa1 could
preserve mitochondrial morphology following excitotoxicity.
Following NMDA exposure, cultures expressing GFP alone
exhibited 45.5 � 0.99% of neurons with mitochondrial lengths
less than 0.5 �m (Fig. 5, D and E). In contrast, neurons ex-
pressing elevated levels of Opa1 had only 15.4 � 3.75% of mi-
tochondria with lengths less than 0.5 �m. This indicates that
Opa1 significantly rescues the mitochondrial morphology
defect caused by overactivation of NMDA receptors (p �
0.005, n � 3; Fig. 5, D and E).
Opa1 Functions Downstream of Calpain Activation—Our

results suggest that disruption of Opa1 function may be a key
defect underlying aberrant mitochondrial architecture follow-
ing exposure to excitotoxic injury. One possibility is that
Opa1 is lost from the mitochondria following NMDA treat-

FIGURE 3. Mitochondrial morphology defects following NMDAR overac-
tivation. Neurons were plated on glass coverslips and treated with NMDA
for 8 h. Neurons were fixed with 4% glutaraldehyde and examined by EM (A
and B). Mitochondrial images are shown prior to (A) and following treat-
ment with NMDA (B). C, the intercristal distance of mitochondria was mea-
sured and binned into different length categories of �5.0, 5.0 –10.0, 10.0 –
20.0, 20.0 –30.0, and �30.0 nm. The difference between NMDA and control
group is plotted for each binned category. **, p � 0.01; ***, p � 0.005. Error
bars, S.D.; CTL, control.
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ment. Opa1 expression was measured in mitochondrial and
cytoplasmic fractions of neurons subjected to NMDA treat-
ment (Fig. 5F). Western blot analysis revealed no major
change in Opa1 isoforms following exposure to NMDA. Our
results furthermore suggest that NMDA treatment does not
result in loss of Opa1 from mitochondria within 24 h of
NMDA treatment (Fig. 5F). We therefore examined other
potential mechanisms by which Opa1 function may be
affected.
One of the essential players contributing to excitotoxic cell

death is activation of multiple calpain family members upon
calcium influx (reviewed in Ref. 29). In the nervous system,
the �-calpain is among the calcium-activated cysteine
proteases that cleave structural proteins and function at the
mitochondria. �-Calpain contains an N-terminal mitochon-
drial targeting sequence (30), and it is found in the inner
membrane space fractions (31). We therefore asked if calpain
activation might be involved in disrupting Opa1 function. We

first investigated whether calpain inhibition could rescue the
mitochondrial morphology defect. Primary neurons were in-
fected with a recombinant adenoviral vector carrying either
calpastatin (an endogenous inhibitor of calpain) or GFP con-
trol at 5 DIV. Expression of calpastatin was confirmed by im-
munocytochemistry (Fig. 6A) and Western blot (Fig. 7A).
Neurons were treated with NMDA at 7 DIV and analyzed for
mitochondrial morphology at 8 DIV. In NMDA-treated neu-
rons expressing GFP, 52.69 � 6.19% of mitochondria exhib-
ited a highly fragmented phenotype with a length of less than
0.5 �m. In contrast, neurons expressing calpastatin exhibited
a less severe phenotype, with only 24.77 � 2.50% having a
length of less than 0.5 �m (Fig. 6B). Images of mitochondrial
morphology are shown in Fig. 6C. Calpastatin significantly
rescued mitochondrial morphology defects induced by
NMDA (p � 0.006, n � 3). Primary neurons expressing cal-
pastatin also exhibited a significant rescue of neuronal death
such that 76.02 � 6.61% of neurons survived compared with

FIGURE 4. Effect of Mfn2 on mitochondrial morphology defects and cell death following excitotoxicity. A, primary neurons were infected with adeno-
viruses for Mfn2 or GFP control at 5 DIV. Western blot shows Mfn2 protein expression. B, neurons were treated with NMDA at 7 DIV and stained with an anti-
body against cytochrome c (Cyt C) and Hoechst. Mitochondrial morphology was analyzed in the infected neurons expressing either Mfn2 or GFP control.
C, mitochondrial length was binned into different categories and quantified as described in the legend to Fig. 1. D, live neurons were scored in each group
by scoring the live infected neurons remaining in the entire well following 24 h of treatment with NMDA. *, p � 0.05; three independent experiments (n �
3). Error bars, S.D.
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39.41 � 4.31% in the GFP-treated group (p � 0.001, n � 3;
Fig. 6D). In conclusion, these results suggest that calpains play
an important role in the disruption of mitochondrial architec-
ture and function.
To determine whether Opa1 indeed functions on the

same pathway as calpain activation, we asked if simultane-
ous activation of both Opa1 and calpastatin in primary
neurons could provide synergistic protection against cell
death. If Opa1 and calpastatin function by the same mech-
anism, then no further protection would be expected. Al-
ternatively, if they function by distinct pathways, one
would predict that protection would be enhanced by add-
ing both Opa1 and calpastatin. Neurons were infected with
calpastatin and either Opa1 or GFP and compared with

control neurons co-infected with LacZ and GFP. Our re-
sults indicate that there was no significant increase in pro-
tection against NMDA-induced toxicity between neurons
expressing both calpastatin and Opa1 (68.87 � 6.87%) ver-
sus neurons expressing calpastatin and GFP (70.9 � 3.58%;
Fig. 7C). This suggests that calpastatin and Opa1 may be
acting on a common pathway to modulate mitochondrial
inner membrane structure in response to calcium influx
following excitotoxic injury. To ask if Opa1 is required for
protection conferred by calpastatin-mediated inhibition of
calpain, neuronal survival was compared in neurons ex-
pressing calpastatin in the absence and presence of Opa1
by using an adenovirus for ShOpa1 to knock down Opa1
expression. Efficient knockdown of Opa1 with ShOpa1 was

FIGURE 5. Opa1 promotes neuronal survival and rescues mitochondrial morphology defects following NMDA-induced neuronal death. A, neurons
were infected with an adenovirus for Opa1 or GFP control at 5 DIV. The lysates were collected at 7 DIV, and the Opa1 expression levels were assessed using
an antibody for Opa1. B, neurons were infected with Opa1 or GFP adenoviruses at 5 DIV and treated with NMDA at 7 DIV. Neurons were stained with Ho-
echst and antibodies against MAP2 and fluorescence tag (FP). The yellow arrows represent live infected neurons in GFP and Opa1 groups. C, neuronal sur-
vival was plotted as described under “Materials and Methods,” whereby the totals of live infected neurons were compared between the Opa1 group and
GFP control. D, images of mitochondria in the GFP and Opa1 overexpressing neurons are shown following treatment with NMDA. Mitochondrial morphol-
ogy was evaluated by staining for cytochrome c (Cyt C). E, mitochondrial length was binned into different categories and quantified as described in the leg-
end to Fig. 1. F, neurons were subjected to subcellular fractionation to compare Opa1 levels between NMDA-treated (�) and nontreated control (�) in the
mitochondrial (mt) and cytoplasmic (Cyt) fractions. Cytochrome c oxidase IV (COX IV) and lactate dehydrogenase (LDH) were used as mitochondrial and cy-
toplasmic controls, respectively. Our results show that there is no major release of Opa1 from mitochondria following NMDA treatment. *, p � 0.05; **, p �
0.01; ***, p � 0.005. Error bars, S.D.; CTL, control.
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confirmed by Western blot (Fig. 7B). Neurons expressing
calpastatin and GFP exhibited a 70.9 � 3.58% survival rate,
whereas those expressing both calpastatin and ShOpa1 ex-
hibited a significant reduction in survival at 51.8 � 3.64%
(Fig. 7D).
Finally, we questioned if loss of Opa1 in the absence and

presence of calpastatin induces mitochondrial fragmentation
and whether these defects are rescued by calpastatin. To test
this, mitochondrial morphology was analyzed in primary neu-
rons co-expressing ShOpa1 and calpastatin (SC in Fig. 7) or
ShOpa1 and GFP (SG) and compared with control neurons
co-infected with GFP � LacZ (GL) in the absence and pres-
ence of NMDA. Mitochondria of the ShOpa1-expressing neu-
rons were significantly short and fragmented, with 81.36 �
3.7% exhibiting a length of less than 1 �m compared with
control at 49.79 � 3.32% even in the absence of NMDA (Fig.
7E). Interestingly, mitochondria fragmentation induced by
ShOpa1 could not be rescued by expression of calpastatin,
and 79.30 � 1.0% of mitochondria remained fragmented in
the ShOpa1 � calpastatin group. These data support the hy-
pothesis that Opa1 regulates mitochondrial morphology
downstream of calpain activation (Fig. 7E). Together, our re-
sults support a model (Fig. 7F) whereby the loss of Opa1 func-
tion is a key defect underlying excitotoxic cell death.

DISCUSSION

The results of these studies support a number of conclu-
sions. First, mitochondrial morphology defects are key events
in the progression of excitotoxic neuronal injury. Second, de-
fects in mitochondrial fusion and aberrant inner mitochon-
drial membrane structure are identified as major contributors
to the disrupted mitochondrial morphology following excito-
toxic injury. Third, increased levels of Opa1 promote neuro-
nal survival and rescue mitochondrial morphology defects.
Importantly, inhibition of calpain proteases restores mito-
chondrial morphology and neuronal survival. Neuroprotec-
tion conferred by calpastatin requires Opa1 because protec-
tion was significantly reduced following knockdown of Opa1.
These findings are the first to identify Opa1 as a key regulator
of neuronal fate during excitotoxic cell death and show that
Opa1 function can be modulated by calpain activation.
These studies suggest extensive evidence supporting a role

for mitochondrial dynamics as a modulator of excitotoxic
signaling. Proteins that control mitochondrial fission and fu-
sion have been previously shown to be involved in apoptotic
cell death regulation. Most studies described so far implicate
these mitochondrial GTPases in classical apoptotic cell death
that require the proapoptotic Bcl family proteins. For exam-

FIGURE 6. Effect of calpastatin on mitochondrial morphology defects and cell death following excitotoxicity. A, neurons were infected with adenovi-
ruses carrying GFP-tagged calpastatin or GFP control at 5 DIV and treated with NMDA at 7 DIV. Cells were stained with an antibody against fluorescence tag
(FP) and Map2 to identify live infected neurons in the calpastatin-overexpressing neurons and GFP control. B, mitochondrial morphology was assessed as
described, and quantification of mitochondrial length in the absence and presence of NMDA is plotted. C, representative images of mitochondrial morphol-
ogy in the GFP- and calpastatin-overexpressing neurons in the absence and presence of NMDA. D, the graph demonstrates percentage of neuronal survival
in calpastatin (Calp)- and GFP-overexpressing neurons in the absence and presence of NMDA (n � 3). Error bars, S.D.; CTL, control.
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FIGURE 7. Opa1 functions downstream of calpain activation. A, neurons were infected with adenoviruses carrying FLAG-tagged calpastatin or GFP con-
trol at 5 DIV. Cell lysates were collected at 8 DIV, and the expression levels were analyzed by an antibody against FLAG. Actin was used as a loading control.
B, neurons were infected with adenoviruses carrying ShOpa1 or control (shControl). Cell lysates were collected at 8 DIV, and the expression levels were ana-
lyzed by an antibody against Opa1. Actin was used as a loading control. C and D, neuronal survival was plotted in neurons co-expressing control vectors
alone (GFP � LacZ), calpastatin alone (GFP � Calpastatin), calpastatin and Opa1 (Opa1 � Calpastatin) or calpastatin and ShOpa1 (ShOpa1 � Calpastatin) at 0
and 24 h following treatment with NMDA. Infectivity (MOI) was equalized using control vectors GFP and LacZ. The results were compared with control neu-
rons expressing LacZ � GFP. E, mitochondrial length was quantified in Opa1-depleted neurons (ShOpa1) and compared with the GFP control group in the
absence (LacZ) and presence of calpastatin without and with NMDA. SG, ShOpa1 � GFP; SC, ShOpa1 � calpastatin; GL, GFP � LacZ (control). Three indepen-
dent experiments (n � 3) are shown. *, p � 0.05; **, p � 0.01; ***, p � 0.005. F, our present model proposes that Opa1 functions downstream of calpain to
regulate mitochondrial morphology and neuronal survival following calcium influx associated with excitoxicity. Error bars, S.D.; CTL, control.
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ple, Drp1, which is essential for mitochondrial fission, is re-
cruited to the mitochondria at puncta with Bax (32). Drp1
activity is associated with the opening of cristae and the re-
lease of cytochrome c (9, 33). The importance of Drp1 in apo-
ptotic cell death is demonstrated by the expression of domi-
nant negative mutants of Drp1, which protect cells against
multiple apoptotic insults (9, 13). The fusion protein Mfn2
has also been found in puncta with Bax and increased expres-
sion of Mfn2 protects against exposure to staurosporine, reac-
tive oxygen species, and DNA damage (12, 32, 34). Thus, it
has become increasingly clear that the fission/fusion machin-
ery is involved in the regulation of classical apoptotic cell
death.
Because much of the function of mitochondria in cell death

has focused on Bax-mediated model systems, the role of mito-
chondrial dynamics in nonclassical death signaling pathways
remains unknown. Excitotoxic cell death is a Bax-indepen-
dent mechanism of cell death that results from the release of
excessive levels of the excitatory neurotransmitter, glutamate
(15, 16). There are several receptors for glutamate; however,
the major receptors implicated in excitotoxic cell death are
the NMDA receptors (35, 36). Glutamate overstimulation
results in an excessive influx of calcium, which triggers calci-
um-mediated activation of second messengers. Unlike classi-
cal apoptotic cell death, the absence of Bax does not affect the
rate of neuronal cell death induced by excitotoxicity (16). In
addition, Mfn2, which provides robust protection against
Bax-mediated pathways of neuronal injury (13), could only
provide modest protection against excitotoxic injury (Fig.
4D). This clearly implicates distinct signaling mechanisms,
causing neuronal loss in each pathway. In the present study,
we questioned the role of Opa1 in death signaling involving
these Bax-independent pathways.
Following NMDA receptor activation, mitochondria transi-

tion from tubular morphology into fragmented structures. In
addition, results using the photoactivable fusion assay indi-
cate that mitochondrial fusion is significantly blocked follow-
ing 7–8 h of treatment with NMDA. These data show for the
first time that defects in the rate of mitochondrial fusion are
major contributors of mitochondrial morphology defects fol-
lowing excitotoxicity. Although decreased mitochondrial fu-
sion plays a significant role in mitochondrial dysfunction,
other possibilities cannot be excluded. For example, Drp1-
mediated fission may be in part accountable for the dramatic
fragmented phenotype observed following excitotoxicity. This
hypothesis is supported by studies in cell lines where an in-
crease in mitochondrial calcium influx results in mitochon-
drial fragmentation (5, 8, 10), in part rescued by inhibition of
Drp1 (9). In the present study, defects in mitochondrial fusion
were clearly evident following exposure to NMDA, which may
be attributable to loss of function of the inner membrane fu-
sion GTPase, Opa1.
Our EM studies revealed that excitoxicity resulted in a dra-

matic deformation of cristae structure. In addition to a role in
fusion, Opa1 has been shown to play a key role in the regula-
tion of cristae structure by forming oligomers at cristae junc-
tions (25). Thus, we asked whether Opa1 promotes neuronal
survival following excitotoxicity. Opa1 up-regulation confers

significant protection against NMDA-induced neuronal death
and associated mitochondrial defects. The rescue with Opa1
overexpression, although very clear, is not 100%, probably due
to the complexity of this mode of injury, involving multiple
signaling pathways.
We investigated whether loss of Opa1 from mitochondria

and its release into cytoplasm contributes to mitochondrial
dysfunction. Opa1 expression levels were therefore evaluated
in the cytoplasmic and mitochondrial fractions in the absence
and presence of NMDA (Fig. 5F). No major release of Opa1
from mitochondria was found. In addition, Opa1 isoforms
and expression levels were similar following NMDA treat-
ment. These findings suggest that NMDA and increased cal-
cium levels may affect Opa1 function by either disrupting in-
teractions with other proteins or modifying Opa1
oligomerization (25). Future studies are required to explore
these different possibilities.
Due to the excessive intracellular calcium levels induced by

NMDA, we asked whether calpains might have a role in this
process. The present studies identify a novel mechanism that
place Opa1 downstream of calpain activation following exci-
totoxic injury. Inhibition of calpains with calpastatin main-
tained mitochondrial morphology and protected neurons
against excitotoxic cell death. Furthermore, this protective
effect is significantly attenuated upon down-regulation of
Opa1. Whether calpains directly target Opa1 or whether they
modulate Opa1 activity through an indirect mechanism is a
subject for future studies.
In conclusion, our studies identify a link between Opa1, a

key regulator of mitochondrial dynamics, and NMDA-in-
duced toxicity. We propose a model in which overactivation
of NMDAR followed by calcium influx results in loss of Opa1
oligomers and deformation of cristae junctions downstream
of calpain activation. This may explain the mitochondrial
morphology defects, disruption of respiratory chain complex,
and ATP depletion associated with excitotoxic neuronal loss.
Because Opa1 belongs to the family of large GTPases and
GTPases are highly accessible to therapeutic modulation (37–
43), Opa1 is a promising target for the study of novel pharma-
ceutical agents to rescue neuronal death following acute neu-
ronal injury.
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