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Mitochondrial division inhibitor 1 (Mdivi-1) is a candidate neuroprotective drug that can potentially
mitigate neuronal injury caused by glutamate-induced excitotoxicity
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Abstract

Mitochondrial division inhibitor 1 (Mdivi-1) is a selective cell-permeable inhibitor of dynamin-related protein-1 (Drpl) and mitochondrial
division. To investigate the effect of Mdivi-1 on cells treated with glutamate, cerebral cortex neurons isolated from neonatal rats were treat-
ed with 10 mM glutamate for 24 hours. Normal cultured cells and dimethyl sulfoxide-cultured cells were considered as controls. Apoptotic
cells were detected by flow cytometry. Changes in mitochondrial morphology were examined by electron microscopy. Drpl, Bax, and casp
ase-3 expression was evaluated by western blot assays and immunocytochemistry. Mitochondrial membrane potential was detected using
the JC-1 probe. Twenty-four hours after 10 mM glutamate treatment, Drpl, Bax and caspase-3 expression was upregulated, Drpl and Bax
were translocated to mitochondria, mitochondrial membrane potential was decreased and the rate of apoptosis was increased. These effects
were inhibited by treatment with 50 uM Mdivi-1 for 2 hours. This finding indicates that Mdivi-1 is a candidate neuroprotective drug that
can potentially mitigate against neuronal injury caused by glutamate-induced excitotoxicity.
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Introduction

Glutamate is one of the most important amino acids in the
mammalian brain. Glutamate participates in information
transmission and energy metabolism and plays an import-
ant role in the development of neurological abnormalities,
including acute craniocerebral and spinal cord injury, epi-
lepsy, and Parkinson’s and motor neuron diseases. Neuronal
depolarization leads to the release of glutamate during neu-
rotransmission, which ceases with glutamate reuptake. The
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persistence of excessively high concentrations of glutamate
in the synaptic cleft can cause neuronal damage and death, a
phenomenon known as excitotoxicity (Villacé et al., 2017).
Mitochondria in eukaryotic cells function as the main
sites of adenosine triphosphate production by mitochon-
drial oxidative phosphorylation. Mitochondrial dysfunction
in the nervous system is strongly associated with acute or
chronic injury. High concentrations of glutamate binding to
receptors on the postsynaptic neuronal membrane stimulate
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a massive influx of Ca™", leading to mitochondrial Ca*" over-
load, inhibition of adenosine triphosphate production, and
neuronal death. Glutamate-mediated excitotoxicity mainly
occurs via the mitochondrial apoptosis pathway (Xu et al.,
2017). This is associated with the production of reactive ox-
ygen species that block mitochondrial oxidative phosphory-
lation and increase mitochondrial membrane permeability,
resulting in the release of cytochrome ¢ (cyto c) and activa-
tion of the caspase cascade (Jia et al., 2016).

A balance is maintained between mitochondrial division
and fusion (Oettinghaus et al., 2016; Kim et al., 2017a),
which is important for normal mitochondrial form and
function (Miwa and Saretzki, 2017). Dynamin-related pro-
tein 1 (Drpl), mitochondrial fission protein 1 (Fis1), and
mitochondrial fission factor (MFF) regulate mitochondrial
division, while mitofusin 1/2 (Mfn1/2) and optic atrophy 1
(Opal) are involved in mitochondrial fusion. Both processes
are, however, linked to cell apoptosis. Therapeutic strategies
that restore normal mitochondrial structure and reduce ex-
cessive division can potentially be useful for the treatment of
nerve injury (Xu et al., 2016).

Drpl overexpression increases apoptosis in pancreatic
beta cells induced by high sugar (Reinhardt et al., 2016),
while excessive division of mitochondria in nerve cells
caused by Drpl overexpression has been linked to Hunting-
ton’s disease (Reddy, 2014). Mitochondrial division inhibi-
tor 1 (Mdivi-1) is a Drpl inhibitor that blocks mitochondri-
al division (Reddy, 2014) and thereby decreases apoptosis of
hippocampal (Agarwal et al., 2016) and spinal cord (Liu et
al,, 2015) neurons. However, the mechanism by which Drp1
modulates neuronal injury induced by glutamate remains
unclear. In this study, we investigated the effect of Mdivi-1
on mitochondrial apoptosis using a cortical neuron culture
model of glutamate-induced excitotoxicity.

Materials and Methods

Cell culture

Thirty specific-pathogen-free, male, neonatal (24-hour-old)
Sprague-Dawley rats were obtained from Nanjing Univer-
sity, China (license No. SCXK2015-0001). This study was
approved by the Institutional Animal Care and Use Com-
mittee of Nanjing Medical University, China (approval No.
1601036). Neonatal rats were placed in 75% ethyl alcohol
for 1 minute and then sacrificed. Rats were decapitated and
heads put in Dulbecco’s Modified Eagle’s Medium (DMEM)/
F12 (HyClone, Logan, UT, USA) on ice. The endocranium
was cut along the midline and the brain removed. The pia
mater was wiped off, the brain cut into pieces (1 mm x 1
mm x 1 mm) and then digested with pancreatic enzymes
(0.25%) and DNase I for 20 minutes at 37°C. The digestion
was terminated by the addition of horse serum (Gibco, Lo-
gan, UT, USA). The medium containing neurons was centri-
fuged at 55.95 x g for 5 minutes at 4°C. Isolated neurons were
then seeded in 6- or 24-well plates in DMEM/F12 supple-
mented with 10% horse serum, 100 U/mL penicillin (Gibco),
100 pg/mL streptomycin (Gibco), and 1% glutamine and
cultured for 4 hours in a humidified incubator at 37°C and

5% CO,. The medium was then changed to Neurobasal A
(Gibco) supplemented with 100 U/mL penicillin, 100 ug/mL
streptomycin, and 1% glutamine (Gibco).

Establishment of glutamate-induced neuronal injury
models

Neurons isolated from neonatal rats were randomly divided
into four groups: control, dimethyl sulfoxide, glutamate,
and Mdivi-1 + glutamate. Cells in the control group were
left untreated. In the dimethyl sulfoxide group, cells were
cultured in medium containing dimethyl sulfoxide (the ratio
of dimethyl sulfoxide to medium was 1:200; Sigma). Cells in
the glutamate and Mdivi-1 + glutamate groups were treated
with 10 mM L-glutamic acid (Sigma, Shanghai, China) for
24 hours (Zhu et al,, 2017); cells in the Mdivi-1 + glutamate
group were pretreated with 50 pM Mdivi-1 (Sigma) for 2
hours before addition of L-glutamic acid.

Detection of apoptosis by flow cytometry

The Annexin V-FITC Apoptosis Detection kit (Invitrogen,
Guangzhou, China) was used to prepare samples for flow
cytometry. Cells were digested with trypsin (Gibco) without
ethylenediamine tetraacetic acid (Gibco), then washed in
phosphate-buffered saline (PBS) and centrifuged twice at
223.8 x g for 5 minutes. The pellet was resuspended in 500
uL binding buffer (5 x 10° cells) and then mixed with 5 pL
Annexin V-FITC and 5 pL propidium iodide. After incuba-
tion in the dark at room temperature for 10 minutes, cells
were sorted over the course of 1 hour. Cells in the left lower
quadrant were normal, while cells in the right lower quad-
rant were apoptotic.

Detection of mitochondrial membrane potential

JC-1 staining buffer (5x) (Beyotime Institute of Biotechnol-
ogy, Shanghai, China) was diluted 4-fold in culture medium
and placed on ice. Cells were washed in PBS and then incu-
bated in the diluted JC-1 buffer for 20 minutes at 37°C. After
two washes in PBS, cells were observed with an epifluores-
cence microscope (Zeiss, Nanjing, China).

Western blot assays

Cytoplasmic or mitochondrial proteins (30 pg) were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to a polyvinylidene difluoride
membrane (Bio-Sharp Solutions, Miami, FL, USA). Mem-
branes were blocked with 5% non-fat milk containing 0.1%
Tween-20 in Tris-buffered saline at room temperature for
1 hour, and incubated overnight at 4°C with primary an-
tibodies against the following: Bax, p-Drpl, Drpl, cyto c,
caspase-3, GAPDH and COX IV (1:1000; mouse or rabbit,
monoclonal; Abcam, Shanghai, China), then with horse-
radish peroxidase-conjugated secondary antibody (1:2500;
mouse or rabbit, monoclonal; Abcam) on the following day
at room temperature. Protein bands were detected by en-
hanced chemiluminescence (Thermo Scientific, USA). The
optical density of a band represents its protein content (Im-
age], Apache, USA). Glyceraldehyde 3-phosphate dehydro-
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genase (GAPDH) and cyto ¢ oxidase subunit IV (COX IV)
were used as loading controls.

Immunofluorescence analysis

Cells were washed with PBS for 5 minutes three times and
fixed with 4% paraformaldehyde for 15 minutes before
permeabilization with 0.1% Triton X-100 for 20 minutes.
Non-specific binding was blocked by incubation in 10%

goat serum for 1 hour at room temperature. Samples were
then incubated with primary antibodies against the follow-
ing: microtubule-associated protein 2 (MAP2), COX IV,
Drpl (1:500; mouse or rabbit, monoclonal; Abcam) for 14
hours at 4°C, and then washed three times with PBS for 10
minutes. After incubation with secondary antibody (1:2,000;
Cy3- or FITC-mouse or rabbit, monoclonal; Abcam) for
1 hour at room temperature, cells were washed in PBS for

10 minutes three times, stained with DAPI, and visualized
under an epifluorescence microscope. Fluorescence inten-
sity increased when the expression of proteins increased.
Pictures were merged and used to show the colocalization
between Bax and Drp1 in mitochondria.

Transmission electron microscopy

Samples were washed three times in precooled PBS for 10
minutes, digested with 0.25 mM pancreatin for 5 minutes at
37°C, washed in PBS and centrifuged at 55.95 x g and 4°C
for 10 minutes. After fixation in 2.5% glutaraldehyde, sam-

Figure 1 Expression of microtubule-associated protein 2 (MAP2) in
cells isolated from neonatal rats and cultured for 7 days.
Magnification 200x (left) and 400x (right). Scale bars: 50 um (left) and
10 um (right). MAP2 (neuron marker, red), DAPI (nuclear marker, blue).
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Figure 2 Effect of mitochondrial division inhibitor 1 (Mdivi-1) on cell apoptosis ratios of cortical neurons treated with glutamate detected by
flow cytometry.

Cells in the control group were cultured without treatment; those in the dimethyl sulfoxide group were cultured in medium containing dimethyl
sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium containing 10 mM
L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 pM Mdivi-1 for 2 hours). Data are expressed as
the mean + SD, and were analyzed by one-way analysis of variance followed by the independent samples t-test. *P < 0.01, vs. control group.

Control Dimethyl sulfoxide Glutamate Mdivi-1 + glutamate
higads ot W R = & TR o
S  FLE ks ¥ Lo
¢ R N A *.‘ S
¢ ‘;'}a ? ﬁ"é
%) b 'c'i& Figure 3 Effect of mitochondrial
P % o ~. division inhibitor 1 (Mdivi-1) on the
) g a.ég": mitochondrial structure of cortical
Wk . .
f‘.z L, J5~y'1 neurons treated with glutamate
s G iy "\',:';: (transmission electron microscopy,
< < <. upper, magnification of 1 x 10*; lower,
‘W‘@ magnification of 3 x 10°).
U
LN

Cells in the control group were cultured without treatment; those in the dimethyl sulfoxide group were cultured in medium containing dimethyl
sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium containing 10
mM L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 pM Mdivi-1 for 2 hours). Mitochon-
dria in control and dimethyl sulfoxide groups had a normal structure, arrow 1 (round mitochondrion), arrow 2 (oval mitochondrion), arrow 3
(rod-shaped mitochondrion). Mitochondria in the glutamate group exhibited pyknosis (arrow 4, swollen mitochondrion; arrow 5, ruptured outer
membrane), and those in the Mdivi-1 + glutamate group appeared swollen but showed less damage than mitochondria in the glutamate group.
Scale bars: 2 um (upper) and 1 pm (lower).
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Figure 4 Effect of mitochondrial division
inhibitor 1 (Mdivi-1) on the mitochondrial
membrane potential of cortical neurons treated
with glutamate.

Cells in the control group were cultured without
treatment; those in the dimethyl sulfoxide group
were cultured in medium containing dimethyl
sulfoxide, the vehicle for Mdivi-1; and those in
the glutamate and Mdivi-1 + glutamate groups
were incubated in culture medium containing
10 mM L-glutamic acid for 24 hours (in the case
of the Mdivi-1 + glutamate group, after pretreat-
ment with 50 uM Mdivi-1 for 2 hours). The cells
were co-incubated with the fluorescent probe,
JC-1, for 30 minutes at 37°C and images record-
ed. Red (Cy3-labeled) and green (FITC-labeled)
fluorescence indicates normal and reduced mito-
chondrial membrane potential, respectively. Scale

bars: 20 pm.
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Figure 5 Effect of mitochondrial division inhibitor 1 (Mdivi-1) on Bax, p-Drpl, Drpl, cytochrome c (cyto c), and caspase-3 protein levels in

cortical neurons treated with glutamate.

Cells in the control group were cultured without treatment; those in the dimethyl sulfoxide group were cultured in medium containing dimethyl
sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium containing 10
mM L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 uM Mdivi-1 for 2 hours). (A) Bax,
p-Drpl, Drpl, cyto ¢, and caspase-3 protein bands in total cell, cytoplasmic, and mitochondrial extracts. (B-D) Quantitative analysis of Bax, p-Drpl1,
Drpl, cyto ¢, and caspase-3 protein levels in total cell (B), cytoplasmic (C), and mitochondrial (D) extracts. Band intensities were normalized to
that of the loading control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or cyto c oxidase subunit IV (COX IV) (set as 1). Data are ex-
pressed as the mean + SD (n = 5 per group; one-way analysis of variance followed by the independent samples ¢-test). *P < 0.01, vs. control group.

The experiment was conducted in triplicate.
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ples were prepared for transmission electron microscopy
according to standard protocols.

Statistical analysis

Data are expressed as the mean + SD and were analyzed
using SPSS v.17.0 software (SPSS, Chicago, IL, USA). Exper-
iments were repeated at least three times. Statistical signifi-
cance was evaluated by one-way analysis of variance. The In-
dependent samples t-test was used for comparison between
two groups. A value of P < 0.05 was considered statistically
significant.

Results

Identification of neurons

MAP?2 is specific to neurons and promotes microtubule
network assembly and stability; as such, it is considered as
a marker for mature neurons (Ribeiro and de Wit, 2017).
Cells isolated from neonatal rats exhibited a neuronal mor-
phology consisting of cell bodies, dendrites, and axons, and
expressed MAP2 (Figure 1).

Glutamate increased the apoptosis ratio, which was
reversed by Mdivi-1

Flow cytometry revealed that apoptosis ratios were signifi-
cantly higher in glutamate and Mdivi-1 + glutamate groups
than in the control group (P < 0.01; Figure 2).

Mdivi-1 prevented glutamate-induced mitochondrial
damage

Neurons cultured for 7 days were observed by transmission
electron microscopy. Mitochondrial and nuclear morphol-
ogy was normal in control and dimethyl sulfoxide groups;
mitochondria were round, oval, star, or rod-shaped. Howev-
er, in the glutamate group, a few mitochondria had a normal
shape, many appeared swollen, with a ruptured mitochon-
drial outer membrane. Glutamate toxicity led to pyknosis
and apoptosis. In the Mdivi-1 + glutamate group, there was
less damage to mitochondria induced by glutamate; the out-
er membrane was relatively intact in most cases, and mito-
chondria retained a round or oval form (Figure 3).

Reduction in mitochondrial membrane potential induced
by glutamate was blocked by Mdivi-1

JC-1, a fluorescent probe, is widely used for the detection of
mitochondrial membrane potential (Contino et al., 2017).
JC-1 aggregates in the mitochondrial matrix and J-aggregates
show red fluorescence when the mitochondrial membrane
potential is relatively high. However, JC-1 does not aggregate
in the mitochondrial matrix and the JC-1 monomer produc-
es green fluorescence when the mitochondrial membrane
potential is low. There was no difference between green and
red fluorescence intensities in control and dimethyl sulfox-
ide groups. However, the intensity of green fluorescence was
enhanced relative to that of red fluorescence in the Mdivi-1
+ glutamate group and especially in the glutamate group.
This indicated that glutamate can reduce the mitochondrial
membrane potential and that this effect can be mitigated by
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pretreating with Mdivi-1 (Figure 4).

Glutamate induced dephosphorylation of p-Drpl and
Drpl translocation to mitochondria

Drpl exists in the cytoplasm in a phosphorylated form
(Ser637) and regulates mitochondrial division. Increased
cytoplasmic Ca®* concentration activates calcium-induced
neurotransmission, resulting in the dephosphorylation
of p-Drpl (Perdiz et al., 2017). Hyperactivation of Drpl
increases mitochondrial division. P-Drpl in cytoplasmic
and mitochondrial extracts was detected by western blot
assay (Figure 5). In cells treated with glutamate, the mito-
chondrial p-Drp1 level was decreased whereas that of Drpl
was increased, an effect that was abolished by Mdivi-1. The
expression level and cellular distribution of Drpl were also
examined by immunocytochemistry (Figure 6). The mito-
chondrial marker COX IV was used to identify mitochon-
dria. There was no difference in Drpl expression level or
distribution between control and dimethyl sulfoxide groups;
the Drpl expression level was higher in the Mdivi-1 + gluta-
mate group and especially in the glutamate group compared
with the controls. Glutamate increased the colocalization of
Drpl and COX 1V, an effect that was abolished by Mdivi-1.

Glutamate increased Bax activation and translocation to
mitochondria

Bax is a pro-apoptotic Bcl-2 family member that induces
mitochondrial apoptosis. Bax also mediates the decrease in
mitochondrial membrane potential caused by accumulation
of reactive oxygen species (Hu and Xiao, 2015). Bax levels in
total cell extracts were increased in the Mdivi-1 + glutamate
group and especially in the glutamate group (Figure 5). The
combined Bax levels in cytoplasm and mitochondria were
similar to Bax levels in whole cell extracts.

Glutamate stimulated cyto c release from mitochondria to
cytoplasm

In the cytoplasm of glutamate and Mdivi-1 + glutamate
groups, cyto c levels were lower than in the control group
(Figure 5). There was no difference in cyto c levels in total
cell extracts of the four groups; however, the groups dif-
fered in terms of cyto c¢ distribution in the cytoplasm and
mitochondria: the level in the cytoplasm was higher and in
mitochondria lower in the Mdivi-1 + glutamate group and
especially in the glutamate group compared with the control
group (P < 0.01).

Glutamate increased cytoplasmic caspase-3

The cytoplasmic caspase-3 level in the Mdivi-1 + glutamate
group and especially in the glutamate group was higher than
that in the control group (P < 0.01; Figure 5). Glutamate in-
duced apoptosis by increasing cytoplasmic caspase-3 levels,
an effect that was abolished by Mdivi-1.

Glutamate increased levels and mitochondrial localization
of Bax
The distribution of Bax was similar to that of Drp1 in total
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cell, cytoplasmic, and mitochondrial extracts (Figure 5).
Glutamate increased Bax levels (Figure 6), as determined by
immunofluorescence; there was no difference in Bax level
between control and dimethyl sulfoxide groups, but the level
in the glutamate and Mdivi-1 + glutamate groups was high-
er than that in the control group. Glutamate increased Bax
and COX IV colocalization, an effect that was inhibited by
Mdivi-1 (Figure 7).

Drpl and Bax were colocalized in mitochondria in the
presence of glutamate

Drpl and Bax were upregulated and transported to mi-
tochondria in cells treated with glutamate (Figure 5). To
determine whether Drpl and Bax interact in mitochondria,
we analyzed colocalization of the two proteins by immuno-
cytochemistry (Figure 8). Glutamate increased Drpl and
Bax colocalization in mitochondria, which was blocked by
Mdivi-1 (Figure 8).

Discussion

Neuronal injury induced by glutamate was associated with
mitochondria

The mechanism of glutamate-induced neuronal injury is
still not clear (Shi et al., 2016). It is widely accepted that glu-
tamate binds to its receptor on the postsynaptic membrane
and activates Ca®* channels, leading to cytoplasmic and mi-
tochondrial Ca’* overload (Wu et al., 2017). This can in turn
activate Ca’*-dependent enzymes that degrade phospholip-
ids, DNA, and proteins. An increase in the production of
reactive oxygen species can also undermine mitochondrial
functioning by blocking the respiratory chain, leading to
cell death (Park and Jonas, 2014). We observed that gluta-
mate treatment increased cyto c release and the apoptosis
ratio of cells. It also destroyed normal mitochondrial struc-
ture, which decreased mitochondrial membrane potential
and increased permeability; the resultant release of cyto ¢
and caspase-3 activation likely induced apoptosis. We also
found that the pro-apoptotic protein, Bax, could destroy
mitochondrial function and this effect could be inhibited by
Mdivi-1, a Drpl inhibitor. Maintaining the homeostasis of
mitochondria can inhibit apoptosis induced by glutamate
and glutamate induced apoptosis by promoting the colocal-
ization between Bax and Drpl in mitochondria.

Glutamate induced neuronal apoptosis by promoting the
dephosphorylation of p-Drp1 and this effect could be
inhibited by Mdivi-1

The balance between mitochondrial division and fusion is
essential for normal functioning; perturbation of this bal-
ance can lead to apoptosis or necrosis (Wang et al., 2014).
Mitochondrial fusion is regulated by Mfn1, Mfn2, and Opal
and requires the activity of GTPase (Wang et al., 2014). In
mammals, Drpl and Fisl regulate mitochondrial division.
Unlike Fisl, Drpl lacks a transmembrane domain that is re-
quired for binding to the mitochondrial membrane, and ex-
ists in the cytoplasm in a phosphorylated form. When cells
are stimulated, Fisl, which has a transmembrane domain,

may mediate the translocation of Drpl from the cytoplasm
to mitochondria so that mitochondrial division can proceed
(Fuetal, 2017) .

Mdivi-1 decreases neuronal damage induced by glutamate
and restores mitochondrial membrane potential decreased
by reactive oxygen species (Wu et al.,, 2017), thus prevent-
ing adriamycin-induced myocardial injury. Treatment of
hippocampal neurons with jaborandi alkali can result in
excessive mitochondrial division and cyto c release, which is
inhibited by Mdivi-1 (Xie et al., 2016). In this study, mito-
chondrial membrane potential was decreased by treatment
with glutamate, an effect that was reversed by Mdivi-1. Our
transmission electron microscopy analysis revealed that
glutamate caused mitochondrial swelling and vacuolization
and nuclear pyknosis in neurons, which was abrogated by
pretreatment with Mdivi-1. Glutamate decreased the level of
cytoplasmic p-Drpl and increased mitochondrial Drpl by
inducing p-Drp1 dephosphorylation and the translocation
of Drpl from the cytoplasm to mitochondria, resulting in
activation of apoptosis.

Mdivi-1 blocked neuronal apoptosis by preventing
mitochondrial colocalization of Drpl and Bax

Drpl is a key mitochondrial shaping protein that is essential
for mitochondrial fragmentation and cristae remodeling.
Drpl ablation inhibited activation of the mitochondrial
apoptosis pathway induced by Bax and oxidative damage
(Oettinghaus et al., 2016). Bax is a proapoptotic molecule
that can activate the mitochondrial domain, increase per-
meability of the outer mitochondrial membrane and lead to
the loss of integrity of mitochondrial structure and function
(Park and Jonas, 2014). Cells without Drp1 are resistant to
apoptotic inducers and oxidative stress (Zhao et al., 2017).
Drpl-controlled mitochondrial permeability associated with
cyto c release and calcium overload and downstream activa-
tion of caspase is facilitated by Bax (Wang et al., 2015). Tak-
en together, these findings indicate that Drpl collaborates
with Bax and regulates apoptosis.

Bax is a proapoptotic cytoplasmic protein that is activated
in cells treated with glutamate (Kim et al., 2017b). Glutamate
promotes Bax/Bax oligomerization and the translocation
of Bax to mitochondria (Kim et al., 2017¢). Drpl mutation
does not affect Bax localization in mitochondria, but blocks
its activation, whereas Drpl overexpression induces trans-
location of Bax to mitochondria and its activation, thereby
stimulating mitochondrial division. Drpl does not directly
bind mitochondria because it lacks a transmembrane do-
main (Clinton and Mears, 2017). Proapoptotic factors acti-
vate mitochondrial division and promote mitochondrial lo-
calization of Drpl, giving rise to the possibility that another
protein mediates the interaction of Drp1 with mitochondria.
The observed colocalization of Drpl and Bax suggests the
latter as a candidate adapter. Mdivi-1 inhibited this colocal-
ization and suppressed apoptosis, although the mechanistic
basis for this effect remains to be determined.

Spinal cord injury consists of two phases: an initial trauma
and a secondary injury of progressive apoptotic damage (Jia
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Figure 6 Effect of mitochondrial division inhibitor 1 (Mdivi-1) on expression and subcellular distribution of Drp1 in cortical neurons treated
with glutamate.

Cells in the control group were cultured without treatment; those in the dimethyl sulfoxide group were cultured in medium containing dimethyl
sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium containing 10
mM L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 uM Mdivi-1 for 2 hours). (A) Immu-
nofluorescence staining for Drp1 and subcellular distribution. Original magnification, 200x. Scale bars: 50 um. Images show cyto c oxidase subunit
IV (COX 1V) (mitochondrial marker, green, FITC-labeled), Drpl1 (red, Cy3-labeled), and 4',6-diamidino-2-phenylindole (DAPI) (nuclear marker,
blue). Drpl and COX IV colocalization in mitochondria appears yellow. (B) Quantitative analysis. Data are expressed as the mean + SD (one-way
analysis of variance followed by the independent samples ¢-test). *P < 0.01, vs. control group. The experiment was performed in triplicate.
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Figure 7 Effect of mitochondrial division inhibitor 1 (Mdivi-1) on the expression and subcellular distribution of Bax in cortical neurons
treated with glutamate.

Cells in the control group were cultured for 7 days without treatment; those in the dimethyl sulfoxide group were cultured in medium containing
dimethyl sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium contain-
ing 10 mM L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 uM Mdivi-1 for 2 hours). (A) Bax
expression and subcellular distribution. Original magnification, 200x. Scale bars: 50 pm. Images show cyto ¢ oxidase subunit IV (COX IV) (mito-
chondrial marker, green, FITC-labeled), Bax (red, Cy3-labeled), and 4', 6-diamidino-2-phenylindole (DAPI) (nuclear marker, blue). Bax and COX
IV colocalization in mitochondria appears yellow. (B) Quantitative analysis. Data are expressed as the mean + SD (one-way analysis of variance
followed by the independent samples t-test), *P < 0.01, vs. control group. The experiment was performed in triplicate.
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Figure 8 Effect of mitochondrial division inhibitor 1 (Mdivi-1) on expression and mitochondrial colocalization of Drpl and Bax in cortical
neurons treated with glutamate.

Cells in the control group were cultured for 7 days without treatment; those in the dimethyl sulfoxide group were cultured in medium containing
dimethyl sulfoxide, the vehicle for Mdivi-1; and those in the glutamate and Mdivi-1 + glutamate groups were incubated in culture medium con-
taining 10 mM L-glutamic acid for 24 hours (in the case of the Mdivi-1 + glutamate group, after pretreatment with 50 uM Mdivi-1 for 2 hours). (A)
Drpl and Bax expression and mitochondrial colocalization. Original magnification, 200x. Scale bars: 50 pm. Drp1 (red, Cy3-labeled), Bax (green,
FITC-labeled), 4',6-diamidino-2-phenylindole (DAPI) (nuclear marker, blue) are shown. Drp1 and Bax colocalization appears yellow. (B) Quantita-
tive analysis. Data are expressed as the mean + SD (one-way analysis of variance followed by the independent samples ¢-test). *P < 0.01, vs. control

group. The experiment was conducted in triplicate.

et al., 2016). During the secondary injury, mitochondrial
membrane potential is reduced and the integrity of the outer
membrane is broken, leading to calcium overload, the re-
lease of cyto ¢, and oxidative stress. Balanced mitochondrial
homeostasis is essential for axon regeneration. Protection
of mitochondrial respiration may promote the recovery of
spinal cord function. Maintaining the homeostasis and func-
tion of mitochondria may be a potential treatment strategy
for spinal cord injury.

The Drpl/Bax/cyto c/caspase-3 pathway mediated
glutamate-induced mitochondrial apoptosis

Mdivi-1 prevents ischemia-reperfusion injury in rat neurons
by inhibiting the release of cyto ¢, blocking mitochondrial
division, and preventing caspase-3 activation. In a spinal
cord injury model, Mdivi-1 prevented the decrease in mito-
chondrial membrane potential and the release of mitochon-
drial apoptosis-inducing factor. The increases in apoptosis
rate and cytoplasmic cyto ¢ and caspase-3 levels induced
by treatment with glutamate were abrogated by Mdivi-1.
Thus, glutamate may induce apoptosis via a Drpl/Bax/cyto
c/caspase-3 signaling cascade that increases mitochondrial
membrane permeability, cyto ¢ release, and caspase-3 acti-
vation. We found that Bax and Drpl colocalized in mito-
chondria and induced apoptosis; however, whether Drpl
colocalized with other pro-apoptosis proteins needs further
investigation. Bax and Drp1 colocalization in mitochondria
may be an important target for anti-apoptosis and neuronal
protection.

Conclusions

The neurotoxicity of glutamate is associated with changes in
mitochondrial structure and function. Glutamate increased
Drp1 expression, which induced Bax activation; this in
turn caused the translocation of Drpl from the cytoplasm
to mitochondria where it acted in conjunction with Bax to
decrease mitochondrial membrane potential and increase
mitochondrial division and permeability. The latter caused
the release of cyto ¢, which activated caspase-3, leading to
apoptosis. Mdivi-1 inhibited Drpl expression and its trans-
location to mitochondria, blocking the activation of Bax
and caspase-3 and mitochondrial division. By preserving
mitochondrial structure and function, Mdivi-1 prevented
the decrease in mitochondrial membrane potential and cyto
c release caused by glutamate, and consequently protected
neurons against glutamate-induced excitotoxicity. Spinal
cord injury is a common condition that is a burden on soci-
ety and recovery of nerve function is the major objective of
therapy. To our knowledge, this is the first study focusing on
the interaction between Drpl and Bax and their colocaliza-
tion in mitochondria. This colocalization is a potential target
for the treatment of spinal cord injury.
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