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After spinal cord injury (SCI), astrocytes become hypertphic, and proliferative, forming
a dense network of astroglial processes at the site of the lésn. This constitutes a
physical and biochemical barrier to axonal regeneration. itbchondrial ssion regulates

cell cycle progression; inhibiting the cell cycle of astroges can reduce expression levels
of axon growth-inhibitory molecules as well as astroglialcar formation after SCI. We
therefore investigated how an inhibitor of mitochondrial ssion, Mdivi-1, would affect

astrocyte proliferation, astroglial scar formation, andxonal regeneration following SCI in
rats. Western blot and immuno uorescent double-labeling sowed that Mdivi-1 markedly

reduced the expression of the astrocyte marker glial briflry acidic protein (GFAP), and
a cell proliferation marker, proliferating cell nuclear digen, in astrocytes 3 days after
SCI. Moreover, Mdivi-1 decreased the expression of GFAP andeurocan, a chondroitin

sulfate proteoglycan. Notably, immuno uorescent labelig and Nissl staining showed
that Mdivi-1 elevated the production of growth-associatedprotein-43 and increased

neuronal survival at 4 weeks after SCI. Finally, hematoxyeosin staining, and behavioral
evaluation of motor function indicated that Mdivi-1 also rduced cavity formation and

improved motor function 4 weeks after SCI. Our results conm that Mdivi-1 promotes

motor function after SCI, and indicate that inhibiting mitchondrial ssion using Mdivi-1

can inhibit astrocyte activation and astroglial scar forméon and contribute to axonal
regeneration after SCl in rats.

Keywords: spinal cord injury, mitochondrial division inhib itor-1, astrocytes, astroglial scar, axonal regeneration

INTRODUCTION

Spinal cord injury (SCI) is a global medical problem. It ofteads to very limited regeneration
of damaged axons and subsequent permanent functional imgaitjthe exact mechanisms of
which remain to be elucidateds(lver and Miller, 2004; Tuszynski and Steward, 30The lack

of spontaneous anatomical and functional repair is due noteheto an intrinsic inability of

the neuron to regenerate its injured axon, but also to the @nes of an inhospitable local
environment in the lesion site constituting a physical anddbiemical barrier—the so-called glial
scar—composed essentially of reactive astroc$iese( and Miller, 2004 Astrocytes are the major
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Lietal. Mdivi-1 Inhibits Astroglial Scar Formation

cell type in the spinal cord and provide a variety of criticalthereafter for 3 or 9 dayd.(n et al., 2014; Cui et al., 20l&Rats
supportive functions that establish and maintain neuronalin the sham and SCI groups received an equivalent volume of
homeostasisT(ian et al., 2006 However, after SCI, they become dimethyl sulfoxide. Each group was then equally and randomly
hypertrophic and proliferative, and form a physical barrierta¢t divided into three subgroups for the following experiments) (
site of injury, which signi cantly impedes axonal regenéat motor function test; (B) Western blot; and (C) histology (due
(Lin et al., 201X In addition, chondroitin sulfate proteoglycans immuno uorescent labeling, hematoxylin-eosin stainingnd
(CSPGs) form a biochemical barrier which also plays a crucidliss| staining). The rats in all groups were sacri ced 3 days o
part in regeneration failure(iu and He, 2006; Gervasi et al., 4 weeks after injury or laminectomy.
2008; Je erson et al., 20)L1Therefore, inhibition of astrocyte
activation, astroglial scar formation and CSPG productiauid ~ SCI Model Establishment
create a favorable environment for axonal regeneration. Rats were anesthetized using pentobarbital sodium (40 mg/kg

Astrocytes undergo cell division following SCI. Therefage i.p.). The weight-drop model of SCI was established as destri
possible approach for promoting axonal regeneration after SQireviously (i G. et al., 2015 In brief, the skin and muscle
would be by inhibiting the division of cells that contribute  overlying the spinal column were incised and a laminectomy
glial scar formation or by reducing production and secretionwas performed at T9-11, leaving the dura intact. A 20 g weight
of inhibitory molecules Karimi-Abdolrezaee and Billakanti, was then dropped onto the exposed T10 region of the spinal
201). Mitochondria are organelles that are essential for aord from a height of 25.0 mm. Postoperatively, all animals
diverse range of important cellular functions, includinglice received an injection of 0.9% normal saline (30 mi/kg) to |erev
metabolism, growth, di erentiation, survival, and progranech  postoperative dehydration. Rats were housed individually in
cell death DiMauro and Schon, 2008; Green and Van Houten,cages under a 12 h light/dark cycle, with free access to fodd a
2011). Recently, mitochondria were demonstrated to undergavater, and underwent assisted urination three times per di@y a
frequent ssion, and fusion Cao et al., 2003 which are SCIthroughout the study.
integrated with cell cycle progressiorMifra et al., 2009;
Qian et al., 2012 Dynamin-related protein 1 (Drp1)-mediated Motor Function Evaluation
mitochondrial ssion is required for the proper progression of The motor function of rats in each group was evaluated using
the cell cycle phases following G1/S transition. Thus, iitlsib ~ the Basso, Beattie, and Bresnahan (BBB) scale at 3 days and 4
of mitochondrial division might be an important way to inhibi weeks after SCI, as described previouslyd. et al., 201% The
cell mitosis. However, it is unclear whether this would ioihi  experiments were performed six independent times.
astrocyte activation and astroglial scar formation aft€r.S

Mitochondrial division inhibitor 1 (Mdivi-1) is the most Western Blot
e ective pharmacological inhibitor of mitochondrial divish  Spinal cords were removed 3 days or 4 weeks after SCI. The
(Tanaka and Youle, 20Dd8t can cross the blood—nbrain barrier, protein lysates were fractioned on 6 or 10% SDS-polyacrylkmid
and its half-life is about 12 hQui et al., 201} Notably, Mdivi-1  gels, and then transferred to O.4Bn polyvinylidene uoride
exerts a protective e ect in SCL{G. et al., 201f spinal cord membranes. The membranes were blocked with 0.1% bovine
ischemia—reperfusion injuryL{(u et al., 201} acute cerebral serum albumin for 1 h, then incubated overnight atCl
ischemic injury Cui et al., 201 and seizuresqie et al., 2013  with primary antibodies against glial brillary acidic protei
and can also inhibit the proliferation, invasion and metasda GFAP (ab7260, 1:2000), neurocan (ab31979, 1:300), padiifgr
of breast cancerZhao et al., 200)3and ovarian cancerfang cell nuclear antigen (PCNA; ab29, 1:1000), growth-aststia
et al., 201 However, the physiological and pathological roles oprotein-43 (GAP-43; ab16053, 1:1000) (all from Abcam, USA),
Mdivi-1 in astrocyte proliferation and astroglial scar fortitm  and b-actin (C4; sc-47778, 1:1000; Santa Cruz Biotechnology,
after SCI are not yet known. Therefore, in the present studyinc., USA). The membranes were then incubated with the
we investigate the e ects of Mdivi-1 on astrocyte proliferation corresponding second antibody: goat anti-rabbit or antiuse
neurocan production, astroglial scar formation, and axonalgG-HRP (sc-2004 or sc-2005; 1:2000; Santa Cruz Biotediyjolo

regeneration after SCI in rats. at room temperature for 1 h. The remaining steps were
performed as described in our previous studyi G. et al.,

MATERIALS AND METHODS 2015, and the protein bands were analyzed using NIH Image
J software. Grayscale values of bands corresponding to GFAP,

Animals and Experimental Design PCNA, neurocan, and GAP-43 were normalized to thai-afctin

Adult female Sprague—Dawley rats, weighing 250-300 g, wele determine expression levels of the proteins of interese Th
provided by the Experiment Animal Center of Jinzhou Medicalexperiments were performed six independent times.

University. All experimental procedures were approved by the

Institutional Animal Care and Use Committee of Jinzhoulmmuno uorescent Double Labeling

Medical University. Rats were randomly divided into threeAt 3 days and 4 weeks after surgery, the injured spinal cords
groups: SCII(i G. et al., 201 SCIC Mdivi-1 (Park et al., from rats in all groups were xed in 4% paraformaldehyde,
2019, and sham (T9-11 laminectomy only). In the Mdivi-1 immersed in 30% sucrose, embedded in compound 4583,
group, the rats were injected with Mdivi-1 (25 mg/kg i.p.; Sigmaand then sectioned on a freezing microtome as described
Aldrich, St. Louis, MO) immediately after SCI and every 24 hpreviously (i G. et al., 201p Serial 5am-thick transverse
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FIGURE 1 | Continued
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FIGURE 1 | Mdivi-1 increases the expressions of GFAP and PCNA  in astrocytes at 3 days after SCI. (A—C) Western blot analysis and quantitative analysis of
GFAP (A,B) and PCNA(A,C) (n D 6, respectively).(D-F) PCNA/GFAP/DAPI triple labeling and quantitative analysis 6FAP (D,E) and PCNA (D,F) in astrocytes 6 D
6, respectively). White arrows indicate proliferative astcytes. The expression of PCNA and GFAP, and the number of G#P-positive cells and PCNA-positive

astrocytes, were greater in the SCI group than in the sham gugp. PCNA and GFAP expression, and the number of GFAP-positicells and PCNA-positive astrocytes
were lower in the Mdivi-1 group than in the SCI group.P < 0.01 vs. Sham.” P < 0.01 vs. SCI.
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frozen sections from the epicenter of the SCI were usedias measured in Photoshop CS3, using the area analysis
for immuno uorescent double labeling and hematoxylin-eosi function. The experiments were performed six independent
staining. After permeabilizing the cells and blocking ngresic  times.

binding sites, these spinal cord tissue sections were iriedba
with the following primary antibodies diluted in 5% normal

goat serum (005-000-121, Jackson): ant-GFAP (ab7280011:5 o4 are expressed as mearstandard deviation (SD), and

anti-neurocan (ab31979, 1:50), anti-PCNA (ab29, 1:20@); a : i . . .
GAP-43 (ab16053, 1:200) (all from Abcam, USA), and anti-Neurw]ere analyzed using one-way analysis of variance (ANOVA) wit

(MAB377X, 1:50; Millipore, USA) in a humidi ed chamber J¢ |68t signi cant di erence (LSDpost hodest. SPSS version
. . - . . 19.0 was used for all analygts< 0.05 was considered statistically
overnight at 4C. Tissue sections were incubated with the

secondary antibodies Alexa Fluor 488 goat anti-rabbit IBG [ ; signi cant.

A-11034, 1:250; Thermo Fisher Scienti ¢, USA) and Alexa Fluo

594 goat anti-mouse IgG (ELL; A-11005, 1:250; Thermo Fisher RESULTS

Scientic) for 1 h at room temperature in the dark. After

immunostaining, the sections were incubated witiig/ml 4%6-  Mdivi-1 Inhibits Astroglial Proliferation at 3
diamidino-2-phenylindole (DAPI) for 5 min in the dark to Days after SCI

mark the nuclei. Negative control sections were incubatétl W astrocytes upregulate the expression of GFAP, a widely
phosphate-bu ered saline in place of the primary antibody. Theecognized astrocyte marker, and form a physical barrier at
sections were visualized under a uorescent microscopectLei the site of injury that impedes axonal regeneratiann(et al.,
DMI40008B, Germany) connected to an Olympus Magnaresni) PCNA is known to be a reliable marker of proliferating
digital camera (Olympus Corp., Melville, NY, USA). Eachce|is (rian et al., 2006 We used western blots to investigate
uorescent color was photographed under the same uorescencstroglial proliferation after Mdivi-1 treatment. GFAP and RE
microscopy settings. To avoid counting the same cell in morgypression were signi cantly greater in the SCI group (0.42
than one section, we counted every 11th section (@®&part). 0,08 and 0.40 0.06, respectively) than in the sham group (0.15
Immunopositive cells (those showing red or green uores@nc .05 and 0.11 0.03), indicating that astroglial proliferation
were counted using the counting function in Photoshop CS3y 55 induced after SCP 0.01) Figures 1A-Q. In the Mdivi-1
and expressed as a percentage of the total number of ce§g,yp(0.26 0.06and0.21 0.06), GFAP and PCNA expression

(those showing blue uorescence)i(G. et al., 201p Mean  \yere lower than in the SCI group which suggests that Mdivi-1
uorescence intensity was used to quantify neurocan and @&P  npipits astroglial proliferation® < 0.01).

expression, measu_red using Image J. Mean uorescen_ceir)tensit Double immuno uorescence labeling of PCNA/GFAP was
D Integrated Density/AreaT(an et al., 2005 The experiments performed to con rm astrocyte proliferation, in combination

Statistical Analysis

were performed six independent times. with the nuclear marker DAPI. Thus, proliferative astrocyte
. . were visible as PCNA/GFAP/DAPI-positive cells, showing red
Nissl Staining dots (PCNA) in a green cells (GFAP) with a blue nucleus (DAPI)

The 5mm transverse frozen sections were dried and then soakqgot all GFAP-positive cells were positive for PCNA, and some
overnightin a 1:1 mixture of alcohol and chloroform intherda  GFap-negative cells were positive for PCNRigures 1D—H.
at22 1 C. The following day, the sections were rehydratedyhere were more GFAP-positive cells and PCNA-positive
and stained in 0.1% cresyl violet solution (Sigma, St. Louigstrocytes in the SCI group (0.43 0.06 and 0.59 0.11
MO, USA) for 5 min. Di e_rentiation_, deh_ydration, and rinsing regpectively) than in the sham group (0.170.03 and 0.04

was performed as described previously (I.-T. et al., 201k 0 02). However, there were fewer GFAP-positive cells and PCNA-
The sections were then mounted with Permount (Beyotimg,ositive astrocytes in the Mdivi-1 group (0.250.05 and 0.36
Institute of Biotechnology, Shanghai, China) and obsenwadier 0.05) than in the SCI groupA(< 0.01). These ndings indicate

a light microscope (Olympus) equipped with a CCD camergnat inhibition of mitochondrial division by Mdivi-1 can inhit
(Leica DMI4000B, Germany). Surviving neurons were Counteﬁsnoglial proliferation after SCI.

using Photoshop CS3. The experiments were performed six
independent times. . .

Mdivi-1 Decreases the Expressions of
Hematoxylin-Eosin Staining GFAP and Neurocan at 4 Weeks after SCI
To measure the cavity area of spinal cord tissue in each grougeurocan is a CSPG produced mainly by astrocyt&snés
after SCI, animals in all groups were sacri ced 4 weeks aftert al., 2003; Silver and Miller, 200Me used Western blots to
injury. Spinal cord tissue was cut into frozen sagittal sexgi investigate neurocan expression after SCI with or withoutVtdi
of 5mm thickness. Spinal cord tissue was prepared, cut intd treatment. GFAP and neurocan expression in the SCI group
frozen sagittal sections ofrdm thickness, and stained with (0.72 0.12 and 0.62 0.10, respectively) were signi cantly
hematoxylin-eosin, as described previouslya( et al., 2006 greater than in the sham group (0.150.04 and 0.21 0.04;
and examined with a light microscope (Olympus) equipped withP < 0.01). However, expression of GFAP and neurocan in the
a CCD camera (Leica DMI4000B). The maximum area of thédivi-1 group (0.33 0.05 and 0.40 0.08, respectively) was
cavity in the sagittal sections including the damage ep&ent lower than in the SCI group. This suggests that Mdivi-1 inksbit
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FIGURE 2 | Mdivi-1 decreases the expressions of GFAP and neur  ocan at 4 weeks after SCI. (A—C) Western blot analysis and quantitative analysis of GFAP
(A,B) and neurocan (A,C) (n D 6, respectively).(D—F) Neurocan/GFAP/DAPI triple labeling and quantitative analigsof GFAP(D,E) and neurocan (D,F) in astrocytes
(n D 6, respectively). Compared with the sham group, the expressn of GFAP and neurocan, number of GFAP-positive cells, anghean uorescence intensity of

neurocan were elevated after SCI. GFAP, neurocan expressipnumber of GFAP-positive cells, and mean uorescence interigy of neurocan were lower in the Mdivi-1
group than in the SCI group. P < 0.01 vs. Sham.# P < 0.01 vs. SCI.
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neurocan production after SCP(< 0.01), which might reduce 0.01). Moreover, GAP-43 expression was greater in the Mdivi-
the biochemical barrier to axonal regeneratidfigures 2A-Q. 1 group (0.75 0.15) than in the SCI groupR(< 0.01), which
Double immuno uorescence labeling for neurocan andsuggests that Mdivi-1 enhances axonal regeneration aftér SC
GFAP was performed to further characterize the production andFigures 3A,B.
secretion of neurocan in astrocytes after SCI with or withou Immuno uorescent staining of GAP-43 was performed to
Mdivi-1 treatment. Triple-positive neurocan/GFAP/DAPI- further identify it in neurons after Mdivi-1 treatment. Higdr
positive cells were observed. Neurocan (red dots) wasldig&d  magni cation indicated that the GAP-43/NeuN/DAPI triple-
mainly in the extracellular matrix and cytoplasm of astra&s/t labeled neurons had green, punctate GAP-43 dots in red
(green); nuclei appeared blue. Expression of GFAP and neurocaeurons with a blue nucleus. The percentage of neurons
was lower in the SCI group (0.54 0.10 and 0.064 0.012, and mean uorescence intensity of GAP-43 were calculated.
respectively) than in the sham group (0.170.02 and 0.011 Not all neurons were positive for GAP-4Figure 30Q. In
0.003;P < 0.01). Furthermore, in the Mdivi-1 group, the the SCI group, the percentage of neurons (3.60.7) was
number of GFAP-positive cells and mean uorescence intgnsitlower than in the sham group (8.6 1.1), whereas the
of neurocan (0.26 0.08 and 0.040 0.007, respectively) mean uorescence intensity of GAP-43 was greater (0.022
were lower than in the SCI grougP(< 0.01). These ndings 0.005) than in the sham group (0.009 0.003;P <
indicate that astrocyte proliferation and neurocan expmssind 0.01). Compared with the SCI group, the percentage of

secretion were inhibited by Mdivi-1 after S®Higures 2D-H. neurons and GAP-43 expression were both higher in the
o ) Mdivi-1 group (5.7 0.9 and 0.049 0.009;P < 0.01).

Mdivi-1 Increases the Expressions of These ndings provide evidence that axonal regeneration

GAP-43 at 4 Weeks after SCI and neuronal survival were enhanced by Mdivi-1 after SCI

GAP-43 is a cytoplasmic and membrane-associated proteifrigures 3C—E.

located mainly in neuronal growth cones and upregulated imith ..

growing neurites Benowitz and Routtenberg, 1997; Inwin and Mdivi-1 Decreases the Number of

Madsen, 1997 Western blots were used to investigate GAP-SUrviving Neurons at 4 Weeks after SCI

43 expression after SCI with or without Mdivi-1 treatment. To determine the e ects of Mdivi-1 on spinal cord tissue, Nissl
Compared with the sham group (0.20 0.06), the expression staining was used to illustrate the injured areas in the dirgre
of GAP-43 was signi cantly greater after SCI (0.50.09;P <  groups. The surviving neurons in the sections were subsetyuen
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FIGURE 3 | Mdivi-1 increases the expressions of GAP-43 at 4 we  eks after SCI. (A,B) Western blot analysis(A) and quantitative analysis of GAP-43B) (n D 6,
respectively). C—E) Cells triple-labeled for GAP-43/NeuN/DAPI and quanti catiorof NeuN (C,D) and GAP-43 (C,E). White arrows: neurons indicate GAP-43.
Expression of GAP-43 was greater in the SCI group than in thehmm group, and the percentage of neurons was lower. Comparedvith the SCI group, Mdivi-1 can
increase GAP-43 expression and the percentage of survivingeurons. *P < 0.01 vs. sham.” P < 0.01 vs. SCI.
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examined at a higher magni cation. The number of survivingMdivi-1 Improves the Hindlimb Motor

neurons was lower in the SCI group than in the sham groBp ( Fynction at 3 Days and 4 Weeks after SCI

< 0.01); however, the number of surviving neurons was greatefhe BBB locomotor rating scores were assessed at 3 days and 4

in the Mdivi-1 group than in the SCI groupR< 0.01). These \yeeks after SCI. Compared with the sham group (3 days, 20.6

results demonstrate the signi cant protective e ect of Mdil/i- 0.6; 4 weeks, 20.6 0.6), the BBB scores were signi cantly

(Figure 4). lower after SCI (2.0 0.8 and 9.3 1.1, respectively2 < 0.01).

Compared with the SCI group, the BBB scores were signi cantly

o ) ] greater in the Mdivi-1 group at 3 days and 4 weeks (4.0.8

Mdivi-1 Decreases the Cavity Formation at and 13 1.3, respectivelf2 < 0.01). These ndings support the

4 Weeks after SCI neuroprotective e ect of Mdivi-1 Figure 6).

The size of the cavity in the spinal cord can re ect astroglial

scar formation after SCIT(an et al., 2006 Compared with the DISCUSSION

sham group (0.20 0.10 mn¥), the cavity area was signi cantly

greater after SCI (4.5 0.8mn?, P < 0.01). Compared with Astrocytes are the most abundant glial cells in the centraloes

the SCI group, the cavity area was smaller in the Mdivi-1 groupystem (CNS). In chronic SCI, they become hypertrophic

(2.9 0.6mn?, P< 0.01), which suggests that Mdivi-1 inhibits and proliferative (Vilhelmsson et al., 2006 upregulate the

astroglial scar formation after SCFigure 5). production of inhibitory CSPG Bradbury et al., 2002; Su et al.,

FIGURE 4 | Mdivi-1 decreases the number of surviving neurons a  t 4 weeks after SCI. (A) Histological assessments of spinal cord tissue. Black arms:
surviving neurons.(B) Quanti cation of surviving neurons. The number of survivingeurons was lower in the SCI group than in the sham group. Comgred with the
SCI group, the number of surviving neurons was lower in the Mdi-1 group. *P <0.01 vs. sham.” P < 0.01 vs. SCI.
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FIGURE 5 | Mdivi-1 decreases the cavity formation at 4 weeks afte r SCI. (A) Representative hematoxylin-eosin staining micrographsh®w cavity formation in
each group after SCI.(B) Quanti cation of cavity area shows that Mdivi-1-treated annals had signi cantly smaller spinal cord cavities comparedhan those in the SCI
group. *P < 0.01 vs. Sham.” P < 0.01 vs. SCI.

2011, and eventually contribute to the formation of an astragli inhibiting the cell cyclen vivo (Tian et al., 2006; Byrnes et al.,
scar that might hinder axonal regeneration in chronic SCh(  2007; Li et al., 2011; Wu et al., 2011; Lin et al., p0\léreover,
et al., 201}t Finding e ective ways to inhibit glial scar formation cell cycle inhibition protects against traumatic brain inju
and enhance axon regeneration is essential after SCI. To oby reducing glial proliferation and scar formation in rat®i(
knowledge, this study is the rst study to con rm that Mdivi- Giovanni et al., 2005 Results from an astrocyte scratch-wound
1 inhibits astrocyte activation and astroglial scar forioatand  model showed that scratch damage can signi cantly promote th
contributes to axonal regeneration as well as recovery dbmo proliferation of cultured astrocytes and increase the numdfer
function after SCI in rats. 5-bromo-deoxyuridine-positive cella vitro (Yang et al., 2009
Cell cycle regulation is a relatively new research directio  Cyclins and PCNA expression increased signi cantly aftet SC
nerve repair therapy4hu et al., 200y Restarting of the cell (Tian etal., 200§ suggesting that astrocytes proliferate and then
cycle plays a key role in astroglial activation and prolifenati form a dense glial scar in the damaged area, thus preventing
after SCI Byrnes et al.,, 2007; Zhu et al., 2007; Lin et alnormal reconstruction of axons and functional recovergaCl
2019. Administration of olomoucine, avopiridol, and MEK in vivo. Previous studies found that PCNA expression peaked 3
can decrease neuronal cell death and inhibit glial proliferat days after SCITian et al., 200§ and that changes in glial scars
after SCI. These agents reduce axon growth-inhibitory mdke and motor function reached a plateau in rats at 4 weeks after
expression and astroglial scar formation at the site of mjoy ~ SCI (Hu et al., 2010; Li et al., 20).1So we chose 3 days and
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He, 2013. After SCI, members of the CSPG family, including
neurocan, brevican, versican and NG2, are upregulated, and
might have important roles in limiting axonal regeneration
(Jones et al., 2003; Tang et al., J0revious studies have
reported that neurocan, secreted by reactive astrocytegases
within 2 days in injured spinal cord, peaks at 2 weeks, and
remains persistently elevated for 4 weeks after SCaqbury
et al.,, 2002; Jones et al, 2R0®ur Western blot and
immuno uorescence results showed that neurocan expression
was signi cantly increased 4 weeks after SCI, whereas Mdivi-
inhibited the expression of neurocan signi cantly. This indtes
that inhibition of mitochondrial ssion may inhibit astrogte
proliferation, then inhibit the expression, and secretion of
neurocan, and nally inhibit the formation of biochemical
barriers after SCI. Moreover, results of the hematoxylisteo
FIGURE 6 | Mdivi-1 improves the hindlimb motor function at 3daysa  nd stain show that Mdivi-1 signi cantly reduces cavity formati
4weekslafter SCI. BBB scores showed that Mdivi-1 reduced hinglimb motor after SCI, Suggesting that inhibition of mitochondrial iss
szsg‘glc“o” at3 days and 4 weeks after SCI.P < 0.01 vs. Sham.™ P < 0.01 can also inhibit the formation of the physical glial barriereaft
T SCI. These results support previous studiggr(ies et al., 2007;
Zhu et al., 2007; DiMauro and Schon, 2008; Lin et al., p014
and contribute to our understanding of the relationship Wween
4 weeks after SCI as our evaluation points. Western blot anchitochondrial ssion and astroglial proliferation after &C
immuno uorescence double labeling showed that the expogssi  Our previous results indicate that Mdivi-1 plays a role in
of PCNA increased signi cantly at 3 days after SCl in ratsiolth  reducing apoptosis by inhibiting the translocation of dynami
is consistent with previous studieSién et al., 2006 Notably, related protein 1 (Drpl) and Bax to the mitochondria G. et al.,
Mdivi-1 signi cantly inhibited the expression of PCNA at 3 2015. At the same timel.iu et al. (2015Yyeported that Mdivi-1
days after SCI in rats, suggesting that inhibiting mitoctioal  may be an e ective therapeutic agent for spinal cord ischemia—
division after SCI can inhibit the cell cycle progression ofreperfusion injury via activation of large-conductance€a
astrocytes, and supporting previous studigst(a et al., 2009: activated ¥ channels as well as reduction of oxidative stress,
Qian et al., 2012 Surprisingly, we also found some PCNA- mitochondrial dysfunction and neuronal apoptosis. To funthe
immunoreactivity in GFAP-negative cells that might be noiglia  con rm the protective e ect of Mdivi-1in vivo, we investigated
or endothelial cells, which further supports previous studieshe survival of neurons directly by immunaCuorescence
(Krum and Khaibullina, 2003; Tian et al., 2907 staining and Nissl staining. Spinal cord neurons were marked
Following SCI, astrocytes are activated and show hypertropHyy NeuN (the neuronal marker). The percentage of neurons via
of the cell body, abnormal proliferation, and upregulation ofimmunoinCuorescence staining and the number of surviving
GFAP (Tang et al., 2003; Bramanti et al., 2D1They rapidly neurons via Nissl staining decreased signi cantly at 4 \seek
secrete a variety of inhibitory proteins, especially CSP@d, a after SCI and increased in the Mdivi-1 group, which supports
ultimately form the glial scar tissue in the SCI lesion, whic our previous study. In the present study, we found that Mdivi-
is the physical and biochemical barrier of repair, and is notl can inhibit astroglial proliferation and increase the numbé
conducive to the growth or regeneration of axonsufg et al., surviving neurons, but the relationship between these teguits
2003; Yuan and He, 20)L3In addition to an increase in needs further study. In addition, the upregulation of GAPi43
astrocyte number at the lesion site in response to SCI injuryconsidered a useful marker of neurite growth or sproutingaft
GFAP production, a feature of astrogliosis, also increamed, SCI Benowitz and Routtenberg, 1997; Irwin and Madsen, 3997
its production can re ect the changes in number or activationNotably, in this study, we found that SCI alone led to a lirdite
degree of astrocyteddnes et al., 20D.0ur present Western blot upregulation of GAP-43 expression. Moreover, the Mdivi-1-
and immuno uorescence studies show that astrocytes unalergtreated group had a signi cantly higher expression of GAP-43
changes in morphology and GFAP expression at 3 days andat 4 weeks after SCI, which may be related to the promotion of
weeks after SCI, which supports previous studiésng et al., neuronal survival. However, we cannot rule out the possibili
2009; Bramanti et al., 20.0mportantly, Mdivi-1 signi cantly  thatthe increase in GAP-43 by Mdivi-1 is related to the inkidm
inhibited the expression of GFAP and astrocyte performanieg af of astroglial scar formation,(n et al., 201} We also found that
SCI, suggesting that inhibition of mitochondrial divisiocan Mdivi-1 signi cantly mitigated functional de cits as asses] by
inhibit astroglial proliferation and hypertrophy after SCI. the measures of the BBB scale. Our data indicated that Mdivi-1
CSPGs are extracellular matrix molecules that are widelgdministration has a protective e ect after SCI, which supports
expressed throughout the developing and adult CE&(@bury  previous studies.( G. et al., 2015; Liu et al., 2015
et al., 200p In vitro studies demonstrate their potential to In cancer growth, mitochondria grow continuously
restrict neurite outgrowth, and it is believed that CSPGsoal throughout the cell cycle, and the organization of the
inhibit axonal regeneration after CNS injuig vivo (Yuan and mitochondrial network is sophisticatedly controlled acsos
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the dierent phases of the cell cycleQ@n et al., 2013
At the G1/S border,

inhibit mitochondrial ssion in astroglia in the astrocyte

mitochondria form a single, giantscratch-wound model.

tubular network, which is associated with increased energy Insummary,thisisthe rststudy to demonstrate that Mdivi-1
production in order to prepare for the initiation of the inhibits astrocyte activation and astroglial scar forroati and

highly energy consuming process—DNA synthesiditia

contributes to the axonal regeneration after SCI in ratsisTh

et al., 200R In addition, such mitochondrial hyperfusion indicates that regulation of mitochondrial dynamics maydne
also facilitates the mixing of mitochondrial contents suche ective therapeutic target for SCI. However, as the e ect of
as mtDNA between adjacent mitochondria, to maintain aMdivi-1 is not cell speci c, we cannot rule out the possibilityat
homogenous mitochondrial network within the cell, thus neuroprotection by Mdivi-1 is associated with the inhibitiof
ensuring proper inheritance following cellular division. The other proliferating cells, such as microglia and endothalélls,
formation of a highly connected mitochondrial network at in the spinal cord after SCI. Further research is needed tafglar
G1/S border is transient. During the subsequent S, G2 anthese issues.

M phases, the hyperfused mitochondrial network is then

disassembled and becomes increasingly fragment@chn(
et al., 2013 Notably, mitochondrial

ssion disorders can
lead to sustained mitochondrial hyperfusion beyond the G1/%5Lv and ZF designed and supervised the project. GLi, FS, YW,
border, which further inhibits mitosis and ultimately cell LB, WG, and YB performed research; YC analyzed data and GLi
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