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The response and susceptibility to astroglial degenerations are relevant to the
distinctive properties of astrocytes in a hemodynamic-independent manner following
status epilepticus (SE). Since impaired mitochondrial fission plays an important
role in mitosis, apoptosis and programmed necrosis, we investigated whether
the unique pattern of mitochondrial dynamics is involved in the characteristics
of astroglial death induced by SE. In the present study, SE induced astroglial
apoptosis in the molecular layer of the dentate gyrus, accompanied by decreased
mitochondrial length. In contrast, clasmatodendritic (autophagic) astrocytes in the
CA1 region showed mitochondrial elongation induced by SE. Mdivi-1 (an inhibitor
of mitochondrial fission) effectively attenuated astroglial apoptosis, but WY14643 (an
enhancer of mitochondrial fission) aggravated it. In addition, Mdivi-1 accelerated
clasmatodendritic changes in astrocytes. These regional specific mitochondrial
dynamics in astrocytes were closely correlated with dynamin-related protein 1 (DRP1;
a mitochondrial fission protein) phosphorylation, not optic atrophy 1 (OPA1; a
mitochondrial fusion protein) expression. To the best of our knowledge, the present
data demonstrate for the first time the novel role of DRP1-mediated mitochondrial
fission in astroglial loss. Thus, the present findings suggest that the differential astroglial
mitochondrial dynamics may participate in the distinct characteristics of astroglial death
induced by SE.

Keywords: astroglial death, clasmatodendrosis, DRP1, mitochondria, status epilepticus

INTRODUCTION

Mitochondria are morphologically dynamic organelles that are essential for maintaining cell
function, growth, and survival (MacAskill et al, 2010; Sheng and Cai, 2012; Birsa et al,
2013). The morphological state of mitochondria is linked to their energy production capacity
(Bach et al.,, 2003; Olichon et al., 2003; Chen et al., 2005; Benard and Rossignol, 2008) and
cell death mechanisms (Cheung et al., 2007; Detmer and Chan, 2007; Jahani-Asl et al., 2007;
Chen and Chan, 2009; Rintoul and Reynolds, 2010). Mitochondria undergo two opposing
events, fission and fusion (termed mitochondrial dynamics) that operate in equilibrium
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to form small individual units or interconnected networks.
These processes play critical roles in mitochondrial functions
and activity-dependent regulation of mitochondrial distribution
in various cells (Li et al., 2004; Sung et al., 2008). Mitochondrial
dynamics are regulated by GTPases, an evolutionary conserved
large family of proteins (Chen and Chan, 2005). The fusion-
associated GTPases, mitofusin 1 (MFN1), MFN2 and optic
atrophy 1 (OPA1) increase networks of elongated mitochondria
(Chen et al, 2003; Rambold et al, 2011). In contrast, the
mitochondrial fission protein dynamin-related protein 1
(DRP1) produces small punctuated mitochondria by interacting
with fission related protein-1 (Fis-1) and mitochondrial
fission factor (MFF; Smirnova et al, 2001; Chen et al,
2003; Cipolat et al., 2004). Among them, DRP1 is essential
for most types of mitochondrial fission. The regulation of
DRP1 by post-translational modifications is important for
DRP1 translocation to mitochondria (Alaimo et al., 2014).
Phosphorylation of DRP1 at Ser 616 (S616) by cyclin dependent
kinase (CDK) 1/Cyclin B or CDK5 promotes mitochondrial
fission during mitosis (Taguchi et al., 2007; Liesa et al,
2009). In contrast, DRP1-S637 phosphorylation by protein
kinase A (PKA) induces the detachment of DRP1 from
mitochondria and inhibits mitochondrial fission (Kashatus
et al, 2011; Wang et al, 2012). Thus, dephosphorylation
of DRP1-S637 by calcineurin facilitates its translocation to
mitochondria and subsequently increases mitochondrial fission,
which leads to an increased response to apoptotic stimuli
(Campello and Scorrano, 2010). Therefore, imbalance of DRP1
S616/S637 phosphorylation ratio is involved in pathogenesis
of neurological diseases (DuBoff et al., 2012; Kim et al,
2014b).

Although astrocytes have been thought as simple supporting
cells to have homogenous properties, a number of studies
demonstrate that properties in astrocytes are distinct in
different brain regions. Indeed, the regional specific patterns
of astroglial death are reported before or after neuronal
damage or reactive astrogliosis (Borges et al, 2006; Kang
et al., 2006; Kim et al., 2014a). In particular, status epilepticus
(SE; prolonged seizure activity) leads to astroglial death
in the rat hippocampus and piriform cortex (PC), which
shows regional specific patterns (Kang et al., 2006; Kim
et al, 2010a,b, 2011, 2014a; Ryu et al, 2011a,b). Astroglial
apoptosis is observed in the molecular layer (not the hilus)
of the dentate gyrus (Kang et al, 2006; Kim et al, 2008,
2010b). In the CA1 region, clasmatodendrosis is a typical
irreversible astroglial degeneration via excessive lysosome-
derived autophagy representing vacuolization of edematous cell
bodies and disintegrated processes (Penfield, 1928; Sugawara
et al, 2002; Kim et al, 2008, 2010b; Ryu et al, 201la,b).
In the PC, focal astroglial necrosis is observed (Kim et al.,
2013, 2014a) similar to the various brain regions (Ingvar
et al, 1994; Schmidt-Kastner and Ingvar, 1994; Gualtieri
et al., 2012). Furthermore, we have recently reported that
these differential response and susceptibility to astroglial
degenerations are most likely due to the distinctive properties
of astrocytes in a hemodynamic-independent manner (Kim
et al., 2014a). Since DRP1 phosphorylation plays an important

role in mitosis, apoptosis and programmed necrosis (Taguchi
et al.,, 2007; Liesa et al., 2009; Campello and Scorrano, 2010;
Kashatus et al, 2011; DuBoff et al, 2012; Wang et al,
2012; Kim et al, 2014b), it is likely that the differential
pDRP1-S616 or -S637 level would be involved in these
regional specific astroglial degenerations induced by SE. In
the present study, therefore, we investigated whether the
unique pattern of DRP1 phosphorylation is closely relevant
to the characteristics of SE-induced astroglial death, and the
modulation of mitochondrial dynamics affects the regional
specific astroglial degeneration in response to SE.

MATERIALS AND METHODS

Experimental Animals and Chemicals

Male Sprague-Dawley rats (7 weeks old) were obtained from
Daehan Biolink (South Korea). The animals were provided with a
commercial diet and water ad libitum under 22 £ 2°C, 55 £ 5%
and a 12:12 light/dark cycle conditions. Animal protocols were
approved by the Institutional Animal Care and Use Committee
of Hallym University (Chuncheon, South Korea). All reagents
were obtained from Sigma-Aldrich (St. Louis, MO, USA), except
as noted.

Surgery and Drug Infusion

Rats were anesthetized with 1-2% Isoflurane in O, and
placed in a stereotaxic frame. A brain infusion kit 1 (Alzet,
USA) was implanted into the right lateral ventricle (1 mm
posterior; 1.5 mm lateral; 3.5 mm depth), and connected to
an osmotic pump (1007D, Alzet, USA) containing: (1) vehicle;
(2) Mdivi-1 (50 uM); or (3) WY 14643 (150 uM). Mdivi-1 or
WY14643 pretreatment did not affect the seizure susceptibility
or its vulnerability in response to pilocarpine and animal
survival rates following SE (Kim et al., 2014b). The pump
was placed in a subcutaneous pocket in the interscapular
region.

SE Induction

Three days after surgery, rats were treated with pilocarpine
(380 mg/kg, i.p.). To reduce peripheral effects of pilocarpine,
Atropine methylbromide (5 mg/kg, i.p.) was injected 20 min
before a single dose of pilocarpine. Animals were maintained
in SE for 2 h, after which diazepam (10 mg/kg, ip.) was
administered to terminate seizure activity, and repeated, as
needed. After SE, all animals were observed in the small animal
intensive care units (DW-1, ThermoCare, Paso Robles, CA,
USA) and given 5% dextrose in lactate Ringer solution (5 ml
S.C. after fluids are warmed to normal body temperature).
To prevent drying of eyes, an ocular lubricant was applied.
Animals were continuously monitored and injected with 5%
dextrose in lactate Ringer solution at 4 h interval when
needed. Next day, animals were fed moistened high-fat rodent
chow and apple slices on the floor cage. As controls, age-
matched normal rats were treated with saline instead of
pilocarpine.
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TABLE 1 | Primary antibodies used in the present study.

Antibody Host Manufacturer Dilution used
(catalog number)

GFAP Rabbit Abcam (ab7260) 1:500

GFAP Mouse Millipore (Mab3402) 1:100

LAMP-1 Rabbit Abcam (ab24170) 1:100

Mitochondrial marker Mouse Abcam (ab14705) 1:500

(Mitochondrial complex

IV subunit 1, MTCO1)

pDRP1 S616 Rabbit Cell Signaling (4494) 1:500

pDRP1 S637 Rabbit Cell Signaling (4867) 1:500

Tissue Processing and

Immunohistochemistry

Under urethane anesthesia (1.5 g/kg, ip.), rats were

transcardially perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). After postfixation in the same
fixative for 4 h, brains were infiltrated with 30% sucrose and
sectioned with a cryostat at 30 wm. Sections were incubated
overnight at room temperature in a mixture of primary antisera
(Table 1) in PBS containing 0.3% Triton X-100, and subsequently
in a mixture of FITC- and Cy3-conjugated IgG (Amersham,
NJ, USA). TUNEL staining was also applied according to the
manufacturer’s protocol (Upstate, Lake Placid, NY, USA). For
negative control, the hippocampal tissues obtained from non-SE
and post-SE animals were incubated with pre-immune serum
instead of primary antibody. Images were captured using an
Axiocam HRc camera and AxioVision Rel. 4.8 software or
a confocal laser scanning microscope (LSM 710, Carl Zeiss
Inc., Oberkocken, Germany). Images of each section on the
monitor were captured (15 sections per each animal). After
regions were outlined, areas of interest (500 jwm?/area) were
selected from the stratum radiatum of the CAl field and the
molecular layer of the dentate gyrus. Each image was normalized
by adjusting the black and white range of the image using
AxioVision Rel. 4.8 Software. Fluorescent intensity was then
standardized by setting the threshold levels (mean background
intensity obtained from 5 image input). Fluorescent intensity
values were corrected by subtracting the average values of
background noise (threshold level). Manipulation of the images
was restricted to threshold and brightness adjustments to the
whole image.

Cell Count and Measurement of
Mitochondrial Length

For quantification of immunohistochemical data, images of
each section on the monitor were captured (15 sections per
each animal). After regions were outlined, areas of interest
(1 x 10°wm?) were selected from the stratum radiatum
of the CAl field and the molecular layer of the dentate.
Cells were counted on 20x images using AxioVision Rel.
4.8 Software. Results are presented as means £ S.D. Individual
mitochondrion length in astrocytes (n = 20/section) was also
measured by using AxioVision Rel. 4.8 Software or ZEN lite
(Blue Edition, Carl Zeiss Inc., Oberkocken, Germany) software

following 3D-reconstruction (Figure 2A). Cell counts and
measurement of mitochondrial length were performed by two
different investigators who were blind to the classification of
tissues.

Data Analysis

All data obtained from the quantitative measurements were
analyzed using one-way ANOVA to determine statistical
significance. Bonferroni’s test was used for post hoc comparisons.
A p-value below 0.05 was considered statistically significant.

RESULTS

Regional Specific Astroglial Death
Induced by SE

In the present study, all negative controls for
immunohistochemistry  resulted in the absence of
immunoreactivity in any structures (data not shown).

First, we confirmed the regional specific vulnerability of
astrocytes to SE insults. Consistent with our previous
studies (Kang et al., 2006; Kim et al, 2010b, 2011), SE
induced massive astroglial apoptosis in the molecular
layer of the dentate gyrus in the present study. Briefly,
32 and 51% of astrocytes showed TUNEL signals in this
region 3 and 7 days after SE, respectively (Figures 1A,B,E).
Four weeks after SE, reactive astrocytes were detected in
this region (Figures 1A,B,E). In the CAl region, typical
reactive astrogliosis was observed at 3 and 7 days after SE
(Figures 1C,D,F). Four weeks after SE, 13% of CA1 astrocytes
showed typical clasmatodendrosis, which had round-shaped
edematous cell body, short blunt processes, loss of distal
processes, GFAP aggregation, nuclear dissolution (absence of
nucleus or watery pale nuclear staining) and LAMP-1 positive
lysosomes (Figures 1C,D,F). These findings indicate that
SE may lead to the regional specific astroglial death in the
hippocampus.

Regional Specific Mitochondrial Dynamics

in Astrocytes Following SE

To investigate whether mitochondrial dynamics are relevant
to SE-induced astroglial death, we analyzed the mitochondrial
length in astrocytes. In the molecular layer of the dentate gyrus of
non-SE animals, mitochondrial length was ~1 pm in astrocytes
(Figures 2B, 3A,B). Three days after SE, mitochondrial
length was reduced to <0.2 wm in astrocytes (p < 0.05
vs. non-SE animals, Figures 2B, 3A,B). Four weeks after
SE, mitochondrial length was increased to 1.64 pm and the
morphology of mitochondria was sphere shaped in reactive
astrocytes (sphere formation, p < 0.05 vs. non-SE animals,
Figures 3A,B).

In the CA1 region of non-SE animals, mitochondrial length
was ~1 pm in astrocytes (Figures 4A,B). Three days after
SE, mitochondria were elongated to 1.69 pm and showed
sphere formation in astrocytes (p < 0.05 vs. non-SE animals,
Figures 4A,B). Four weeks after SE, mitochondrial length
(1.87 pm) and sphere formation were increased in reactive
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FIGURE 1 | Regional specific astroglial death in the hippocampus following status epilepticus (SE). (A) Astroglial responses in the molecular layer of the
dentate gyrus. Massive astroglial loss is observed in this region 3 days and 1 week after SE. (B) TUNEL-positive apoptosis in the molecular layer of the dentate gyrus
3 days after SE. (C) Astroglial responses in the CA1 region following SE. (D) LAMP1-positive clasmatodendrosis (round-shaped edematous cell body, short blunt
processes, loss of distal processes, GFAP aggregation, nuclear dissolution and LAMP-1 positive vacuolization) in this region 4 weeks after SE. Bar = 100 (A,C) and
25 um (B,D). (E) Quantification of the fraction of TUNEL-positive astrocytes in the total astrocytes within the molecular layer of the dentate gyrus following SE

(mean £ SD, n = 7, respectively). *p < 0.05 vs. non-SE animals. (F) Quantification of the fraction of LAMP1-positive astrocytes in the total astrocytes within the CA1
region following SE (mean + SD, n = 7, respectively). *p < 0.05 vs. non-SE animals.

astrocytes (p < 0.05 vs. non-SE animals, Figures 2B, 4A,B). In  Effects of Mdivi-1 and WY14643 on
clasmatodendritic astrocytes, mitochondrial length was 2.28 um Regional Specific Astroglial

(p < 0.05 vs. non-SE animals, Figures 2B, 4A,B). These findings Responses to SE

indicate that the differential patterns of mitochondrial dynamics To directly address the issue of whether the mitochondrial

Ln a;fEbe relevant to regional specific astroglial death induced dynamics influence on the regional specific astroglial death
y SE.
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FIGURE 2 | 3D-reconstruction of mitochondria in astrocytes within the hippocampus. (A) Representative image demonstrating the measurement of
mitochondrial length. L, mitochondrial length (long axis). (B) Representative photos of 3D-reconstruction of mitochondria in astrocytes within the CA1 region and the
dentate gyrus. Panels 1-3 are merge images for GFAP, mitochondrial marker and DAPI. Panel 4 demonstrates only image for mitochondrial marker. Panels ¢2,3 and
c2’,3” indicate reactive astrocytes and clasmatodendritic astrocytes, respectively. Panels 2,3 are high magnification images for rectangles in panels 1-3. Bar = 30
(panel 1), 7.5 (panel 2) and 3.75 (panels 3,4) pm.

in response to SE, we investigated the effect of Mdivi-1 In the molecular layer of the dentate gyrus, Mdivi-1 increased
(an inhibitor of mitochondrial fission) and WY14643 (an  mitochondrial length (2.93 pm), but WY14643 reduced it
enhancer of mitochondrial fission; Lundgren et al, 1990;  (0.62 wm) in astrocytes of non-SE animals, as compared to
Zolezzi et al, 2013) on astroglial mitochondrial dynamics  vehicle (1 pm; p < 0.05 vs. vehicle; Figures 5A,B). Mdivi-1
within the molecular layer of the dentate gyrus and the CAl  effectively attenuated SE-induced reduction of mitochondrial
region. length (1.62 pm) in astrocytes, as compared to vehicle (0.2 pm;

(5]
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FIGURE 3 | Changes in mitochondrial morphology in astrocytes within the molecular layer of the dentate gyrus. (A) As compared to non-SE animals,
mitochondrial length is reduced 3 days after SE. Four weeks after SE, mitochondria are elongated and the morphology of mitochondria is sphere shaped in reactive
astrocytes. Bar = 3.75 um. (B) Quantitative values (mean + SEM) of mitochondrial length in the molecular layer of the dentate gyrus (n = 7, respectively). *p < 0.05
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p < 0.05 vs. vehicle; Figures 5A,B). In Mdivi-1 infused animals,
furthermore, astrocytes had unevenly thick processes, and
hypertrophic and edematous cell bodies without vacuolization.
In contrast, WY14643 did not affect SE-induced reduction of
mitochondrial length in astrocytes (0.1 pm) as compared to
vehicle (0.2 um; Figures 5A,B). Furthermore, Mdivi-1 effectively
alleviated SE-induced astroglial death in the molecular layer
of the dentate gyrus (p < 0.05 vs. vehicle, Figures 6A,B),
although neither Mdivi-1 nor WY14643 induced astroglial

death in non-SE animals (Figures 6A,B). In contrast, WY 14643
aggravated SE-induced astroglial death in this region (p < 0.05
vs. vehicle, Figures 6A,B). These findings indicate that excessive
mitochondrial fission may elicit SE-induced apoptotic astroglial
death with the molecular layer of the dentate gyrus.

In the CAI region, Mdivi-1 increased mitochondrial length
(2.97 pm), but WY14643 decreased it in astrocytes of non-SE
animals (0.59 pm; p < 0.05 vs. vehicle; Figures 7A,B).
Although Mdivi-1 did not affect SE-induced mitochondrial
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FIGURE 4 | Change in mitochondrial morphology in astrocytes within the CA1 region. (A) As compared to non-SE animals, mitochondrial length is increased
3 days after SE. Four weeks after SE, mitochondrial length is increased and the morphology of mitochondria is sphere shaped in reactive astrocytes as well as
clasmatodendritic astrocytes. Bar = 3.75 pm. (B) Quantitative values (mean + SEM) of mitochondrial length in the CA1 region (n = 7, respectively). *p < 0.05 vs.

non-SE animals.

elongation (2.49 pm), WY 14643 effectively inhibited SE-induced
elongation in astrocytes (1.21 pm) as compared to vehicle
(1.71 wm; p < 0.05 vs. vehicle; Figures 7A,B). In vehicle- and
WY14643-treated animals, astrocytes showed typical reactive

gliosis (hypertrophy of cell bodies and processes) without
vacuolization (p < 0.05 vs. vehicle; Figures 7A,B). In
Mdivi-1-treated animals, astrocytes had round-shaped cell
body, short blunt processes and vacuoles in the cytoplasm
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FIGURE 5 | Effects of Mdivi-1 and WY14643 on the mitochondrial length in astrocytes within the molecular layer of the dentate gyrus 3 days after SE.
(A) In non-SE animals, Mdivi-1 increases mitochondrial length, but WY 14643 reduces it in astrocytes as compared to vehicle. Following SE, Mdivi-1 effectively
attenuates reduction of mitochondrial length and induces hypertrophic and edematous changes in astrocytes without vacuolization. WY 14643 does not affect
reduction of mitochondrial length in astrocytes. Bar = 3.75 pm. (B) Quantitative values (mean + SEM) of mitochondrial length in the molecular layer of the dentate
gyrus (n = 7, respectively). *p < 0.05 vs. non-SE animals; *p < 0.05 vs. vehicle.

(p < 0.05 vs. vehicle; Figures 7A,B). Therefore, these findings  not affect the number of astrocytes in the CA1 region following
demonstrate that abnormal mitochondrial elongation may SE (Figures 6A,C). However, Mdivi-1 infusion inhibited
accelerate clasmatodendrosis. Both Mdivi-1 and WY14643 did  astroglial Ki-67 induction in this region (Figure 8; p < 0.05 vs.
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FIGURE 6 | Effects of Mdivi-1 and WY14643 on the regional specific astroglial death in response to SE. (A) As compared to vehicle, Mdivi-1 effectively
alleviates SE-induced astroglial death in the molecular layer of the dentate gyrus. In contrast, WY 14643 aggravates SE-induced astroglial death in this region. Both
Mdivi-1 and WY 14643 did not affect the number of astrocytes in the CA1 region following SE. Bar = 6.25 um.(B) Quantitative values (mean + SEM) of the number of
astrocytes in the molecular layer of the dentate gyrus (n = 7, respectively). *o < 0.05 vs. non-SE animals; o < 0.05 vs. vehicle. (C) Quantitative values
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vehicle). In contrast, WY 14643 infusion increased the number
of Ki-67 positive astrocytes in the CAl region (Figure 8;
p < 0.05 vs. vehicle). These findings indicate that mitochondrial
fission may be required for in situ proliferation of astrocytes
in the CAI region. Taken together, our findings suggest that
the mitochondrial dynamics may play an important role in
determining the cell death patterns as well as reactive gliosis of
astrocytes in the CA1 region following SE.

Regional Specific Astroglial DRP1
Phosphorylation in the Hippocampus

The remaining question is what kinds of mitochondrial
dynamics-associated proteins are involved in SE-induced

astroglial death. Since OPAL is required for mitochondria fusion
(Chen et al., 2003; Rambold et al.,, 2011), we investigated the
alteration in OPA1 expression in astrocytes following SE. In
non-SE animals, OPA1 expression was clearly observed in CA1
astrocytes, while its expression was predominantly detected in
neuropils within the molecular layer of the dentate gyrus. SE
did not affect OPA1 expression in astrocytes with both regions,
whereas OPA1 expression was reduced in clasmatodendritic
astrocytes (Figure 9).

Unlike OPAIl, DRP1 plays an important role in the
modulation of mitochondrial fission (Smirnova et al,
2001), and involves various neurological diseases (DuBoff
et al, 2012; Kim et al., 2014a). Mitochondrial dynamics are
reversely regulated by DRP1 phosphorylation sites: DRP1-S616
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mitochondrial length, but WY14643 reduces it in astrocytes as compared to vehicle. Following SE, Mdivi-1 does not affect mitochondrial elongation, while WY14643
effectively inhibits it. CA1 astrocytes have round-shaped cell body, short blunt processes and vacuoles in the cytoplasm in Mdivi-1-treated animals, while CA1
astrocytes show typical reactive gliosis without vacuolization in vehicle- and WY14643-treated animals. Bar = 3.75 um. (B) Quantitative values (mean + SEM) of
mitochondrial length in the molecular layer of the dentate gyrus (n = 7, respectively).*p < 0.05 vs. non-SE animals; *p < 0.05 vs. vehicle.

phosphorylation activates mitochondrial fission, but DRP1-S637  mitochondrial dynamics (Kim et al., 2014a). To elucidate the
phosphorylation inhibits fission (Kashatus et al,, 2011; Wang  relationship between mitochondrial dynamics and astroglial
et al., 2012). Therefore, DRP1 S616/S637 phosphorylation ratio  responses to SE, we analyzed the ratio of phospho-DRP1
is one of the indicatives for the capacity of DRP1-mediated  (pDRP1) fluorescent intensities. In non-SE animals, the
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pDRP1-S616/pDRP1-S637 ratio in astrocytes was 2.63 within
the molecular layer of the dentate gyrus (Figures 10A-C).
In contrast, the pDRP1-S616/pDRP1-S637 ratio in astrocytes
was 5.56 within the CAl region (Figures 11A-C). These
findings indicate that the potentials of mitochondrial fission
in the CAl region may be higher than that in the dentate
gyrus.

Three days after SE, pDRP1-S616 intensity was increased
to 1.89-fold of non-SE level, while pDRP1-S637 intensity was

reduced to 0.66-fold of non-SE level in the molecular layer of the
dentate gyrus (p < 0.05 vs. non-SE, Figures 10A,B). Therefore,
pDRP1-S616/pDRP1-S637 ratio in astrocytes was increased to
7.56 (Figure 10C). In the CA1 region, pDRP1-S616 intensity
was unaltered as compared to non-SE animals. However,
pDRP1-S637/GFAP intensity was increased to 3.44-fold of
non-SE level at 4 weeks after SE, respectively (p < 0.05 vs.
non-SE, Figures 11A,B). Thus, pDRP1-S616/pDRP1-S637 ratio
in astrocytes was reduced to 1.58 at 3 days after SE (p < 0.05
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FIGURE 9 | Astroglial optic atrophy 1 (OPA1) expression in the hippocampus following SE. (A) Double immunofluorescent images for GFAP and OPA1
following SE. In non-SE animals, OPA1 expression is clearly observed in CA1 astrocytes, while its expression is mainly detected in neuropils within the molecular
layer of the dentate gyrus. As compared to non-SE animals, OPA1 expression is reduced in clasmatodendritic astrocytes, but not in reactive astrocytes.

Bar = 6.25 um. (B,C) Quantitative values (mean + SEM) of OPA1 expression in the CA1 region (B) and the molecular layer of the dentate gyrus (C) (n =7,
respectively). *p < 0.05 vs. non-SE animals.

vs. non-SE, Figure 11C). These findings indicate that the Four weeks after SE, pDRP1-S616/pDRP1-S637 ratio was
potentials of DRP1-mediated mitochondrial fission in astrocytes  declined to 1.66 in the molecular layer of the dentate
may be increased in the molecular layer of the dentate gyrus, but  gyrus (p < 0.05 vs. non-SE, Figure 10C), since pPDRP1-S616 was
be decreased in the CA1 region at 3 days after SE. 1.23-fold of non-SE level (p < 0.05 vs. non-SE, Figures 10A,B)
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and pDRP1-S637 intensity was enhanced to 1.95-fold of non-SE  non-SE, Figures 11A,B). Thus, pDRP1-S616/pDRP1-S637 ratio
level (p < 0.05 vs. non-SE, Figures 10A,B). In the CAl in astrocytes was reduced to 1.03 at 4 weeks after SE, respectively
region, pDRP1-S637 intensity was increased to 5.22-fold of (p < 0.05 vs. non-SE, Figure 11C). These findings suggest
non-SE level at 4 weeks after SE, respectively (p < 0.05 vs.  that SE may induce the prolonged reduction in the capacity

-
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FIGURE 11 | Astroglial DRP1 phosphorylation in the CA1 region following SE. (A) Double immunofluorescent images for GFAP and pDRP1-S616/-S637
following SE. Three days after SE, both pDRP1-S616 and pDRP1-S637 intensities are enhanced as compared to non-SE animals. Four weeks after SE,
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of DRP1-mediated mitochondrial dynamics in CAl astrocytes,  phosphorylation ratio in astrocytes may represent the differential
unlike astrocytes in the molecular layer of the dentate gyrus.  properties of astrocytes, and may play an important role in the
Therefore, it is likely that the distinctive DRP1 S616/S637  determination of SE-induced astroglial cell death patterns.
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DISCUSSION

Astrocytes regulate the functions the blood-brain barrier,
synaptic transmission and energy metabolism in the brain
(Anderson and Swanson, 2000; Ransom et al., 2003). Following
brain insults, reactive astrogliosis represents upregulated GFAP
expression, astroglial hypertrophy, proliferation, and glial scar
formation (Bordey and Sontheimer, 1998; Mathern et al,
1998). Therefore, astrocytes are considered to be resistant
to various harmful stresses. However, Revuelta et al. (2005)
reported astroglial death in the CA1 region after kainic acid
administration. Astroglial apoptosis (Kang et al., 2006) and
autophagic astroglial death (clasmatodendrosis; Kim et al., 2008,
2009; Ryu et al, 2011a) are also detected in the molecular
layer of the dentate gyrus and the stratum radiatum of
the CAl region, respectively (Kim et al, 2008, 2009; Ryu
et al, 201la). Since SE induces hypotension, hyperpyrexia,
hypoglycemia, acidosis and hypoxia (Turski et al., 1989; Walker
et al., 2002), regional specific astroglial death would be simply
interpreted as the results from impaired cellular metabolism
induced by altered hemodynamics during SE. However, regional-
specific astroglial death in response to SE is independent of
hemodynamics, because astroglial responses in ex vivo study
using brain slices are similar to those in in vivo model
(Kim et al., 2014a). Therefore, it is noteworthy to elucidate
the differential properties of astrocytes in the distinct regions
in an effort to understand the role of astrocytes in various
neurological diseases. Youle and Karbowski (2005) reported
that excessive mitochondrial fission induces the execution of
apoptosis. In addition, the interference of the mitochondrial
fission inhibits apoptosis and evokes delayed cell death (Youle
and Karbowski, 2005; Cassidy-Stone et al., 2008). Destabilization
of DRP1 by mutant ubiquitin also enhances the mitochondrial
fusion and the resistance to oxidative stress in astrocytes (Yim
et al., 2014). Therefore, inhibition of mitochondrial fission
would be considered beneficial for mitochondrial function.
However, impaired mitochondrial fission also evokes a decrease
in mitochondrial bioenergetics (Parone et al., 2008; DuBoff
et al.,, 2012). Although mitochondrial elongation represents a
mechanism for compensating a failure in energy production,
elongated mitochondria can only transiently sustain cell
metabolism (Rolland et al., 2013). In addition, DRP1 deletion
impairs mitochondrial functions due to oxidative stress that
leads to further aggravation of mitochondrial damage via
elevated synthesis of reactive oxygen species (Parone et al,
2008; Kageyama et al., 2012), which can activate autophagic
cell death (Chen et al, 2007; Lin et al, 2014). In the
present study, SE induced mitochondrial elongation and
clasmatodendritic astroglial degeneration by reduction in DRP1
$616/5637 phosphorylation ratio in CA1l astrocytes. In contrast
to the CAl region, SE resulted in mitochondrial fission
and apoptotic astroglial death by increased DRP1 S616/S637
phosphorylation ratio in the dentate gyrus. As compared
to non-SE animals, OPA1l expression in astrocytes was
unaltered following SE, although its expression was declined
in clasmatodendritic (dying) astrocytes. Furthermore, Mdivi-
1 significantly deteriorated mitochondrial elongation and

clasmatodendrosis-like event in CA1l astrocytes. Mdivi-1 also
prevented SE-induced apoptotic astroglial death in the dentate
gyrus, while WY14643 aggravated it. These findings indicate
that blockade of excessive mitochondrial fission may prevent
astroglial apoptosis, but the sustained inhibition may result
in astroglial dysfunction and ultimately autophagic death in
astrocytes. Therefore, our data propose that DRP1-mediated
mitochondrial dynamics may be a double-edge sword in SE-
induced astroglial death.

Clasmatodendrosis is an irreversible astroglial damage
reported by Alzheimer in 1910, which includes extensive
swelling and vacuolization of cell bodies and disintegrated
and beaded processes, and termed “clasmatodendrosis” by
Cajal. In addition, the degeneration of CAl astrocytes is
observed in various models for neurological diseases (Tomimoto
et al., 1997; Deloncle et al, 2001; Sugawara et al., 2002;
Revuelta et al., 2005; Kim et al., 2008), which is characterized
by TUNEL negative hypertrophy and vacuolization. This
vacuolized astroglial degeneration would be considered
as coagulative necrotic changes (Sugawara et al, 2002).
However, we discovered that vacuoles in clasmatodendritic
astrocytes showed LAMP-1 immunoreactivity, and both
LC3-II and Beclin-1 expression were detected in most of
clasmatodendritic astrocytes (Ryu et al, 201la). Therefore,
we have reported that clasmatodendrosis may be autophagic
astroglial death. Although the exact mechanism has been
unknown, clasmatodendrosis is exclusively observed in the CA1
region following ischemic insults or excitotoxic injury (Dihné
et al,, 2001; Sugawara et al.,, 2002). Thus, some investigators
speculate that clasmatodendrosis is relevant to astroglial
dysfunction due to energy failure and acidosis coupled to
mitochondrial inhibition (Friede and van Houten, 1961;
Kraig and Chesler, 1990; Hulse et al., 2001). Based on these
previous studies, our findings provide the possibility that
clasmatodendrosis may be closely related to mitochondrial
dysfunction due to prolonged impairment of mitochondrial
fission.

It is well known that the vulnerability of neurons to
insults is not uniform in the hippocampus, but is heterogeneous
among the various brain regions. Briefly, dentate granule cells
are remarkably resistant to neuronal damage caused by most
insults. Conversely, the CA1 and CA3 neurons as well as hilar
neurons are extremely vulnerable to various harmful stimuli
(Greene et al., 2009). However, the reason or mechanism of
these differential vulnerability of hippocampal neurons is still
unknown. Aforementioned, increasing evidence supports that
SE leads to devastating astroglial death that is characterized
by regional-specific patterns, since Schmidt-Kastner and Ingvar
(1994, 1996) described regional-specific astroglial damage in the
brain after SE. Similar to the case of hippocampal neurons,
the molecular events underlying the occurrence of regional-
specific astroglial death are unclear. At first, we hypothesized
that the differential astrocyte physiology between CAl and
dentate gyrus would be most likely because of the distinctive
hemodynamic characteristics between the dentate gyrus and
the hippocampus in vivo. However, astroglial response to
pilocarpine in ex vivo model is similar to that in in vivo model
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(Kim et al., 2014a). These findings indicate that the regional-
specific pattern of astroglial responses may be hemodynamic-
independent phenomena. Therefore, we conclude that regional-
specific astroglial responses to SE may be consequences from
the differential astroglial profiles per se. In the present study,
the morphology of mitochondria was conserved between CA1
astrocytes and astrocytes within the molecular layer of the
dentate gyrus. However, DRP1 S616/S637 phosphorylation ratio
in CAl astrocytes was higher than in the molecular layer of
the dentate gyrus. These findings indicate the higher potentials
of mitochondrial fission and DRP1 activity in CA1l astrocytes
than in astrocytes within the dentate gyrus. Interestingly, the
present data also demonstrates that SE elongated mitochondrial
length in CAl astrocytes via increase in pDRP1-S637 level,
while it increased mitochondrial fission due to enhancement
of pDRP1-S616, and concomitantly resulted in astroglial death
in the dentate gyrus. Therefore, it is likely that the distinctive
DRP1 S616/S637 phosphorylation ratio in naive astrocytes
may represent the differential properties of astrocytes, and
may play an important role in the proper maintenance of
mitochondrial dynamics in response to mitochondrial division-
inducing events.

The present data cannot directly address the mechanism by
which SE affects mitochondrial dynamics in astrocytes. Horn
et al. (2011) reported that DRP1 activity drops when cells
enter G1 phase, and subsequently gradually increases after G1/S
arrest. Furthermore, mitotic mitochondrial fission depends on
DRP1 S616 phosphorylation by cyclin B/cyclin-dependent kinase
1 (Kashatus et al., 2011). In the present study, unexpectedly,
Mdivi-1 inhibited astroglial Ki-67 induction, whereas WY 14643
increased the number of Ki-67 positive astrocytes following SE.
Therefore, it is presumable that mitochondrial dynamics and
cell-cycle related events may be reciprocally regulated by each
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