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A mitochondrial division inhibitor, 
Mdivi-1, inhibits mitochondrial fragmentation 
and attenuates kainic acid-induced 
hippocampal cell death
Hwajin Kim1*, Jong Youl Lee1, Keon Jae Park2, Won-Ho Kim2 and Gu Seob Roh1*

Abstract 

Background: Kainic acid (KA)-induced excitotoxicity promotes cytoplasmic calcium accumulation, oxidative stress, 

and apoptotic signaling, leading to hippocampal neuronal death. Mitochondria play a critical role in neuroinflamma-

tion and the oxidative stress response. Mitochondrial morphology is disrupted during KA-induced seizures; however, 

it is not clear whether mitochondrial fission or fusion factors are involved in KA-induced neuronal death.

Results: We investigated the effect of Mdivi-1, a chemical inhibitor of the mitochondrial fission protein Drp1, on 

mitochondrial morphology and function in KA-injected mice. Mdivi-1 pretreatment significantly reduced seizure 

activity and increased survival rates of KA-treated mice. Mdivi-1 was protective against mitochondrial morphologi-

cal disruption, and it reduced levels of phosphorylated Drp1 (Ser616) and Parkin recruitment to mitochondria. By 

contrast, levels of mitochondrial fusion factors did not change. Mdivi-1 also reduced KA-induced neuroinflammation 

and glial activation.

Conclusions: We conclude that inhibition of mitochondrial fission attenuates Parkin-mediated mitochondrial degra-

dation and protects from KA-induced hippocampal neuronal cell death.

Keywords: Drp1, Mitochondrial fission, Neuroinflammation, Neuronal cell death

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Kainic acid (KA) is a powerful neurotoxic analog of glu-

tamate that induces excitotoxic neuronal death in the 

hippocampus [1, 2] through the accumulation of multi-

ple cellular stress responses [3]. Mitochondria are cellular 

organelles that play a crucial role in ATP energy produc-

tion, calcium homeostasis, and inflammation in the cen-

tral nervous system. Mitochondrial dysfunction is found 

in many neurodegenerative diseases, and pathology is 

related to mitochondrial calcium overload, synaptic 

energy failure, inflammation, and oxidative stress [4, 5]. 

Mitochondrial dysfunction and structural damage have 

also been reported in epileptic seizures in humans and 

animal models [6–8].

Mitochondria are highly dynamic structures that con-

sistently change in size and shape. Mitochondrial fission 

segregates dysfunctional mitochondria for degradation, 

and fusion results in the sharing of newly synthesized 

RNA and proteins with pre-existing mitochondria to 

maintain healthy mitochondrial pools [9]. In neurons, 

mitochondrial fission facilitates movement of mito-

chondria to distal axons to supply ATP energy for 

proper synaptic function and prevents neuronal atrophy 

[10].

Balancing the processes of fission and fusion con-

trols the overall morphology and function of mito-

chondria, and numerous proteins that regulate fission 

and fusion have been reported [11]. Dynamin-related 
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protein 1 (Drp1) is a central mitochondrial fission 

protein, recruited to fission sites on the outer mito-

chondrial membrane. Loss of Drp1 has been shown 

to deplete axonal mitochondria, which is followed by 

axonal energy failure and neuronal death [12]. When 

mitochondria are damaged, their membrane potential 

is reduced and Drp1-mediated fission and apoptotic 

signals are stimulated [13]. Mitochondrial division 

inhibitor-1 (Mdivi-1) was identified during chemical 

screening for mitochondrial division inhibitors; it selec-

tively inhibits Drp1 function by inhibiting Drp1 self-

assembly [14]. Parkin, a ubiquitin-protein ligase, has 

been shown to regulate mitochondrial morphology, and 

loss-of-function Parkin mutations produce enlarged or 

swollen mitochondria with suppressed Drp1-mediated 

fission [15].

In this study, we investigated Drp1 function during KA-

induced excitotoxicity by using Mdivi-1 and suggest that 

inhibiting excessive mitochondrial fragmentation may 

have therapeutic benefit by protecting against neuronal 

death. We showed that Mdivi-1 significantly reduced sei-

zure activity and increased survival of KA-treated mice. 

By reducing Parkin-mediated mitochondrial degradation, 

Mdivi-1 may protect against mitochondrial functional 

failure and neuronal death.

Results
Mdivi-1 reduces seizure activity and increases survival 

of mice with KA-induced seizures

To determine whether Mdivi-1 has an effect on KA-

induced seizures and survival, we monitored seizure 

activity and survival rates for 2  h after KA injection 

(Fig.  1a, b). KA-treated (KA) mice and Mdivi-1-treated 

(KA  +  M) mice showed different distributions in the 

frequency of behavioral seizure scores after KA injec-

tion (P  <  0.05, Fig.  1a); the Chi square calculated value 

(χ2  =  106.41) was greater than the Chi square criti-

cal value (χ2* =  12.59) for P =  0.05. Mdivi-1 treatment 

reduced the frequency of seizure scores above 3 in KA-

injected mice. �e frequency of seizure scores 4–6 was 

0.33 in the KA mice, whereas the frequency was 0.095 in 

the KA + M mice (P < 0.05). �e mortality rate was 35 % 

(n =  7/20) in the KA mice and 12  % (n =  2/17) in the 

KA + M mice after KA injection (Fig. 1b). �ese results 

thus showed that Mdivi-1 reduces seizure activity and 

mortality in a mouse model of KA-induced seizures.

Mdivi-1 attenuates neuronal cell death in the hippocampus 

after KA treatment

We subsequently used cresyl violet staining to examine 

whether Mdivi-1 protects KA mice from seizure-induced 

Fig. 1 Mdivi-1 effects on KA-induced seizure activity, percent survival, and neuronal cell death. The frequency of behavioral seizure scores (a) and 

percent survival (b) were monitored during the first 2 h after KA treatment (P < 0.05 KA versus KA + M). c Cresyl violet-stained brain sections show-

ing pyramidal neurons in the CA3 regions. The brain sections were prepared at 24 h after KA injection. Scale bar 200 µm
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neuronal death (Fig.  1c). KA mice exhibited significant 

hippocampal cell death; the thickness of pyramidal cells in 

the CA3 region was reduced, typical pyknotic nuclei were 

found, and in some cases, there was a complete loss of 

hippocampal cells (Fig. 1c, Additional file 1: Figure S1A). 

�e number of NeuN-positive cells was counted in the 

CA3 regions of CTL, KA, KA  +  M, and M mice and 

KA mice showed ~60 % cell loss compared to CTL mice 

(Additional file  1: Figure  S1B). However, these changes 

were only partial or significantly reduced in the hip-

pocampus of KA + M mice. �ese results thereby showed 

that Mdivi-1 attenuates KA-induced neuronal cell death.

Mdivi-1 protects mitochondrial morphology in the 

hippocampus after KA treatment

Since Mdivi-1 is a mitochondrial fission inhibitor by 

regulating Drp1, we examined whether Mdivi-1 pretreat-

ment protects neuronal death by affecting mitochondrial 

morphology in KA mice. Electron microscopy showed 

that KA induced significant changes in mitochondrial 

size and cristae structure (Fig.  2). In KA-injected mice, 

the number of mitochondria was significantly reduced 

and the area and perimeter were heterogeneous- some 

larger mitochondria had fragmented or completely 

absent cristae structure; these changes were attenuated 

by Mdivi-1 treatment (Additional file 1: Figure S2).

To examine whether Mdivi-1 pretreatment changed 

Drp1 activity, the phosphorylation of Drp1 (p-Drp1) 

at Ser616, which is known to stimulate fission after 

phosphorylation [16], was assessed by Western blot 

and immunofluorescence staining analysis (Fig.  3). �e 

expression of p-Drp1 was significantly increased in KA 

mice and reduced in KA + M mice (Fig. 3a). �e inten-

sity of p-Drp1 immunofluorescence staining in the hip-

pocampal CA3 region was increased (~20 %) in KA mice 

compared to CTL mice and reversed after Mdivi-1 pre-

treatment (Fig.  3b). We also found that KA increased 

the number of p-Drp1 stained GABAergic interneurons 

in the hippocampal CA3 region (Additional file  1: Fig-

ure S3) that may indicate the impaired balance between 

excitation and inhibition in CA1 neuronal circuitry [17]. 

�ese results thus suggest that Mdivi-1 may block p-Drp1 

mediated mitochondrial fragmentation and reduce sig-

nificant principal neuronal loss after KA and further alter 

GABAergic inhibitory interneurons.

�e balance between mitochondrial fusion and fission 

is also regulated by the activity of fusion proteins. Optic 

atrophy 1 (Opa1) and mitofusin (Mfn) are localized to the 

inner and outer membranes of the mitochondria, respec-

tively, and both are required for fusion [11]. �us, we 

examined whether the expression of Opa1 and Mfn2 was 

altered in KA mice. Western blot analysis showed that 

Opa1 and Mfn2 levels were similar among the groups of 

mice (Additional file 1: Figure S4A, B). In addition, there 

was no change in the expression of cyclophilin D (CypD), 

a matrix protein that modulates mitochondrial perme-

ability transition pore (MPTP) opening (Additional file 1: 

Figure S4C). �ese results thereby suggest that Mdivi-1 

regulates mitochondrial fission mainly by regulating 

Drp1 activity through reduced Ser616 phosphorylation 

to protect hippocampal neurons from KA-induced mito-

chondrial degradation and neuronal death.

E�ect of Mdivi-1 on Parkin and Hsp72 expression in the 

hippocampus after KA treatment

To examine the effect of Mdivi-1 on Parkin recruitment to 

the mitochondria of KA mice, we performed Western blot 

analysis. Parkin is normally localized in the cytoplasm and 

selectively recruited to impaired mitochondria where it 

promotes mitochondrial degradation [18]. To examine the 

subcellular localization of Parkin, cytoplasmic and mito-

chondrial fractions were isolated and Parkin levels were 

examined (Fig.  4a). Mitochondrial Parkin was induced 

by KA and significantly decreased by Mdivi-1 pretreat-

ment. Next, we examined the mitochondrial expression 

of heat shock protein 72 (Hsp72), which is a stress sensor 

that translocates to damaged mitochondria and regulates 

Parkin-mediated mitophagy [19]. Mitochondrial Hsp72 

expression was significantly induced in KA mice, and 

Mdivi-1 treatment reduced Hsp72 levels (Fig. 4b).

E�ects of Mdivi-1 treatment on hippocampal Cox-2 

and Iba-1 expression

To evaluate whether Mdivi-1 treatment protects the hip-

pocampus from KA-induced neuronal and glial inflam-

mation, we examined expression of Cox-2 and Iba-1 

in control (CTL), KA, and KA  +  M mice (Fig.  5). �e 

expression of Cox-2 was dramatically increased in the 

hippocampal CA3 region of KA mice compared to the 

expression in CTL mice, and Mdivi-1 pretreatment 

reduced neuronal Cox-2 expression (Fig.  5a). Moreover, 

we examined microglial activation by Iba-1 expression 

in the hippocampus of CTL, KA, and KA + M mice. KA 

induced morphological changes in immune-responsive 

microglial cells and increased the number of activated 

microglial cells and the Iba-1 expression levels, which 

were significantly reduced by Mdivi-1 treatment (Fig. 5b, 

Additional file  1: Figure S5). �ese results suggest that 

Mdivi-1 protects the hippocampus from KA-induced 

inflammation by inhibiting mitochondrial fragmentation 

and subsequent dysfunction.

Discussion
�e present study showed that Mdivi-1 pretreatment 

attenuates seizure activity and prevents KA-induced 

hippocampal cell death by reducing mitochondrial 
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morphological changes, mitochondrial fission, and Par-

kin-mediated degradation. We hypothesized that KA-

induced excitotoxicity increases mitochondrial fission, 

leading to hippocampal neuronal death. We treated mice 

with a low dose of Mdivi-1 before KA injection to exam-

ine whether Mdivi-1 exhibited neuroprotective effects by 

modifying the mitochondrial stress response at an early 

stage of seizure pathology, and we demonstrated that 

Mdivi-1 ultimately reduced neuroinflammation and neu-

ronal death in the hippocampus of KA-injected mice.

We first showed that Mdivi-1 pretreatment reduced 

seizure behaviors and increased mouse survival rates 

upon KA injection. Neuronal death in the hippocampal 

CA3 region was also significantly reduced in Mdivi-1 

pretreated KA-injected mice. �ese findings are in 

agreement with previous reports demonstrating that 

Mdivi-1 protects against hippocampal neuronal death 

in pilocarpine-induced seizures in rats [20, 21]. Since 

Mdivi-1 is known to inhibit mitochondrial fission fac-

tor, Drp1, we further examined mitochondrial morphol-

ogy via electron microscopy. �e mitochondrial sizes 

were heterogeneous, and the mitochondrial inner and 

outer membrane structures were severely disrupted, 

suggesting that the mitochondrial membrane potential 

and other buffering functions of the mitochondria were 

impaired. Recently, Drp1 inhibition by Mdivi-1 in trau-

matic and ischemic brain injury was shown to reduce 

morphological and functional changes in mitochondria, 

cell apoptosis, neurological deficits, and brain edema 

[14, 22].

Fig. 2 Mdivi-1 effects on mitochondrial morphology in the mouse hippocampus 24 h after KA injection. Representative electron microscopy 

images showing mitochondrial ultrastructure in the hippocampus of CTL, KA, KA + M, and M mice. Asterisks indicate the mitochondria with dis-

rupted cristae structures. Scale bar 1 µm
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Fig. 3 Mdivi-1 effects on mitochondrial p-Drp1 expression in the mouse hippocampus 24 h after KA injection. a Western blots and quantitative 

protein analysis of p-Drp1, Drp1, and VDAC1 in the hippocampal mitochondrial fractions from CTL, KA, and KA + M mice. Densitometry values were 

normalized to Drp1 and expressed as arbitrary units. Data are shown as mean ± SEM. *P < 0.05 versus CTL. #P < 0.05 versus KA. b Representative 

immunofluorescence images of NeuN, p-Drp1, and overlay in the hippocampus of CTL, KA, and KA + M mice. Scale bar 100 µm

Fig. 4 Mdivi-1 effects on mitochondrial Parkin and Hsp72 expression in the mouse hippocampus 24 h after KA injection. Western blots and quanti-

tative protein analysis of Parkin (a) and Hsp72 (b) in the hippocampal mitochondrial fractions from CTL, KA, and KA + M mice. Densitometry values 

were normalized to VDAC1 and expressed as arbitrary units. Data are shown as mean ± SEM. *P < 0.05 versus CTL. #P < 0.05 versus KA
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Here, we did not examine the chronic effect of Mdivi-1 

at the time longer than 24  h after KA injection. �e 

chronic changes include limbic sclerosis, a massive neu-

rodegeneration and spontaneous recurrent seizure that 

are frequently shown in the developed epilepsy such as 

human temporal lobe epilepsy (TLE). �ese changes are 

often studied at 7–8  weeks after status epilepticus (SE) 

induction (KA injection in our model) [23], in that we 

may study the neuroprotective effect of Mdivi-1 from 

KA-induced chronic changes. In addition, we showed 

only mitochondrial morphological changes by EM 

analysis; however, we expect significant mitochondrial 

functional changes that can be accessed by a variety of 

experimental technologies which were limited in the cur-

rent study. Future study to understand mitochondrial 

functional outcomes of the Mdivi-1 treatment would 

examine the changes in mitochondrial membrane poten-

tial, oxidative stress, calcium levels, ATP production, and 

oxidative phosphorylation.

Mitochondrial fission is controlled in part by the phos-

phorylation of Drp1; when phosphorylated at Ser616, 

Drp1 stimulates mitochondrial fission [16, 24]. We dem-

onstrated that p-Drp1 levels were significantly increased 

in mitochondria isolated from the hippocampus of KA-

injected mice and in co-localized CA3 neurons in KA-

injected mice, whereas Mdivi-1 pretreatment inhibited 

the increase of p-Drp1 expression. Mitochondrial fis-

sion has been previously shown to promote apoptosis by 

increasing mitochondrial outer membrane permeability, 

and Mdivi-1 was shown to block Bax/Bak-dependent 

cytochrome C release from mitochondria [14, 22]. We 

also demonstrated that Parkin recruitment to mitochon-

dria isolated from the hippocampus of KA-injected mice 

was increased, whereas Mdivi-1 inhibited this recruit-

ment. Parkin has been previously shown to be selectively 

recruited to damaged mitochondria with low membrane 

potential, and it plays a role in mediating mitochondrial 

degradation [18]. Our results suggest that Mdivi-1 pre-

vents mitochondrial fission and Parkin-mediated degra-

dation in KA-injected mice.

Hsp72 is a critical regulator of stress-induced Par-

kin-mediated mitochondrial degradation, since Hsp72 

Fig. 5 Mdivi-1 effects on Cox-2 and Iba-1 expression in the mouse hippocampus 24 h after KA injection. Immunohistochemistry of Cox-2 (a) and 

Iba-1 (b) in the hippocampus of CTL, KA, KA + M, and M mice. The CA3 regions are indicated as dotted squares and shown magnified at the right. 

Scale bar 200 µm
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rapidly translocates to depolarized mitochondria prior to 

Parkin recruitment. Furthermore, impaired Parkin action 

in Hsp72 knockout mice has been associated with altered 

mitochondrial morphology and reduced mitochondrial 

function, suggesting that Hsp72 may regulate mitochon-

drial quality control and have therapeutic benefit [19]. In 

our study, we showed that Mdivi-1 inhibited the increase 

of Hsp72 expression in mitochondria isolated from the 

hippocampus of KA-induced seizure mice, suggesting 

that Mdivi-1 prevents Parkin-mediated mitochondrial 

degradation.

Based on our findings, we suggest that inhibition of 

excessive mitochondrial fission induced by KA injection 

may reduce the initial mitochondrial excitotoxic damage 

response and subsequent hippocampal neuronal death. 

Our study was limited to examine the protein expression 

or mitochondrial changes at 24 h after KA injection and 

no data were provided on early time points when we may 

show the causal effect of initial mitochondrial changes on 

KA excitotoxcitiy following neuronal death in the hip-

pocampus. We also examined changes in expression of 

Opa1 and Mfn2, two mitochondrial proteins involved in 

the regulation of mitochondrial fusion, and CypD, which 

modulates opening of MPTP [25, 26]. We observed no 

changes in expression levels for any of these proteins 

upon KA injection or Mdivi-1 pretreatment. �us, we 

assume that the dose of Mdivi-1 administered to KA 

mice in the present study affected mitochondrial fission 

through Drp1 and Parkin-mediated mitophagy, but not 

through other mitochondrial regulatory factors in at least 

the time points we examined.

In a recent study, Mdivi-1 showed a neuroprotec-

tive effect in a mouse model of traumatic brain injury 

(TBI), where Mdivi-1 alleviated TBI-induced behavio-

ral deficits and brain edema, and neuronal death. �e 

underlying mechanism may be associated with reducing 

mitochondrial morphological changes, inhibiting mito-

chondrial fission, cytochrome c release and caspase-3 

activation [27]. In addition, stimulating mitochondrial 

biogenesis by peroxisome proliferator-activated receptor 

gamma coactivator-1α (PGC-1α) was shown to be neu-

roprotective in KA-induced neuronal death by increasing 

anti-apoptotic protein and mitochondrial number and 

function of oxidative phosphorylation [28]. �ese stud-

ies support that normalizing mitochondrial morphology 

and the number, and enhancing mitochondrial func-

tion by Mdivi-1 are beneficial against neurodegenerative 

diseases.

During the study, we found that KA induced p-Drp1 

expression in GABAergic inhibitory neurons and Mdivi-1 

treatment reduced the level. We suggest that the p-Drp1-

mediated mitochondrial dysfunction may alter inhibitory 

GABAergic neural transmission in KA mice and lead to 

chronic seizures by disrupting the balance between exci-

tation and inhibition in CA1 neuronal circuitry [17], 

which may be attenuated by Mdivi-1 treatment.

Conclusions
In the current study, we demonstrate the neuroprotective 

effect of Mdivi-1, which supports the suggestion that cor-

recting mitochondrial morphology may reduce the extent 

of neuroinflammation and neuronal death induced by 

seizures. �e molecular mechanism of Mdivi-1 involves 

attenuating mitochondrial fission through Drp1 and 

Hsp72/Parkin-mediated mitochondrial degradation. 

Mdivi-1 is a promising target for the treatment of sei-

zures, strokes, other neurotoxic and/or ischemic damage, 

as well as neurodegenerative diseases.

Methods
Animals

Male ICR mice (4-weeks old) were purchased from 

KOATECH Co. (Pyeongtaek, South Korea) and main-

tained in the animal facility at Gyeongsang National Uni-

versity (GNU). All animal experiments were approved by 

the Institutional Board of Animal Research at GNU and 

performed in accordance with the National Institutes 

of Health guidelines for laboratory animal care (GNU-

140922-M0046). Mice were individually housed with 

exposure to an alternating 12-h light/dark cycle and were 

provided with water and standard chow ad libitum.

Drug treatment and seizure induction

�e mice were divided randomly into four groups: saline-

injected mice (CTL, n  =  14), KA (Abcam, Cambridge, 

MA, USA)-injected mice (KA, n  =  20), mice injected 

with Mdivi-1 (Sigma-Aldrich, St. Louis, MO, USA) and 

KA (KA + M, n = 17), and mice injected with Mdivi-1 

and saline (M, n  =  8). �e KA  +  M mice received an 

intraperitoneal (i.p.) injection of 20 mg/kg Mdivi-1 emul-

sified in dimethyl sulfoxide (DMSO) twice, at 24  h and 

30  min before the injection of KA [22, 29]. Mice were 

then given an i.p. injection of 30 mg/kg KA emulsified in 

0.9 % normal saline. Control mice received i.p. injections 

of DMSO or saline at the same time. After KA injection, 

the mice were monitored for 2 h for the onset and extent 

of seizure activity. Seizure activity was quantitated using 

a six-point seizure scale, as previously described [30]. 

Only those mice that developed seizures after KA were 

used for further examination. Once a seizure was con-

firmed, the mice in each group were sacrificed at 24  h 

after KA treatment.

Tissue preparation and cresyl violet staining

Mice (CTL, n  =  5; M, n  =  3; KA, n  =  5; KA  +  M, 

n =  5) were anesthetized with zoletil (5  mg/kg; Virbac 



Page 8 of 10Kim et al. BMC Neurosci  (2016) 17:33 

Laboratories, Carros, France), perfused transcardi-

ally with heparinized saline, and their brains were fixed 

using 4 % paraformaldehyde (PFA) in 0.1 M phosphate-

buffered saline (PBS). For regular immunostaining, the 

brains were post-fixed for 6  h in 4  % PFA fixative and 

then sequentially immersed in 0.1  M  PBS containing 

15  % sucrose and PBS containing 30  % sucrose at 4  °C 

until the tissues sank to the bottom of the container. 

After being frozen in OCT compound (Sakura Finetek 

USA Inc., Torrance, CA, USA), the brains were cut into 

40-µm thick coronal sections. �e sections were stained 

with cresyl violet, and visualized with a BX51 micro-

scope (Olympus, Tokyo, Japan). Digital images were 

captured.

Electron microscopy
�e mice (n  =  2 each group) were anesthetized, per-

fused with saline, and fixed using 4  % PFA in 0.1  M 

phosphate buffer (PB). �e brains were sectioned into 

1-mm thick slices, then stored in a mixture of 2.5 % glu-

taraldehyde in 0.1 M PB at 4 °C before further process-

ing, as previously described [31]. Images were obtained 

by a transmission electron microscope (Carl Zeiss, 

LIBRA 120, Oberkochen, Germany) at 120  kV. �e 

morphological properties of mitochondria (area and 

perimeter) were quantified by using Image J (National 

Institutes of Health, Bethesda, MD, USA, http://imageJ.

nih.gov/ij).

Immunohistochemistry

Frozen free-floating brain sections were incubated with 

primary antibodies (Cox-2 from Cayman 160126 and 

Iba-1 from Wako 019-19741) overnight at 4  °C. After 

washing three times with 0.1 M PBS, the sections were 

incubated for 1 h at room temperature with biotinylated 

secondary antibodies. After washing three times with 

0.1 M PBS, the sections were incubated in avidin–bio-

tin-peroxidase complex solution (ABC solution; Vec-

tor Laboratories, Burlingame, CA, USA). �e sections 

were then developed using a DAB (3,3′-diaminoben-

zidine) Peroxidase Substrate Kit (Vector Laboratories, 

Inc., Burlingame, CA, USA), mounted on gelatin-coated 

slides, warm-dried, dehydrated using a gradient of alco-

hol solutions, cleared in xylene, and mounted on cov-

erslips with Permount (Sigma-Aldrich). �e sections 

were visualized with a BX51 microscope (Olympus) 

and digital images were captured. �e intensity of ba-1 

expression was quantified by using Image J (NIH) and 

the number of activated microglial cells that showed 

morphological changes (long branched processes and 

increased cell body) in the CA3 regions was counted in 

4–5 fields per single slice (at the same level) from each 

group.

Immuno�uorescence

For double immunostaining, free-floating sections were 

incubated with primary antibodies (NeuN from Millipore 

MAB377, p-Drp1(Ser616) from Cell Signaling #3455, and 

GABA Rα1 from Santa Cruz: sc-31405) overnight at 4 °C. 

After washing three times with 0.1 M PBS, the sections 

were incubated with Alexa Fluor488- and/or 594-conju-

gated secondary antibodies (Invitrogen Life Technolo-

gies, Carlsbad, CA, USA). Fluorescence was visualized 

with a BX51 microscope (Olympus) and Metamorph 

image analysis (Molecular Devices, Sunnyvale, CA, 

USA) was used. �e number of NeuN-positive cells was 

counted from 3 fields per single slice (at the same level) 

in the CA3 regions of both hippocampi from each group.

Mitochondrial isolation and Western blot analyses

�e mice were anesthetized and their brains (CTL, 

n = 7; M, n = 3; KA, n = 6, KA + M; n = 8) were quickly 

removed from the skull and both hippocampi were dis-

sected and frozen. For mitochondrial isolation, the frozen 

hippocampi were transferred to a microcentrifuge tube 

containing 200 µL of mitochondria buffer (MB: sucrose 

250 mM, KCl 10 mM, MgCl2 5 mM, ethylenediaminetet-

raacetic acid (EDTA) 1 mM, ethylene glycol tetraacetic 

acid (EGTA) 1 mM, HEPES 20 mM) with protease inhibi-

tors (Sigma-Aldrich). Tissues were homogenized and 

centrifuged at 500×g at 4  °C for 5  min, and the super-

natant was transferred to a clean tube. To separate cyto-

solic and mitochondrial fractions, the supernatant was 

centrifuged at 10,000×g at 4 °C for 5 min, and the mito-

chondrial pellet was washed and resuspended in MB. 

�e protein concentration was quantified with the Bio-

Rad protein assay kit (Bio-Rad, Hercules, CA, USA), and 

samples were stored at −80  °C. Proteins were separated 

via sodium dodecyl sulphate polyacrylamide gel electro-

phoresis (SDS-PAGE), followed by electrophoretic trans-

fer onto a polyvinylidene difluoride membrane (PVDF) 

(Millipore, Billerica, MA, USA). Proteins were sub-

jected to immunoblotting with the primary antibodies 

(p-Drp1(Ser616) from Cell Signaling #3455, Parkin from 

Abcam 15954, Hsp72 from Enzo ADI-SPA-812, Opa1 

from BD 612606, Mfn2 from Abcam 56889, CypD from 

�ermo Scientific PA3-022, voltage-dependent anion 

channel 1 (VDAC1) from Abcam 15895, and β-actin 

from Sigma-Aldrich A5441) and visualized with ECL 

substrates (Pierce, Rockford, IL, USA). �e Multi Gauge 

V 3.0 image analysis program (Fujifilm, Tokyo, Japan) was 

used to measure the densitometry of protein bands.

Statistical analyses

Statistical differences among groups of mice treated with 

different types of substances (vehicle, KA, and Mdivi-

1) were determined using one-way analysis of variance 

http://imageJ.nih.gov/ij
http://imageJ.nih.gov/ij
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(ANOVA), followed by Bonferroni post hoc analysis. Stu-

dent’s t test was used when only two groups were com-

pared. For comparison of seizure score data between KA 

and KA + M mice, the Chi square test was used. Statis-

tical analysis was performed using Graphpad prism 5.04 

(La Jolla, CA, USA) and dBSTAT 5.0 (Seoul, Korea). �e 

experiments were repeated three times and the values are 

expressed as mean ± standard error of the mean (SEM). 

A P value <0.05 was considered statistically significant.

Abbreviations

Cox-2: cyclooxygenase-2; CTL: control; CypD: cyclophilin D; EM: electron 

microscopy; GABA: γ-aminobutyric acid; Hsp72: heat shock protein 72; KA: 

kainic acid; Mdivi-1: mitochondrial division inhibitor-1; Mfn: mitofusin; MPTP: 

mitochondrial permeability transition pore; SEM: standard error of mean; 

VDAC1: voltage-dependent anion channel 1.

Authors’ contributions

HK initiated the project; HK, and JYL performed the experiments; KJP and WHK 

participated in the EM analyses; HK, JYL, and GSR discussed the interpretation 

of the data; HK and GSR supervised the study and wrote the manuscript. All 

authors read and approved the final manuscript.

Author details
1 Department of Anatomy and Convergence Medical Science, Institute 

of Health Sciences, Gyeongsang National University School of Medicine, 15, 

816 Beon-gil, Jinju-daero, Jinju, Gyeongnam 660-751, Republic of Korea. 2 Divi-

sion of Metabolic Diseases, Center for Biomedical Sciences, Korea National 

Institute of Health, Osong, Republic of Korea. 

Acknowledgements

The authors would like to thank all participants for their contribution to this 

research.

Competing interests

The authors declare that they have no competing interests.

Availability of data and material

All supporting data are included in the manuscript.

Ethics approval and consent to participate

This study was approved by the Institutional Board of Animal Research at 

Gyeongsang National University (GNU) and follows guidelines outlined 

by the National Institutes of Health guidelines for laboratory animal care 

(GNU-140922-M0046).

Funding

This study was supported by a Grant of the Basic Science Research Program 

through the National Research Foundation (NRF) of Korea (Nos. 2014-0420 

and 2015R1A5A2008833).

Additional �le

Additional �le 1: Figure S1. A crystal violet-stained brain section (A) 

and the number of NeuN-positive cells in the CA3 region of CTL, KA, 

KA+M, and M mice (B). Figure S2. Morphological properties of mito-

chondria in the CA3 regions of CTL, KA, KA+M, and M mice; mitochondrial 

area and perimeter (A) and mitochondrial number/field and percentage 

of deformed mitochondria (B). Figure S3. Immunoflourescence images 

showing the GABA receptor α-1 and p-Drp1 in the CA3 regions (A) and 

the percentage of p-Drp1 and GABA-positive cells (B). Figure S4. Mdivi-1 

effects on mitochondrial OPA1, Mfn2, and CypD expression in the hip-

pocampus 24h after KA injection.  Figure S5. Iba-1 expression levels (A) 

and the number of activated microglial cells (B) in the CA3 regions of CTL, 

KA, KA+M, and M mice. 

Received: 15 December 2015   Accepted: 3 June 2016

References

 1. Korhonen L, Belluardo N, Lindholm D. Regulation of X-chromosome-

linked inhibitor of apoptosis protein in kainic acid-induced neuronal 

death in the rat hippocampus. Mol Cell Neurosci. 2001;17:364–72.

 2. Olney JW, Rhee V, Ho OL. Kainic acid: a powerful neurotoxic analogue of 

glutamate. Brain Res. 1974;77:507–12.

 3. Dong XX, Wang Y, Qin ZH. Molecular mechanisms of excitotoxicity and 

their relevance to pathogenesis of neurodegenerative diseases. Acta 

Pharmacol Sin. 2009;30:379–87.

 4. Filosto M, Scarpelli M, Cotelli MS, Vielmi V, Todeschini A, Gregorelli V, Tonin 

P, Tomelleri G, Padovani A. The role of mitochondria in neurodegenerative 

diseases. J Neurol. 2011;258:1763–74.

 5. Johri A, Beal MF. Mitochondrial dysfunction in neurodegenerative dis-

eases. J Pharmacol Exp Ther. 2012;342:619–30.

 6. Chuang YC, Chang AY, Lin JW, Hsu SP, Chan SH. Mitochondrial dysfunc-

tion and ultrastructural damage in the hippocampus during kainic acid-

induced status epilepticus in the rat. Epilepsia. 2004;45:1202–9.

 7. Kudin AP, Kudina TA, Seyfried J, Vielhaber S, Beck H, Elger CE, Kunz WS. 

Seizure-dependent modulation of mitochondrial oxidative phosphoryla-

tion in rat hippocampus. Eur J Neurosci. 2002;15:1105–14.

 8. Kunz WS, Kudin AP, Vielhaber S, Blumcke I, Zuschratter W, Schramm 

J, Beck H, Elger CE. Mitochondrial complex I deficiency in the epi-

leptic focus of patients with temporal lobe epilepsy. Ann Neurol. 

2000;48:766–73.

 9. Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Sci-

ence. 2012;337:1062–5.

 10. Chen H, Chan DC. Mitochondrial dynamics–fusion, fission, movement, 

and mitophagy–in neurodegenerative diseases. Hum Mol Genet. 

2009;18:R169–76.

 11. Scott I, Youle RJ. Mitochondrial fission and fusion. Essays Biochem. 

2010;47:85–98.

 12. Verstreken P, Ly CV, Venken KJ, Koh TW, Zhou Y, Bellen HJ. Synaptic 

mitochondria are critical for mobilization of reserve pool vesicles at 

Drosophila neuromuscular junctions. Neuron. 2005;47:365–78.

 13. Grohm J, Kim SW, Mamrak U, Tobaben S, Cassidy-Stone A, Nunnari J, Ple-

snila N, Culmsee C. Inhibition of Drp1 provides neuroprotection in vitro 

and in vivo. Cell Death Differ. 2012;19:1446–58.

 14. Cassidy-Stone A, Chipuk JE, Ingerman E, Song C, Yoo C, Kuwana T, Kurth 

MJ, Shaw JT, Hinshaw JE, Green DR, et al. Chemical inhibition of the mito-

chondrial division dynamin reveals its role in Bax/Bak-dependent mito-

chondrial outer membrane permeabilization. Dev Cell. 2008;14:193–204.

 15. Poole AC, Thomas RE, Andrews LA, McBride HM, Whitworth AJ, Pallanck 

LJ. The PINK1/Parkin pathway regulates mitochondrial morphology. Proc 

Natl Acad Sci USA. 2008;105:1638–43.

 16. Qi X, Disatnik MH, Shen N, Sobel RA, Mochly-Rosen D. Aberrant mito-

chondrial fission in neurons induced by protein kinase Cδ under oxida-

tive stress conditions in vivo. Mol Biol Cell. 2011;22:256–65.

 17. Liu YQ, Yu F, Liu WH, He XH, Peng BW. Dysfunction of hippocampal 

interneurons in epilepsy. Neurosci Bull. 2014;30:985–98.

 18. Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively 

to impaired mitochondria and promotes their autophagy. J Cell Biol. 

2008;183:795–803.

 19. Drew BG, Ribas V, Le JA, Henstridge DC, Phun J, Zhou Z, Soleymani T, 

Daraei P, Sitz D, Vergnes L, et al. HSP72 is a mitochondrial stress sensor 

critical for Parkin action, oxidative metabolism, and insulin sensitivity in 

skeletal muscle. Diabetes. 2014;63:1488–505.

 20. Qiu X, Cao L, Yang X, Zhao X, Liu X, Han Y, Xue Y, Jiang H, Chi Z. Role of 

mitochondrial fission in neuronal injury in pilocarpine-induced epileptic 

rats. Neuroscience. 2013;245:157–65.

 21. Xie N, Wang C, Lian Y, Zhang H, Wu C, Zhang Q. A selective inhibitor of 

Drp1, mdivi-1, protects against cell death of hippocampal neurons in 

pilocarpine-induced seizures in rats. Neurosci Lett. 2013;545:64–8.

 22. Zhao YX, Cui M, Chen SF, Dong Q, Liu XY. Amelioration of ischemic mito-

chondrial injury and Bax-dependent outer membrane permeabilization 

by Mdivi-1. CNS Neurosci Ther. 2014;20:528–38.

http://dx.doi.org/10.1186/s12868-016-0270-y


Page 10 of 10Kim et al. BMC Neurosci  (2016) 17:33 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 23. Brandt C, Potschka H, Loscher W, Ebert U. N-methyl-D-aspartate receptor 

blockade after status epilepticus protects against limbic brain damage 

but not against epilepsy in the kainate model of temporal lobe epilepsy. 

Neuroscience. 2003;118:727–40.

 24. Knott AB, Perkins G, Schwarzenbacher R, Bossy-Wetzel E. Mitochondrial 

fragmentation in neurodegeneration. Nat Rev Neurosci. 2008;9:505–18.

 25. Li V, Brustovetsky T, Brustovetsky N. Role of cyclophilin D-dependent 

mitochondrial permeability transition in glutamate-induced cal-

cium deregulation and excitotoxic neuronal death. Exp Neurol. 

2009;218:171–82.

 26. Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou Z, Rubens J, Hetz C, 

Danial NN, Moskowitz MA, Korsmeyer SJ. Cyclophilin D is a component of 

mitochondrial permeability transition and mediates neuronal cell death 

after focal cerebral ischemia. Proc Natl Acad Sci USA. 2005;102:12005–10.

 27. Wu Q, Xia SX, Li QQ, Gao Y, Shen X, Ma L, Zhang MY, Wang T, Li YS, Wang 

ZF, et al. Mitochondrial division inhibitor 1 (Mdivi-1) offers neuroprotec-

tion through diminishing cell death and improving functional outcome 

in a mouse model of traumatic brain injury. Brain Res. 2016;1630:134–43.

 28. Makela J, Mudo G, Pham DD, Di Liberto V, Eriksson O, Louhivuori L, Bruelle 

C, Soliymani R, Baumann M, Korhonen L, et al. Peroxisome proliferator-

activated receptor-gamma coactivator-1alpha (PGC-1alpha) mediates 

neuroprotection against excitotoxic brain injury in transgenic mice—role 

of mitochondria and X-linked inhibitor of apoptosis protein. Eur J Neuro-

sci. 2016;43:626–39.

 29. Rappold PM, Cui M, Grima JC, Fan RZ, de Mesy-Bentley KL, Chen L, 

Zhuang X, Bowers WJ, Tieu K. Drp1 inhibition attenuates neurotoxicity 

and dopamine release deficits in vivo. Nat Commun. 2014;5:5244.

 30. Jeong EA, Jeon BT, Shin HJ, Kim N, Lee DH, Kim HJ, Kang SS, Cho GJ, 

Choi WS, Roh GS. Ketogenic diet-induced peroxisome proliferator-

activated receptor-gamma activation decreases neuroinflammation in 

the mouse hippocampus after kainic acid-induced seizures. Exp Neurol. 

2011;232:195–202.

 31. Cho SJ, Yun SM, Jo C, Lee DH, Choi KJ, Song JC, Park SI, Kim YJ, Koh YH. 

SUMO1 promotes Aβ production via the modulation of autophagy. 

Autophagy. 2015;11:100–12.


	A mitochondrial division inhibitor, Mdivi-1, inhibits mitochondrial fragmentation and attenuates kainic acid-induced hippocampal cell death
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Mdivi-1 reduces seizure activity and increases survival of mice with KA-induced seizures
	Mdivi-1 attenuates neuronal cell death in the hippocampus after KA treatment
	Mdivi-1 protects mitochondrial morphology in the hippocampus after KA treatment
	Effect of Mdivi-1 on Parkin and Hsp72 expression in the hippocampus after KA treatment
	Effects of Mdivi-1 treatment on hippocampal Cox-2 and Iba-1 expression

	Discussion
	Conclusions
	Methods
	Animals
	Drug treatment and seizure induction
	Tissue preparation and cresyl violet staining

	Electron microscopy
	Immunohistochemistry
	Immunofluorescence
	Mitochondrial isolation and Western blot analyses
	Statistical analyses

	Authors’ contributions
	References


