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Abstract
Maintaining the balance of mitochondrial fission and mitochondrial autophagy on seizures is helpful to find a solution to 
control seizures and reduce brain injuries. The present study is to investigate the protective effect of inhibiting mitochondrial 
fission on brain injury in juvenile rat epilepsy induced by pentatetrazol (PTZ) by inhibiting the BCL2L13/LC3-mediated 
mitophagy pathway. PTZ was injected (40 mg/kg) to induce kindling once every other day, for a total of 15 times. In the 
PTZ + DMSO (DMSO), PTZ + Mdivi-1 (Mdivi-1), and PTZ + WY14643 (WY14643) groups, rats were pretreated with 
DMSO, Mdivi-1 and WY14643 for half an hour prior to PTZ injection. The seizure attacks of young rats were observed for 
30 min after model establishment. The Morris water maze (MWM) was used to test the cognition of experimental rats. After 
the test, the numbers of NeuN(+) neurons and GFAP(+) astrocytes were observed and counted by immunofluorescence (IF). 
The protein expression levels of Drp1, BCL2L13, LC3 and caspase 3 in the hippocampus of young rats were detected by 
immunohistochemistry (IHC) and Western blotting (WB). Compared with the PTZ and DMSO groups, the seizure latency 
in the Mdivi-1 group was longer (P < 0.01), and the severity degree and frequency of seizures were lower (P < 0.01). The 
MWM test showed that the incubation periods of crossing the platform in the Mdivi-1 group was significantly shorter. 
The number of platform crossings, the platform stay time, and the ratio of residence time/total stay time were significantly 
increased in the Mdivi-1 group (P < 0.01). The IF results showed that the number of NeuN(+) neurons in the Mdivi-1 group 
was greater, while the number of GFAP(+) astrocytes was lower. IHC and WB showed that the average optical density (AOD) 
and relative protein expression levels of Drp1, BCL2L13, LC3 and caspase 3 in the hippocampi of rats in the Mdivi-1 group 
were higher (P < 0.05). The above results in the WY14643 group were opposite to those in the Mdivi-1 group. Inhibition of 
mitochondrial fission could reduce seizure attacks, protect injured neurons, and improve cognition following PTZ-induced 
epilepsy by inhibiting mitochondrial autophagy mediated by the BCL2L13/LC3 mitophagy pathway.
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Introduction

Epilepsy is the most common neurological disease in child-
hood. The prevalence of epilepsy is approximately 70 mil-
lion people worldwide (Fiest et al. 2017). Sixty percent of 
epilepsy cases originate from childhood. Recurrent seizures 
cause neural damage and even necrosis, which affect chil-
dren’s intellectual and motor development and contribute 
to children’s memory decline and intellectual and mental 
disorders (Shlobin and Sander 2022). Therefore, it is par-
ticularly important to understand the mechanisms underlying 
the process of epileptogenesis. At present, it is considered 
that the damage to brain neural mitochondria caused by 
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frequent seizures leads to mitochondrial dysfunction, which 
is a major cause of recurrent seizures (Khurana et al. 2013). 
Mitochondrial homeostasis is a dynamically regulated pro-
cess, and its balance can be mainly regulated by the key 
balance between mitochondrial dynamics and mitochondrial 
autophagy (Dulac et al. 2020). Further study of the effect of 
mitochondrial dynamics and mitochondrial autophagy on 
seizures is helpful to find a solution to control seizures and 
reduce brain injuries.

Mitochondrial function depends on mitochondrial fission 
and fusion to maintain dynamic balance, and mitochondrial 
fission may play a greater role (Parone et al. 2008). Dynamic 
related protein 1 (Drp1), mainly located in the cytoplasm, is 
a key protein in the regulation of mitochondrial fission and 
is transposed to the potential division site of mitochondria by 
the recruitment of Fis1, where it forms a ring structure and 
is gradually compressed until mitochondrial fission occurs. 
After mitochondrial fission, Drp1 returns to the cytoplasm 
(Smirnova et al. 2001). Seizures cause excessive mitochon-
drial fission. Drpl can interact with the proapoptotic protein 
Bax/Bak, participate in the induction process of neuronal 
apoptosis, and inhibit mitochondrial fusion (Oettinghaus 
et al. 2016). The above process aggravates the abnormal 
function of the mitochondrial electron transport chain, 
affects the processes of oxidative phosphorylation and ATP 
production, causes dysfunction of the sodium and potassium 
pumps on the cell membrane, aggravates cell damage and 
even causes cell death (Landes and Martinou 2011).

Autophagy is a regulated process that aims to maintain 
cell integrity and intracellular homeostasis (Galluzzi et al. 
2014). Hyperactivity of autophagy may have toxic effects 
on cells and participate in the pathogenic process of neuro-
degenerative diseases (Palikaras et al. 2016; Zapata-Munoz 
et  al. 2021). Damaged mitochondria are engulfed and 
degraded in cells through a selective autophagy mechanism 
to maintain mitochondrial network homeostasis, which plays 
an important role in maintaining mitochondrial homeosta-
sis of quality and quantity (Vives-Bauza et al. 2010; Zhang 
et al. 2019). However, excessive activation of autophagy 
can lead to programmed cell apoptosis, thereby damaging 
normal cells (Su et al. 2019). Previous studies have found 
that excessive autophagy activation can lead to neuronal 
death and aggravate hippocampal injury under oxidative 
stress in epilepsy. Pretreatment with the autophagy inhibitor 
wortmannin (WM) can reduce the damage to hippocampal 
neurons in epileptic rats, increase the number of surviving 
neurons and inhibit the activation of autophagy (Xue et al. 
2011; Carter et al. 2017).

Drp1 is a key protein in mitochondrial fission and is closely 
related to autophagy. Microtubule-associated protein 1 light 
chain 3 (MAP1LC3) is a marker molecule of autophagy 
(Heckmann et al. 2017). Drp1 can regulate the process of 
mitochondrial autophagy through interaction with LC3 

connector protein or LC3 receptor (Shirihai et al. 2015). Drp1 
can bind to the mitochondrial membrane protein Bcl-2-like 
protein 13 (BCL2L13), which is the LC3 receptor, and induce 
mitochondrial autophagy (Wu et al. 2016). A previous study 
showed that the protein expression of LC3-II was also down-
regulated following a decrease in the expression of Drp1, 
which can inhibit abnormal autophagy in mitochondria (Wu 
et al. 2022). In vitro studies of animal and cellular epilepsy 
models have demonstrated that the reduction in mitochondrial 
fission mediated by Drp1 can reduce the mitochondrial oxi-
dative stress response, alleviate the inflammatory response 
and apoptosis, and protect damaged neuron (Kim and Kang 
2017). Dysfunctions of the process of autophagy have been 
associated with epileptogenesis (Harris and Rubinsztein 
2011). Some studies have investigated the potential role of 
autophagy in epilepsy, including the mammalian target of 
rapamycin (mTOR) pathway and Atg7 as essential promoters 
of autophagy (Wong 2010; Wong 2013). Thus, Drp1-medi-
ated mitochondrial fission and the mitochondrial autophagy 
pathway play significant roles in epileptogenesis. The latest 
research found that regulation of Drp1 mediated mitochon-
drial fission and inhibition of autophagy might be a novel 
therapeutic treatment for brain injury associated with epilepsy 
(Xie et al. 2021; Lee et al. 2022). Furthermore, the specific 
molecular mechanism of mutual regulation between mito-
chondrial dynamics and mitochondrial autophagy remains 
to be further studied in the epilepsy. Therefore, in the pre-
sent study, we investigated the possible antiepileptic effect of 
inhibiting mitochondrial fission on young rats with epilepsy 
induced by PTZ and its possible underlying mechanisms by 
the Drp1-mediated mitochondrial autophagy pathway.

Materials and methods

Experimental animals

Healthy young male Sprague–Dawley (SD) rats (3 ~ 4 weeks 
old), weighing 50 ~ 80 g, were obtained from and housed at 
the Center of Laboratory Animal Science, Fujian Medical 
University (SCXK-2016-0002). The rats were maintained 
and treated at a temperature of 21 ~ 25 °C and 60 ~ 70% 
humidity with a 12-h/12-h light/dark cycle. The rats ate 
and drank freely during the entire experiment. All experi-
ments were conducted between 8 am and 10 am. All of the 
experimental animal procedures were performed according 
to international guidelines and based on the animal ethics 
committe of Fujian Medical University (2018–014).

Experimental groups and drug intervention

The chronic model of seizures was used according to the previ-
ous study (Dhir 2012). The young rats were intraperitoneally 
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injected with drugs for intervention every other day for a total of 
15 times (total 29 days) (Taskiran et al. 2020; Filiz et al. 2021). 
Pentylenetetrazole (PTZ) was dissolved in physiological saline. 
A mitochondrial division inhibitor (Mdivi-1) and WY14643 
were dissolved in dimethyl sulfoxide (DMSO). The animals 
were randomly divided into control, PTZ, PTZ + DMSO 
(DMSO), PTZ + Mdivi-1 (Mdivi-1), and PTZ+ WY14643 
(WY14643) groups, with ten rats in each group. The control 
group was treated with the same dose of physiological saline. 
In the PTZ group, physiological saline (1 mL/kg) was given 
30 min before PTZ (40 mg/kg) injection every other day (Kaur 
et al. 2015). The DMSO group received 0.1% DMSO. The 
Mdivi-1 group received Mdivi-1 (Qiu et al. 2013) (1.2 mg/kg). 
The WY14643 group was given WY14643 (3.6 mg/kg) (Ko 
et al. 2016) before stimulation.

Behavioral observation

The juvenile rats were observed continually for 30 min after 
each intervention, and then the latency, degree and fre-
quency of seizure attacks were recorded. Racine’s scale was 
used for measuring seizures, and the specific scores included 
grade I: facial clonus, staring and wet dog shakes; grade II: 
vertical movement of the head; grade III: rhythmic contrac-
tion of forelimb; grade IV: rhythmic contraction along with 
upright raising of the forelimbs; and grade V: rearing, jump-
ing, falling and recurrent seizure (Hernandez-Ceron et al. 
2017). When the rats attained a seizure score of more than 
phase 3 for at least three consecutive days, they was defined 
as “kindling”(Filiz et al. 2021).

Morris water maze test

The cognitive function of young rats was evaluated using 
the Morris water maze (MWM) test (Hu et al. 2017). Fifty 
experimental rats (10 in each group) were subjected to the 
above experiment for 5 days after 15 days of drug interven-
tion. The swimming path of the rats was accurately tracked 
by video and identified through software (Yiyan Co., Shang-
hai, China). The device was a circular water tank with a 
diameter of 120 cm and a height of 50 cm that was filled 
with water (23 ± 2 °C). The escape platform was a transpar-
ent disc with a diameter of 10 cm and a height of 30 cm, 
which was placed 2 cm below the water surface. The water 
in the pool became opaque by adding edible bamboo char-
coal powder, which made the platform invisible.

The MWM test was divided into two parts: positioning 
navigation and space exploration. The directional naviga-
tion experiment was conducted continuously for 4 days. 
The rats were trained 4 times in each time period for a 
fixed time every day. At the beginning of the training, the 
rats were placed in the pool from any point in the four 

quadrants to find the platform hidden under the water. If 
they stayed on the platform for more than 2 s, it was judged 
as a successful platform search. The escape latency was 
recorded as the time from entering the water to succeeding 
in finding the platform. If the rat could not find the plat-
form within 60 s, the escape latency was counted as 60 s.

After the test, the rats were allowed to rest for 10 s before 
the next experiment. The escape latency (average value) 
every day was recorded to evaluate the spatial learning abil-
ity of the animals. The spatial exploration experiment was 
conducted on the 5th day. The platform was removed, and 
the animals entered the water from the opposite quadrant 
of the original platform. The number of times the animal 
passed through the original platform position within 60 s, the 
platform quadrant dwell time, and the ratio of the platform 
dwell time/total time were recorded to evaluate the spatial 
memory ability of the animal.

Immunofluorescence (IF) staining

After the MWM test, 25 rats (5 in each group) were tran-
scardially perfused with 4% paraformaldehyde (PFA) 
under anesthesia using 1% pentobarbital sodium (50 mg/
kg) by intraperitoneal injection. Dissected brains were 
embedded in paraffin and then cut into 5 μm thick coro-
nal sections, and then were performed for IF assay and 
immunohistochemical staining (IHC). Briefly, tissue sec-
tions underwent dehydration through an ethanol gradient. 
Then, the sections were blocked and treated with 0.5% 
Triton X-100 for 15 min and 5% bovine serum albumin 
(BSA) for 1 h at 37 °C. The sections were incubated with 
GFAP polyclonal antibody (Cat. No. 16825–1-AP, 1:500, 
Proteintech, China) and NeuN polyclonal antibody (Cat. 
No. 26975–1-AP, 1:500, Proteintech) overnight at 4 °C. 
After washing with PBS three times, the sections were 
incubated with secondary antibodies for 30 min at 37 °C. 
The secondary antibodies were tetramethyl rhodamine 
isothiocyanate (TRITC)-conjugated anti-rabbit IgG (Cat. 
SA00013–2, 1:200; Proteintech) at room temperature for 
1 h to detect the expression of GFAP and NeuN. Subse-
quently, the sections were counterstained with 4,6-diami-
dino-2-phenylindole (DAPI). Immunofluorescent images 
were obtained under a fluorescence microscope (DMI8, 
Leica, Wetzlar, Germany). The image data were analyzed 
using ImageJ (National Institutes of Health, Bethesda, 
MD, USA) to obtain quantitative information.

IHC staining

Hippocampus tissue sections were dewaxed, hydrated, 
and then blocked with 3% H2O2 at room temperature for 
10 min. The specimens were incubated with Drp1 polyclonal 
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antibody (Cat. No. 12957–1-AP, 1:200, Proteintech, China), 
BCL2L13 polyclonal antibody (Cat. No. 16612–1-AP, 
1:200, Proteintech), LC3 polyclonal rabbit antibody (Cat. 
No. 14600–1-AP,1:200, Proteintech), and caspase 3 poly-
clonal antibody (Cat. No. 19677–1-AP, 1:200 Proteintech) at 
4 °C overnight and then incubated with secondary goat anti-
rabbit IgG (Cat. No. RS0011, 1:500, ImmunoWay, China) at 
37 °C for 30 min. The slides were cultured in streptavidin-
horseradish peroxidase (SA-HRP) (Boster, Science and Cul-
ture Center, CA, USA) at 37 °C for 30 min, observed with 
DAB for 15 s, and then stained with hematoxylin for 30 s. 
Images were obtained under an inverted microscope. The 
average optical density (AOD) values of Drp1, BCL2L13, 
LC3, and caspase 3 protein expression in the hippocampal 
areas were analyzed using ImageJ.

Western blotting (WB) analysis

Twenty five rats (5 in each group) were decapitated after 
function test. The brains were removed and dissected on cold 
glass plates. When the cortical hemisphere was completely 
detached from the side, the hippocampus at the bottom of 
the cerebral cortex was exposed and isolated immediately. 
Frozen hippocampal tissues of were dissolved in 0.5 ml lysis 
buffer containing protease and phosphatase inhibitors and 
then centrifuged at 12000 rpm for 20 min at 4 °C to extract 
protein. The extracted protein was determined by the Brad-
ford method. According to molecular weight, the protein 
samples (50 μg/μl each) were electrophoretically separated 
on SDS polyacrylamide gels and then transferred onto poly-
vinylidene fluoride (PVDF) membranes.

After blocking with 5% skimmed milk for 1 h at room 
temperature, the PVDF membranes containing the proteins 
were incubated with Drp1 (1:500), BCL2L13 (1:500), LC3 
(1:500), caspase 3 (1:500), and β-actin (Cat. No. 23660–1-
AP, 1:1000, Proteintech) antibodies overnight at 4 °C. The 
membranes were washed in TBST buffer (10 mM Tris-HCl 
and 0.05% Tween 20) three times and incubated with goat 
anti-rabbit IgG (Cat. 04–15-06, 1:5000, KPL, USA) for 1 h 
at room temperature. The protein bands were observed by 
enhanced chemiluminescence (ECL) solution (Amersham, 
Piscataway, NJ, USA) and analyzed by the Bio-Image Anal-
ysis System (Bio–Rad, Hercules, CA, USA). Target protein 
expression using the densitometric ratio of the protein of 
interest to β-actin was quantified by ImageJ software.

Statistical analysis

SPSS 25.0 software (SPSS, Armonk, NY, USA) was used to 
analyze the experimental data. The mean ± standard deviation 
(SD) was used to express quantitative data. The homogeneity 
of variance was assessed by Levene’s test. If the variance was 
homogeneous, one-way ANOVA was performed, and the post 

hoc Tukey test was used for paired comparisons. A p value 
<0.05 was considered statistically significant.

Results

Epileptogenesis following drug intervention

The seizure attacks of half an hour in young rats were recorded 
at a fixed time after drug intervention. The young rats in the 
control group had no seizures. The rats in other groups induced 
by PTZ reached the kindling criterion on the 9th day, and con-
tinued with the same intervention until the 15th day. Compared 
to the PTZ and DMSO group, the Racine scale of young rat in 
the Mdivi-1 group was lower from the 8th day to the 15th day 
(P < 0.05). The Racine scale in the WY14643 was higher after 
the 11th day (P < 0.05). Compared with the PTZ and DMSO 
group, the number of seizure in the Mdivi-1 group was less 
from the 8th day to the 15th day (P < 0.05), and was more 
in the WY14643 group later than 10th day (P < 0.05). The 
seizure latency was compared on the 1st, 5th, 10th, and 15th 
days of PTZ injection. In comparison to the PTZ and DMSO 
group, seizure latency was increased in the Mdivi-1 group 
on the 10th and 15th days (P < 0.05), and decreased in the 
WY14643 group at the same time (P < 0.05). The above behav-
ioral results demonstrated that Mdivi-1 effectively suppressed 
PTZ-induced epileptogenesis which could be aggravated by 
WY14643 (Fig. 1, Table S-1, 2, 3).

Results of the Morris water maze (MWM) test

After successful modeling, the cognition of young rats was 
tested using the MWM test. Compared with the control 
group, the incubation periods of crossing the platform in 
the PTZ, DMSO and WY14643groups were significantly 
longer (P < 0.05). The crossing platform times, platform resi-
dence times and the ratios of residence time/total time in the 
above three groups were significantly shorter (P < 0.05). The 
above results in the Mdivi-1 group were close to those in the 
control group (P > 0.05). Compared with the PTZ group, 
the incubation period was longer in the WY14643 group 
(P < 0.05). The crossing platform time, platform residence 
time and ratio of residence time/total time were significantly 
shorter in the WY14643 group (P < 0.05). The above results 
showed that the cognition level of epileptic young rats was 
injured and was improved by Mdivi-1 but was decreased by 
WY14643 (Fig. 2, Table S-4).

Quantification of hippocampal neurocytes by IF

Neural cells were counted under an inverted fluorescence 
microscope after the MWM test. Compared with the con-
trol group, the numbers of NeuN (+) neurons in the rat 
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hippocampus in the PTZ, DMSO, Mdivi-1 and WY14643 
groups were lower (P < 0.05), and the numbers of GFAP 
(+) astrocytes were higher (P < 0.05). Compared with the 
PTZ group, the number of NeuN (+) neurons was signifi-
cantly higher in the Mdivi-1 group (P < 0.05) and lower in 
the WY14643 group (P < 0.05). However, compared with the 
PTZ group, the number of GFAP (+) astrocytes was signifi-
cantly lower in the Mdivi-1 group (P < 0.05) but higher in 
the WY14643 group (P < 0.05). These results showed that 
PTZ caused the loss of neurons and the proliferation of glial 

cells in the young rat hippocampus. Mdivi-1 could properly 
protect the injured NeuN (+) neurons and prevent gliosis of 
the hippocampus in PTZ-induced epilepsy, while WY14643 
had the opposite effect (Figs. 3 and 4, Table S-5).

Protein expression of the Drp1‑mediated mitophagy 
pathway in the hippocampi of young rats evaluated 
by IHC

After the MWM test of young rats in each group, the hip-
pocampal tissue was taken for immunohistochemical analy-
sis. The positive signals were brown particles. Compared 
with the control group, the AOD values of Drp1, BCL2L13, 
LC3, and caspase 3 in the hippocampal regions in the other 
four groups were higher (P < 0.05). Compared with the PTZ 
group, the AOD values of the above proteins were lower in 
the Mdivi-1 group (P < 0.05) but higher in the WY14643 
group (P < 0.05). Immunohistochemical results suggested 
that mitophagy and neural apoptosis of the hippocampus in 
young epileptic rats were enhanced, Mdivi-1 inhibited Drp1-
mediated autophagy activity in the hippocampus in young 
epileptic rats and ultimately alleviated neuronal apoptosis, 
and WY14643 aggravated mitophagy and increased neu-
ronal apoptosis (Fig. 5, Table S-6).

Protein expression of the Drp1‑mediated mitophagy 
pathway evaluated by WB

After the MWM test of young rats, the hippocampal tissue 
was taken for protein analysis. The results of WB showed the 
same trend as those of IHC. Compared with the control, the 
protein expression levels of Drp1, BCL2L13, LC3, and cas-
pase 3 in the hippocampi of rats in the PTZ, Mdivi-1 group and 
WY14643 groups were higher (P < 0.05). Compared with the 
PTZ group, the above protein expression levels were lower in 
the Mdivi-1 group (P < 0.05) but were higher in the WY14643 
group (P < 0.05). WB results also suggested that mitophagy 
was enhanced in the hippocampi of young epileptic rats, while 
Mdivi-1 could inhibit Drp1-mediated mitochondrial autophagy 
and neural apoptosis, which could be enhanced by WY14643 
(Fig. 6, Table S-7).

Discussion

In this study, we demonstrated that inhibition of Drp1-
mediated mitochondrial fission alleviated seizure attack, 
decreased the number of injured neurons and improved 
cognition in young epileptic rats induced by PTZ. At 
the same time, the protein expression levels of Drp1, 
BCL2L13, LC3, and caspase 3 in the hippocampi of 

Fig. 1   Epileptogenesis in young rats following PTZ kindling 
decreased by inhibiting mitochondrial fission. (A) Racine scale 
of seizures in the PTZ, PTZ + DMSO (DMSO), PTZ + Mdivi-1 
(Mdivi-1), and PTZ + WY14643(WY14643) groups. (B) Frequency 
of seizure in the above four groups. (C) Lantency of seizures in the 
above four groups. Seizure attacks of the rats within 30 minutes were 
recorded after intraperitoneal injection of drugs. Mdivi-1 (a mito-
chondrial fission inhibitor) reduced seizure grade, decreased seizure 
frequency, and prolonged seizure latency in young rats induced by 
PTZ. WY14643 (a mitochondrial fission stimulator) increased seizure 
attacks. *P < 0.05, **P < 0.01, ***P < 0.001
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PTZ-kindled rats were decreased following the inhibition 
of mitochondrial fission. Therefore, inhibiting mitochon-
drial fission also decreased the protein expression of mito-
chondrial autophagy and neuron necrosis in juvenile rats. 
Overall, our study suggested that mitochondrial fission and 
mitophagy might play vital roles in PTZ kindling-induced 
epilepsy. Inhibiting Drp-1-mediated mitochondrial fission 
may effectively play a role in antiepileptic treatment.

Neuronal loss is not only the pathological result of epi-
lepsy but also can induce seizure recurrence (Costa-Ferro 
et al. 2012; Suchomelova et al. 2015; Wang et al. 2019). 
In the present study, the number of neural cells in the hip-
pocampal area was counted using IF. The study showed 
that more NeuN(+) neurons in the young rat hippocam-
pus following PTZ kindling were lost, and then GFAP(+) 

astrocytes proliferated. The results were consistent with 
previous reports that showed apoptosis and necrosis of neu-
rons and proliferation of glial cells in the epileptic area, 
not only in an epileptic animal model (Loewen et al. 2016; 
Matyas et al. 2021) but also in clinical epileptic surgery 
patients (Wong and Crino 2012; Schurr et al. 2017). The 
hippocampus is an important brain area that is responsible 
for memory and cognition. Hippocampal neuron damage 
is bound to affect the cognition of young rats. Therefore, 
in the MWM experiment, we found that after seizures, the 
latency of crossing the platform was prolonged, and the 
frequency of crossing the platform, the residence time and 
the ratio of residence time/total time were reduced, which 
suggested that seizures caused hippocampal damage and 
affected cognition. These findings were similar to previous 

Fig. 2   Cognition of young rats following PTZ kindling increased by 
inhibiting mitochondrial fission. (A) Localization and navigation tra-
jectories of young rats in the Morris water maze test. (B) The incuba-
tion period of crossing the platform of young rats in the control, PTZ, 
DMSO, Mdivi-1, and WY14643 groups. (C) The number of platform 
crossings of young rats in the above five groups. (D) The platform 
residence time of young rats in the above five groups. (E) The resi-
dence time/total time ratio of young rats in the above five groups. The 

incubation period of crossing the platform was prolonged, and the 
crossing platform time, the platform residence time and the residence 
time/total time ratio decreased in young rats following PTZ kindling. 
Mdivi-1 shortened the incubation period of crossing the platform 
and increased the number of platform crossings, the platform resi-
dence time and the residence time/total time ratio of young rats with 
PTZ-induced epilepsy. However, WY14643 resulted in the opposite 
effects. *P < 0.05, **P < 0.01, ***P < 0.001
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studies that showed that cognitive impairment was often 
detected in animal models of epilepsy or in patients with 
temporal lobe epilepsy, whose cognitive decline may be 
related to the occurrence of focal brain injury, especially 
in the hippocampus (Gelfuso et al. 2020; Mukheem et al. 
2021).

Recent studies have revealed that excessive mitochon-
drial fission is an underlying mechanism leading to neuronal 
damage in seizure attacks, and anti-mitochondrial fission 
has been proven to have neuroprotective effects in animal 
models (Qiu et al. 2013; Kim and Kang 2017). In our study, 
the results indicated that Mdivi-1, as a specific inhibitor of 

Fig. 3   The number of NeuN(+) 
neurons in the young rat 
hippocampus following PTZ 
kindling increased by inhibit-
ing mitochondrial fission. (A) 
Immunofluorescence against 
NeuN(+) neurons in coronal 
hippocampal sections in the 
control, PTZ, DMSO, Mdivi-1 
and WY14643 groups. The 
neurons were stained for NeuN 
(red, a neuron marker) and 
with DAPI (blue, nuclei) and 
visualized by fluorescence 
microscopy. Scale bar: 50 μm. 
(B) Quantitative determina-
tion of the mean number of 
NeuN(+) cells in the hip-
pocampal CA1 region under a 
microscope at 400× magnifica-
tion. The results showed that the 
number of NeuN(+) neurons in 
the hippocampi of young rats 
kindled by PTZ was decreased 
but was increased following 
Mdivi-1 supplementation. 
However, WY14643 decreased 
the number of NeuN(+) 
neurons. *P < 0.05, **P < 0.01, 
***P < 0.001
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Drp1(Rexius-Hall et al. 2020), protected injured neurons 
and reduced microgliosis in the hippocampi of young rats 
with epilepsy induced by PTZ. WY14643, as an activator 
of Drp1 (Ko et al. 2016), decreased the number of neurons 
and increased gliosis in the hippocampus following PTZ kin-
dling. Drp1 is a key protein in mitochondrial fission. The 

above results proved that inhibiting mitochondrial fission 
could protect against brain damage.

The animal behaviors, consisting of seizure attacks 
and MWM tests in rats, also confirmed the above results. 
Mdivi-1 supplementation prolonged the seizure latency, alle-
viated the seizure grades, and reduced the seizure frequency 

Fig. 4   The number of GFAP(+) 
astrocytes in the hippocampus 
of young rats following PTZ 
kindling was decreased by 
inhibiting mitochondrial fis-
sion. (A) Immunofluorescence 
images of GFAP(+) astrocytes 
in the control, PTZ, DMSO, 
Mdivi-1 and WY14643 groups. 
The astrocytes were stained 
for GFAP (red, a glial marker) 
and with DAPI (blue, nuclei) 
and visualized by fluorescence 
microscopy. Scale bar: 50 μm. 
(B) Quantitative determination 
of the mean number of GFAP-
positive cells under a micro-
scope at 400× magnification. 
The results showed that Mdivi-1 
supplementation decreased 
the number of GFAP(+) cells 
in the young rat hippocampus 
following PTZ kindling, while 
WY14643 increased the number 
of GFAP(+) cells. *P < 0.05, 
**P < 0.01, ***P < 0.001
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of young rats with seizure attacks induced by PTZ. In the 
MWM test, Mdivi-1 reduced the latency to cross the plat-
form and increased the number of platform crossings, the 
platform residence time and the ratio of residence time/total 
time. However, WY14643 increased the degree of seizure 
attacks following PTZ kindling and decreased the cognition 
of young epileptic rats. The above animal behavior stud-
ies showed that inhibition of mitochondrial fission medi-
ated by Drp1 could ease seizure attacks and improve cogni-
tion in young epileptic rats induced by PTZ. However, the 
role of inhibiting mitochondrial fission in seizures, which 
could reduce recurrent epilepsy, protect injured brains, and 
improve cognition, remains unknown. Furthermore, more 
experiments are needed to study the specific mechanism.

The interaction and regulation between mitochondrial 
dynamics and mitochondrial autophagy is an important 
mechanism to maintain mitochondrial homeostasis and 
ensure mitochondrial quality (Wu et al. 2019). Drp1 is a 

major protein in mitochondrial fission, and microtubule-asso-
ciated protein 1 light chain 3 (LC3) is a marker molecule of 
autophagy (Heckmann et al. 2017). LC3 is the first autophagy 
membrane protein found in higher eukaryotic cells. There 
are two forms of LC3: cytoplasmic LC3-I and membrane-
bound LC3-II. The formation of the LC3 precursor is first 
processed into the cytoplasmic soluble form LC3-I, which 
has an exposed glycine residue at the carboxyl end, and the 
protein is then activated and transported. Finally, LC3-I is 
modified into the membrane-bound form LC3-II in a process 
called LC3 transformation. LC3-II, as a marker of autophagy, 
is detected in preautophagy and autophagy. The total amount 
of LC3-II or the ratio of LC3-II to LC3-I has been corre-
lated with the number of autophagic vesicles (Tanida et al. 
2004; Shirihai et al. 2015). When Drp1 is recruited by mito-
chondrial outer membrane molecules, it can be transposed 
to the mitochondrial outer membrane and concentrated in 
the potential division sites of mitochondria. Previous studies 

Fig. 5   The distribution of Drp1, BCL2L13, LC3, and caspase 3 in the 
hippocampus of young rats following PTZ kindling was decreased 
by inhibiting mitochondrial fission. (A) Immunostaining for Drp1, 
BCL2L13, LC3, and caspase 3 in coronal hippocampal sections in 
the control, PTZ, DMSO, Mdivi-1 and WY14643 groups. Scale 

bar = 50 μm. (B) Quantitative analysis of the immunohistochemistry 
results showed that Mdivi-1 supplementation decreased the AOD val-
ues of Drp1, BCL2L13, LC3, and caspase 3 of young rat hippocam-
pus following PTZ kindling, which were increased by WY14643 sup-
plementation. *P < 0.05, **P < 0.01, ***P < 0.001
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have shown that when multiple Drp-1 molecules surround 
mitochondria, mitochondria break into many small circular 
punctate organelles, resulting in increased permeability of 
the mitochondrial outer membrane and an increased protein 
ratio of LC3-II/LC3-I. They regulate the process of mitochon-
drial autophagy by interacting with LC3 connector protein 
or the LC3 receptor (Shirihai et al. 2015). At the same time, 
IF results show that the fluorescence intensity of total LC3 
protein in the cytoplasm is enhanced, a punctate aggregation 
phenomenon is presented, and autophagy in cells is enhanced 
(Tang et al. 2021).

Autophagy is a highly conserved lysosome-dependent 
cellular degradation process in eukaryotic cells. LC3 can 
directly recognize and bind proteins on the mitochondrial 
membrane and then induce mitochondrial autophagy. This 
process is precisely regulated by more than 30 autophagy-
associated genes (ATGs). Atg32 is the only mitochondrial 
autophagy receptor molecule in yeast cells, and BCL2L13 
in mammalian cells is the homolog of Atg32 in yeast cells. 
Deletion of the Atg32 gene can lead to a low level of mito-
chondrial autophagy in yeast cells. The exogenous expres-
sion of BCL2L13 can compensate for the decrease in mito-
chondrial autophagy caused by the deletion of Atg32 in yeast 
cells to a certain extent (Mao et al. 2011). Studies have found 
that Drp1 can interact with the LC3 receptor BCL2L13 and 
induce mitochondrial autophagy (Wu et al. 2016). BCL2L13 
induces mitochondrial autophagy through a Parkin-inde-
pendent mechanism. BCL2L13 is located in the outer mem-
brane of mitochondria and directly binds to LC3 through its 
LIR motif to induce mitochondrial autophagy. The ability of 
BCL2L13 to induce mitochondrial autophagy is regulated 
by its phosphorylation modification. The phosphorylation 

of the BCL2L13 Ser272 site can promote its binding to 
LC3 and greatly enhance its ability to induce mitochondrial 
autophagy (Murakawa et al. 2015).

Increased autophagy has now been reported in brain lesions 
of ischemic stroke (Zhang et al. 2020a), traumatic brain injury 
(TBI) (Luo and Tao 2020), hemorrhagic stroke (Zhang and 
Liu 2020), mitochondrial encephalomyopathies (Zhang 
et al. 2020b) and epilepsy (Lv and Ma 2020), suggesting that 
autophagy is upregulated in response to various neurologi-
cal insults and is likely a component of excitotoxicity, which 
contributes to neural death (Descloux et al. 2018; Davis et al. 
2021). The role of autophagy in epilepsy has gained increasing 
attention. Previous studies reported that cell autophagy in the 
hippocampus was increased in some drug-induced epileptic 
models (Attia et al. 2019; Cao et al. 2020). Consistent with 
these above reports, we found an increase in mitochondrial 
autophagy levels in the hippocampus following the expression 
of BCL2L13 and LC3 proteins in the young rat hippocampus 
after PTZ kindling. This suggested that PTZ kindling induced 
mitochondrial autophagy in neurons of the hippocampus.

Therefore, we hypothesized that the down regulation of 
Drp1 played a protective role in brain injury kindling by 
PTZ following a reduction in mitochondrial autophagy. In 
the present study, Mdivi-1 reduced the expression of Drp1 
protein in the young rat hippocampus. Subsequently, the pro-
tein expression levels of BCL2L13, LC3 and caspase 3 were 
decreased. The above results implied that the BCL2L13/LC3 
mitophagy pathway was also inhibited by Mdivi-1. Inhibition 
of mitochondrial fission reduced mitochondrial autophagy 
and neuronal necrosis in the hippocampi of young epileptic 
rats. These results were consistent with those reported by 
Wu Q et al. (Wu et al. 2018) that mitophagy was enhanced 

Fig. 6   The protein expression levels of Drp1, BCL2L13, LC3, and 
caspase 3 in the hippocampus of young rats following PTZ kindling 
were decreased by inhibiting mitochondrial fission. (A) Representa-
tive protein expression bands of Drp1, BCL2L13, LC3, and caspase 
3 in the hippocampi of young rats measured by WB. (B) WB analysis 

was performed for the above proteins in the hippocampus of young 
rats from the five groups. Mdivi-1 decreased the protein expression 
levels of Drp1, BCL2L13, LC3, and caspase 3 in the hippocampi of 
young rats following PTZ kindling. WY14643 increased the expres-
sion levels of the above proteins. *P < 0.05, **P < 0.01, ***P < 0.001
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following the accumulation of LC3 at 24 h in the experi-
mental TBI, and then neuron death was reduced by Mdivi-1 
through decreasing LC3 expression and the inhibition of 
autophagy. A similar study found that the expression of Drp1 
was down regulated, and the expression of LC3-II/LC3-I was 
also downregulated, inhibiting abnormal autophagy in mito-
chondria (Deng et al. 2020). The above results showed that 
inhibition of mitochondrial fission can protect against epilep-
tic brain injury by inhibiting the BCL2L13/LC3 mitophagy 
signaling pathway mediated by Drp1.

It is well recognized that the breakdown of mitochondrial 
functions may facilitate activation of the mitochondria-associ-
ated intrinsic apoptosis pathway (Waseem et al. 2021). In agree-
ment with results reported by previous studies (Henshall 2007; 
Mendez-Armenta et al. 2014), apoptosis signaling pathways in 
seizure-induced neuronal death showed that the level of cleaved 
caspase 3 of the hippocampus was markedly increased after 
seizure attacks induced by PTZ. Inhibition of mitochondrial 
fission by Mdivi-1 efficiently reduced caspase 3 expression in 
the young rat hippocampus following PTZ kindling, consist-
ent with the results of Ko AR (Ko et al. 2016) and Kim J (Kim 
and Kang 2018), which showed that impaired mitochondrial 
fission played important roles in mitosis, apoptosis and pro-
grammed necrosis following status epilepticus (SE). Previous 
studies on the relationship between mitophagy and apoptosis 
showed mitophagy-mediated hippocampal neuron apoptosis 
in animal experiments in different models (Huang et al. 2020; 
Liu et al. 2021). Therefore, it is well recognized that the break-
down of mitochondrial functions may facilitate activation of the 
mitochondria-associated intrinsic apoptosis pathway. Accord-
ing to the results in the PTZ-induced epileptic young rat model, 
Mdivi-1 inhibited the expression of Drp1 protein, resulting in 
decreases in the expression levels of BCL2L13, LC3 and cas-
pase 3. Although Mdivi-1 cannot directly inhibit the process of 
mitophagy, it alleviated PTZ-induced mitochondrial fission by 
inhibiting the GTPase activity of Drp1. Therefore, we speculate 
that inhibiting mitochondrial fission could reduce mitochon-
drial autophagy through the BCL2L13/LC3 autophagy signal-
ing pathway and ultimately mitigate necrosis and apoptosis in 
nerve cells induced by PTZ kindling.

Conclusion

In conclusion, there is a close connection among mito-
chondrial fission, mitophagy and apoptosis in a rat model 
of epilepsy. We found that mitochondrial fission, mito-
chondrial autophagy and neuronal apoptosis increased, 
which induced neuronal injury and cognitive decline in 
a PTZ-induced epileptic young rat model. Inhibition of 
Drp1-mediated mitochondrial fission can reduce recurrent 
seizures and neuronal damage and improve rat cognition 
by inhibiting the BCL2L13/LC3 mitophagy signaling 

pathway through decreasing the protein levels of Drp1, 
BCL2L13, LC3 and caspase 3 in PTZ-induced epilepsy. 
The protective effect of inhibiting mitochondrial fission on 
hippocampal neurons in young epileptic rats may provide 
a new idea for the treatment of epilepsy.
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