
Vol.:(0123456789)1 3

Neurochemical Research (2021) 46:1119–1128 
https://doi.org/10.1007/s11064-021-03245-w

ORIGINAL PAPER

MiR‑101a‑3p Attenuated Pilocarpine‑Induced Epilepsy 
by Downregulating c‑FOS

Jiefeng Geng1 · Haibiao Zhao1 · Xing Liu2 · Junjie Geng1 · Yuyuan Gao1 · Bingzheng He1

Received: 31 July 2020 / Revised: 21 December 2020 / Accepted: 12 January 2021 / Published online: 9 February 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract
This study aimed to explore the effects and function of microRNA-101a-3p (miR-101a-3p) in epilepsy. Rat model of pilo-
carpine-induced epilepsy was established and the seizure frequency was recorded. Expression of miR-101a-3p and c-Fos 
in hippocampus tissues of Rat models were detected by qRT-PCR and western blot. Besides, we established a hippocampal 
neuronal culture model of acquired epilepsy using Mg2+ free medium to evaluate the effects of miR-101a-3p and c-Fos 
in vitro. Cells were transfected with miR-101a-3p mimic, si-c-FOS, miR-101a-3p + c-FOS and its corresponding controls. 
MTT assay was used to detect cell viability upon transfection. Flow cytometry was performed to determine the apoptosis 
rate. Western blot was performed to measure the protein expression of apoptosis-related proteins (Bcl-2, Bax, and cleaved 
caspase 3), autophagy-related proteins (LC3 and Beclin1) and c-FOS. The targeting relationship between miR-101a-3p and 
c-FOS was predicted and verified by TargetScan software and dual-luciferase reporter assay. The role of miR-101a-3p was 
validated using epilepsy rat models in vivo. Another Rat models of pilocarpine-induced epilepsy with miR-NC or miR-
101a-3p injection were established to evaluate the effect of miR-101a-3p overexpression on epilepsy in vivo. MiR-101a-3p 
was downregulated while c-FOS was increased in hippocampus tissues of Rat model of pilocarpine-induced epilepsy. Over-
expression of miR-101a-3p or c-FOS depletion promoted cell viability, inhibited cell apoptosis and autophagy. C-FOS was 
a target of miR-101a-3p and miR-101a-3p negatively regulated c-FOS expression to function in epilepsy. Overexpression of 
miR-101a-3p attenuated pilocarpine-induced epilepsy in Rats in vivo. This study indicated that miR-101a-3p could attenuate 
pilocarpine-induced epilepsy by repressing c-Fos expression.
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Introduction

Epilepsy, one of the most common neurological disorders, 
is a wide-reaching and complex disease affecting more that 
70 million people in worldwide [1–3]. Also, people with 
epilepsy are prone to comorbidities and stigma that can 
negatively impact their quality of life [2]. The common 

pathologic hallmarks of epilepsy in humans and animal 
models were hippocampal neuron loss and morphological 
changes such as the amygdala and hippocampal formation 
[4]. Currently, 20–30% of patients remain refractory to anti-
epileptic drugs (AEDs) treatment. Thus, understanding the 
process of epilepsy development or epileptogenesis is of 
great importance to find novel therapeutics for epilepsy.

MicroRNAs (miRNAs) are endogenous, 17∼22 nucleo-
tides, noncoding RNA molecules that function as post-
transcriptional regulators of gene expression. MiRNA dys-
regulation was observed in neurological disorders such as 
epilepsy [5]. Status epilepticus (SE) can cause damage to 
hippocampus and result in cognitive deficits and the patho-
genesis of epilepsy [6]. Numerous miRNAs were reported 
to be dysregulated in epileptic brain, which were involved 
in the pathogenesis and mutagenesis of epilepsy. For exam-
ple, it has been reported that miR-134 was downregulated 
in the plasma of patients with epilepsy [7]. MiR-219 was 
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downregulated in epilepsy model and cerebrospinal fluid 
specimens of epilepsy patients, and silence of miR-219 
resulted in seizure behaviors [8]. MiR-101 was a puta-
tive amyloid precursor protein (APP) regulator in the rat 
hippocampus and miR-101a-3p depletion might play a 
role in the development of Alzheimer disease (AD) [9]. 
Another research disclosed that miR-101a-3p expression 
was decreased in Rat model of pilocarpine-induced epi-
lepsy [10]. Besides, a recent transcriptome study suggested 
that miR-101a-3p was one of the most abundant miRNAs 
in the amygdala [11], which indicating the pivotal role of 
miR-101a-3p in neurological disorders. However, the role 
and underlying mechanism of microRNA-101a-3p (miR-
101a-3p) in epilepsy progression was unclear.

C-FOS, an immediate early gene, that the activation of 
c-fos in the brain has been described initially almost three 
decades ago [12]. Sufficient research has disclosed the rela-
tionship between c-fos and the changes of neuronal activi-
ties, including function and structure of neurons in the 
mammalian nervous system [13]. Expression of c-Fos in 
individual neurons could be used as a marker of cell activ-
ity in neuroendocrine systems [14]. What’s more, transient 
expression of c-fos in the central nervous system was first 
observed after seizure activity. C-fos protein immunocyto-
chemistry was used as a metabolic marker for tracing neu-
roanatomical connections, seizure pathways and sites of 
action of neuroactive drugs [15, 16]. Besides, it has been 
confirmed that c-FOS could promote epileptogenesis [17]. 
Thus, targeting c-FOS expression is a potential therapeu-
tic strategy for epilepsy. It is widely known that miRNAs 
could function by base-pairing to the mRNA 3′-untranslated 
regions to repress protein synthesis. Wu et al. reported that 
miR-129 regulated c-FOS to modulate cell proliferation and 
apoptosis in hippocampal neurons in rats with epilepsy [18]. 
A recent research suggested that miR-101a-3p negatively 
regulated FOS expression in neonatal mice cardiomyocytes 
and myocardial infarction [19]. Thus, we wondered if miR-
101a-3p regulate the expression of c-FOS to participate in 
the regulation of epilepsy.

Therefore, in this study, Rat model of pilocarpine-induced 
epilepsy and hippocampal neuronal culture model of 
acquired epilepsy were employed to investigate the function 
of miR-101a-3p and its relationship with c-FOS in epilepsy.

Materials and Methods

Animal Modeling and Treatment

All animal use procedures were in strict accordance with the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and approved by the Animal Care and 
Use Committee of the First Affiliated Hospital of Zhengzhou 

University. Sprague–Dawley (SD) rats were purchased from 
Beijing Huafukang Bioscience co.inc (Beijing, China).

Pilocarpine Rat Model of Temporal Lobe Epilepsy was 
established as previously described [20, 21]. The rats were 
used in two experiments: 1. the expression of miR-101a-3p 
and c-FOS in epilepsy modeling; 2. the effects of miR-
101a-3p overexpression on epilepsy modeling. In experi-
ment 1, the modeled rats were divided into control group 
(N = 8) and epilepsy group (N = 8). The rats in the epilepsy 
group were intraperitoneally injected with 125 mg/kg lith-
ium chloride (LiCl, Sigma, USA) for 18–20 h, then 30 mg/
kg of pilocarpine (Sigma, USA) was given intraperitoneally. 
The control group was intraperitoneally injected with same 
volume of saline. Then, 10 mg/kg pilocarpine was injected 
into the rats every 30 min until the rats developed seizures. 
The grade of convulsions was evaluated by Racine’s clas-
sification [22]. Only animals reaching higher than stage 3 
were used for present study. The seizure frequency was also 
recorded. One day post pilocarpine injection, hippocampal 
tissues were obtained from rats.

In experiment 2, SD rats were divided into two groups: 
miR-NC (N = 8) group and miR-101a-3p mimic (N = 8) 
group. Rats in each group were injected with 1 nmol of miR-
NC and miR-101a-3p mimic, respectively, into the dorsal 
hippocampus as described previously [23]. After 3 days 
injection, all the rats were treated with pilocarpine to pro-
duce an epilepsy model. Then, the seizure frequency was 
recorded and all rats were sacrificed by decapitation after 
injected with pilocarpine for one day. Then hippocampus 
tissues were obtained from rats to detect the related genes 
expression.

Isolation, Culture and Epileptiform Activity 
Induction of Hippocampus Neurons

Newborn rats were anesthetized and the brain tissue was 
exposed. Then hippocampus were dissected using an ana-
tomic microscope (Olympus, Japan). The hippocampus 
was then digested by 0.25% trypsin at 37 °C for 25 min. 
DMEM (Thermo Fisher Scientific, Waltham, MA, USA) 
containing 10% fetal bovine serum (FBS, HyClone, Logan, 
UT, USA) was added to terminate the digestion. Then, the 
tissue was filtered and plated onto a poly-D-lysine-treated 
(0.2 mg/mL, Sigma, St. Louis, MO, USA) cell plates at a 
concentration of 5 × 105 cells/ml for 24 h and washed with 
phosphate-buffered saline (PBS). After dried in the air, the 
neurons were attached. Finally, Cells were cultured in the 
neurobasal medium (Invitrogen, Carlsbad, CA, USA) with 
2% B27 (Neurobasal/B27) supplement (Invitrogen) and 
10% FBS (HyClone) at 37 °C with 5% CO2. After 3 days 
of plating, the neurons were treated with cytosine arabino-
side (5 μmol/L, Sigma) to inhibit astrocyte proliferation and 
medium was refreshed every 3 days. Then, a hippocampal 
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neuronal culture model of acquired epilepsy was established 
using Mg2+ free media as previously described [20, 24, 
25]. In brief, cell were cultured in magnesium-free media 
containing 145 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 
2 mM CaCl2, 10 mM glucose, and 0.002 mM glycine (pH 
7.3, adjusted to 325 mOsm with sucrose) for 3 h and epilep-
tiform activity was recorded.

Reagent and Cell Transfection

MiR-101a-3p mimic (miR-101a-3p) and the negative con-
trol mimic (miR-NC), miR-101a-3p inhibitor (anti-miR-
101a-3p) and the control (anti-miR-NC), small interfering 
RNA against c-FOS (si-c-FOS) and the control (si-NC), 
pcDNA3.0 vector (pcDNA), or pcDNA c-FOS (c-FOS) 
were transfected into hippocampus neurons using Lipo-
fectamine3000 (Thermo Fisher Scientific) according to the 
instructions.

Reverse Transcription Quantitative Polymerase 
Chain Reaction (RT‑qPCR) Assay

Total RNAs in hippocampus tissues of rats in the normal 
group and the model group and hippocampal neuronal cul-
ture model of acquired epilepsy were extracted using Tri-
zol reagent (Invitrogen). For quantification of miR-101a-3p 
expression, Taqman MicroRNA Assay Kit (Biosystems, Fos-
ter City, CA, USA) was used. For c-FOS expression, reverse 
transcription was performed using Prime Script™ RT rea-
gent kit (Takara, Shiga, Japan). qPCR was performed using 
the TaqMan® Universal PCR Master Mix II (Biosystems). 
The primers sequences were listed as follows: miR-101a-3p 
forward primer, 5′-GCC​GCC​ACC​ATG​GTG​AGC​AAGG-3′, 
miR-101a-3p reverse primer, 5′-AAT​TGA​AAA​AAG​TGA​
TTT​AATTT-3′; U6 forward primer, 5′-ATT​GGA​ACG​ATA​
CAG​AGA​AGATT-3′, U6 reverse primer, 5′-GGA​ACG​CTT​
CAC​GAA​TTT​G-3′; c-FOS forward primer, 5′-GTG​CAG​
CAC​GGC​TTC​ACC​GA-3′, c-FOS reverse primer, 5′-TTG​
AGC​TGC​GCC​GTT​GGA​GG-3; β-actin forward primer, 5′- 
CGA​GCA​GGA​GAT​GGG​AAC​C-3′, β-actin reverse primer 
5′-CAA​CGG​AAA​CGC​TCA​TTG​C-3′. MiR-101a-3p and 
c-FOS relative expression were calculated with 2−∆∆Ct 
method. U6 and β-actin were served as the internal controls, 
respectively.

Cell Viability Assay

The cells were seeded into 96-well plates with 100 μL in 
each well and incubated in 5% CO2 at 37 °C. After incuba-
tion for 48 h, the culture plates were taken out and each well 
was added with 10 μL of MTT formazan solution (Sigma-
Aldrich, St. Louis, MO, USA) (5 mg/mL) and incubated 
for another 4 h. Optical density (OD) value was determined 

using an automatic Microplate Reader (BIO-RAD, Cal, New 
York, USA).

Cell Apoptosis Assay

The Annexin V-FITC/propidium iodide (PI) cell apoptosis 
detection kit (Sigma) was performed to analyze hippocam-
pus neurons apoptosis. 48 h after the transfection, cells were 
collected and digest with 0.25% trypsin. After being washed 
twice with PBS, they were centrifuged and resuspended in 
200 μL of binding buffer. Annexin V-FITC (5 μL) and 5 μL 
of propidium iodide (PI) were added and mixed gently with 
the cells, and incubated in the dark room for 15 min. Bind-
ing buffer (250 μL) was added, and then the wavelength of 
490 nm was activated using a flow cytometer FACS Cali-
bur (BD Biosciences, San Jose, CA, USA) to determine the 
apoptotic rate.

Western Blot Assay

The total proteins of rat hippocampus tissues and hippocam-
pus neurons were extracted, and then lysed with RIPA (Mil-
lipore, Billerica, MA, USA) supplemented with the mix-
ture of protease inhibitors 0.1 mmol/L PMSF (Beyotime, 
shanghai, China). Protein was quantified using the Enhanced 
BCA Protein Assay Kit (Beyotime). Equal amounts of pro-
teins (45 µg) were loaded and separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis gels (10%–15% 
SDS-PAGE, Beyotime). Then the blots were electropho-
retically transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore). The membranes were blocked with 
skim milk (5%) in phosphate buffered saline with PBST 
containing 0.05% Tween 20 for 1 h and incubated with cor-
responding primary antibodies overnight at 4 °C, followed 
by incubating with HRP-conjugated secondary antibody for 
1 h at room temperature. The protein bands were visualized 
using an enhanced chemiluminescence (ECL) detection kit 
(Beyotime). The following primary antibodies were used: 
anti-c-FOS, anti-LC3, anti-Beclin1, anti-Bcl-2, anti-Bax, 
anti-cleaved caspase 3 and internal control β-actin were 
purchased from Cell Signaling Technology. Relative pro-
tein level was quantified using the Quantity One software 
(Bio-Rad, USA) by comparison the gray values with β-actin.

Luciferase Reporter Assay

The target gene of miR-101a-3p was predicted using 
Targetscan online database, and the hypothesis was 
confirmed using Dual-luciferase reporter assay. Firstly, 
luciferase reporter recombinant plasmids inserted with 
c-FOS 3′-untranslated region (3′UTR) wild type (WT) 
and mutant type (MUT) were constructed, named as 
c-FOS 3′UTR-WT and c-FOS 3′UTR-MUT. Cells were 
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inoculated into a 6-well plate for 24 h prior to transfec-
tion. Then luciferase reporter plasmids and miR-101a-3p 
mimic or inhibitor, and their negative controls were co-
transfected into hippocampus neurons, respectively. 48 h 
upon transfection, cells were harvested and lysed and the 
relative luciferase activity was assessed by using a lucif-
erase reporter assay system (Promega, Mannheim, Ger-
many) in accordance with the manufacturer’s instructions. 
Renilla luciferase activity was used for normalization of 
firefly luciferase.

Statistical Analysis

SPSS 20.0 statistical software was used for statistical 
analysis. Data were expressed as mean ± standard devia-
tion (SD). The comparisons between two groups were 
tested by Student’s t-test, and comparisons among mul-
tiple groups were analyzed using one-way analysis of 
variance (ANOVA) by Tukey’s HSD post hoc multiple 
comparison test. P < 0.05 was considered statistically 
significant.

Results

The Expression of miR‑101a‑3p and c‑FOS 
in Rat Model of Pilocarpine‑Induced Epilepsy 
and Hippocampal Neuronal Culture Model 
of Acquired Epilepsy

To explore the roles of miR-101a-3p and c-FOS in epilepsy, 
the rats were divided into two groups: epilepsy (n = 8) group 
and normal (n = 8) group. We found that the average seizure 
frequency in Rat model of pilocarpine-induced epilepsy 
group was markedly higher than normal group (Fig. 1a), 
suggesting that Rat model of pilocarpine-induced epilepsy 
was established. Then, the expression of miR-101a-3p and 
c-FOS in Rat model of pilocarpine-induced epilepsy were 
detected. The results showed that miR-101a-3p was down-
regulated in hippocampus tissues of Rat model of pilocar-
pine-induced epilepsy group (Fig. 1b), while c-FOS protein 
level was increased (Fig. 1c). Besides, hippocampal neu-
ronal culture model of acquired epilepsy was established 
and the levels of miR-101a-3p and c-FOS were detected. 
Compared with control group, the expression of miR-
101a-3p was decreased (Fig. 1d), while c-FOS was elevated 

Fig. 1   The expression of miR-101a-3p and c-FOS in Rat model of 
pilocarpine-induced epilepsy and hippocampal neuronal culture 
model of acquired epilepsy. a Rat model of pilocarpine-induced 
epilepsy were established and the average seizure frequency was 
recorded. *P < 0.05, compared with the control, n = 8 in each group. b 
qRT-PCR was performed to measure the expression of miR-101a-3p 
in hippocampus tissues of Rats after pilocarpine-induced epilepsy. 
*P < 0.05, compared with the control, n = 8 in each group. c Western 
blot was performed to detect the protein level of c-FOS in hippocam-

pus tissues of Rats after pilocarpine-induced epilepsy. *P < 0.05, 
compared with the control, n = 8 in each group. d The expression 
of miR-101a-3p in hippocampal neuronal culture model of acquired 
epilepsy was detected by qRT-PCR. *P < 0.05, compared with the 
control, n = 3 in each group. e Western blot was performed to meas-
ure the protein expression of c-FOS in hippocampal neuronal culture 
model of acquired epilepsy. *P < 0.05, compared with the control, 
n = 3 in each group
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in hippocampal neuronal culture model of acquired epilepsy 
(Fig. 1e).

Overexpression of miR‑101a‑3p Enhanced Cell 
Viability, and Inhibited Apoptosis and Autophagy 
of Hippocampal Neuronal Culture Model of Acquired 
Epilepsy

To investigate the effect of miR-101a-3p on epilepsy, hip-
pocampal neuronal culture model of acquired epilepsy 
were transfected with miR-NC or miR-101a-3p. Our data 
showed that miR-101a-3p was downregulated in epilepsy 
group, which was reversed by miR-101a-3p overexpres-
sion (Fig.  2a). As shown in Fig.  2b, cell viability was 
suppressed in epilepsy group, while miR-101a-3p overex-
pression reversed this effect. Moreover, cell apoptosis was 
promoted in epilepsy group, which was blocked by miR-
101a-3p upregulation (Fig. 2c, d). Then, we detected apop-
tosis-related proteins (Bax, Bcl-2 and Cas-3 cleavage) and 
autophagy-related proteins (LC3 and Beclin1). The results 
suggested that the expression of Bax, Cas-3 cleavage, Bec-
lin1 and the ratio of LC3II/LC3I of hippocampal neurons 

was elevated in epilepsy group, while Bcl-2 was repressed. 
These effects were reversed by miR-101a-3p overexpression 
(Fig. 2e–k).

c‑FOS was a Target of miR‑101a‑3p

Considering that miR-101a-3p was downregulated, while 
c-FOS was upregulated in vivo, we further investigated the 
relationship between miR-101a-3p and c-FOS. We identified 
c-FOS as a potential target gene of miR-101a-3p using Tar-
getScan online database (Fig. 3a). The data showed that the 
expression of miR-101a-3p was facilitated by miR-101a-3p 
mimic, but suppressed by miR-101a-3p inhibitor (Fig. 3b, 
c). To further confirm the relationship between miR-101a-3p 
and c-FOS, we analyzed the luciferase activity in hippocam-
pus neurons co-transfected with c-FOS 3′UTR-WT or c-FOS 
3′UTR-MUT luciferase reporter and miR-101a-3p mimic, 
inhibitor, or their negative controls. Our results showed that 
relative luciferase activity was decreased in miR-101a-3p 
group, which had no significant change in miR-NC group 
(Fig. 3d). The relative luciferase activity was increased in 
anti- miR-101a-3p group, which showed no remarkable 

Fig. 2   Overexpression of miR-101a-3p affected cell viability, apopto-
sis and autophagy of hippocampal neuronal culture model of acquired 
epilepsy. a–k Hippocampal neuronal culture model of acquired epi-
lepsy were transfected with miR-NC or miR-101a-3p for 48 h. a The 
expression of miR-101a-3p was detected by qRT-PCR. b Cell viabil-
ity was measured by MTT assay. c, d Cell apoptosis was determined 

by flow cytometry. e–h Western blot was performed to measure 
the expression of apoptosis-related proteins Bcl-2, Bax, and Cas-3 
cleavage. i–k Western blot was performed to measure the levels of 
autophagy-related protein Beclin1 and LC3. *P < 0.05, compared 
with the control, n = 3 in each group
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change in anti-miR-NC group (Fig. 3e). Moreover, miR-
101a-3p decreased c-FOS expression, while miR-101a-3p 
inhibitor increased c-FOS expression (Fig. 3f).

Depletion of c‑FOS Enhanced Cell Viability, 
but Inhibited Apoptosis and Autophagy 
of Hippocampal Neuronal Culture Model of Acquired 
Epilepsy

To determine the effect of c-FOS on hippocampal neuronal 
culture model of acquired epilepsy, si-NC or si–c-FOS was 
employed to alter the level of c-FOS prior to detection of 
cell viability, apoptosis and autophagy. As shown in Fig. 4a, 
c-FOS protein level was upregulated in epilepsy group, and 
was decreased by si–c-FOS. Knockdown of c-FOS partly 
reversed the suppression effect on cell viability (Fig. 4b) and 
the apoptosis rate (Fig. 4c, d) in epilepsy group. Besides, 
the decreasing protein level of Bcl-2 and the increasing pro-
tein levels of Bax, cas-3 Cleavage, LC3-II and Beclin1 in 
epilepsy group were reversed by c-FOS depletion (Fig. 4e, 

k). These results indicating that c-FOS promoted epilepsy 
seizure in hippocampal neuronal culture model of acquired 
epilepsy.

miR‑101a‑3p Promoted Cell Viability, 
and Suppressed Apoptosis and Autophagy 
in Hippocampal Neuronal Culture Model of Acquired 
Epilepsy by Targeting c‑FOS

To further investigate whether miR-101a-3p regulates 
autophagy by targeting c-FOS, cells were transfected with 
negative control mimic, miR-101a-3p mimic, miR-101a-3p 
mimic + pcDNA 3.0 vector, or miR-101a-3p mimic + pcDNA 
c-FOS. Western blot assay was performed to detect the pro-
tein level of c-FOS and the results demonstrated that the 
expression of c-FOS was decreased in hippocampal neu-
ronal culture model of acquired epilepsy transfected with 
miR-101a-3p mimic, which was rescued by pcDNA c-FOS 
transfection (Fig. 5a). Our data indicated that cell viability 
was promoted by miR-101a-3p overexpression, which was 

Fig. 3   c-FOS was a target of miR-101a-3p. a The binding sites 
between miR-101a-3p and c-FOS was predicted by Targetscan online 
database and the luciferase reporter plasmids containing the wild-type 
(WT) or mutated (MUT) c-FOS binding sites of miR-101a-3p were 
established. b and c The expression of miR-101a-3p was detected by 
qRT-PCR. d and e the luciferase activity was measured in hippocam-

pal neuronal culture model of acquired epilepsy co-transfected with 
c-FOS 3′UTR-WT or c-FOS 3′UTR-MUT luciferase reporter and 
miR-101a-3p mimic, inhibitor, or their negative controls. f Expres-
sion level of c-FOS in cells transfected with miR-NC, miR-101a-3p, 
anti-miR-NC, or anti-miR-101a-3p. *P < 0.05, compared with the 
miR-NC or anti-miR-NC, n = 3 in each group



1125Neurochemical Research (2021) 46:1119–1128	

1 3

abolished by c-FOS overexpression (Fig. 5b). The results 
showed that upregulation of miR-101a-3p decreased cell 
apoptotic rate, which was attenuated by c-FOS transfection 
(Fig. 5c and d). To further clarify the molecular mechanism of 
apoptosis, western blot was performed to evaluate the expres-
sion of apoptosis-related protein Bcl-2, Bax, and Cas-3 cleav-
age. Consistent the results of flow cytometry, upregulation of 
miR-101a-3p decreased the expression of Cas-3 cleavage and 
Bax and increased Bcl-2 expression, interestingly, which were 
also attenuated by c-FOS transfection in hippocampal neu-
ronal culture model of acquired epilepsy (Fig. 5e–h). Then, the 
expression of autophagy-related protein Beclin1 and LC3 were 
also evaluated by western blot. Our results demonstrated that 
miR-101a-3p decreased the expression of Beclin1 and the ratio 
of LC3II/LC3I, which were attenuated by c-FOS transfection 
in hippocampal neuronal culture model of acquired epilepsy 
(Fig. 5i–k).

Overexpression of miR‑101a‑3p Attenuated 
Pilocarpine‑Induced Epilepsy in Rats

We then further confirmed the role of miR-101a-3p in vivo. 
The Rat model of pilocarpine-induced epilepsys were 
divided into two groups: miR-NC group and miR-101a-3p 
group. We injected the negative control mimic (n = 8) or 
miR-101a-3p mimic (n = 8) into Rat model of pilocarpine-
induced epilepsys. Consistent with in vitro, the average 
seizure frequency was decreased in Rat model of pilocar-
pine-induced epilepsys with miR-101a-3p mimic injection 
compared with miR-NC injection group (Fig. 6a). In addi-
tion, we also examined the expression of c-FOS using qRT-
PCR and western bolt assays. The results demonstrated that 
c-FOS expression was also decreased in Rat model of pilo-
carpine-induced epilepsy with miR-101a-3p mimic injection 
(Fig. 6b, c).

Fig. 4   Downregulation of c-FOS regulated the cell viability, apopto-
sis and autophagy in hippocampal neuronal culture model of acquired 
epilepsy. a–k Hippocampal neuronal culture model of acquired epi-
lepsy were transfected with si-NC or si-c-FOS. a The protein level 
of c-FOS in the transfected cells was detected by western blot. b Cell 
viability of transfected cells was detected by MTT assay. c and d Cell 

apoptosis of transfected cells was determined by flow cytometry. e–h 
Western blot was performed to measure the expression of apoptosis-
related proteins Bcl-2, Bax, and Cas-3 cleavage in cells upon trans-
fection. i–k Western blot was performed to measure the levels of 
autophagy-related protein Beclin1 and LC3 in cells upon transfection. 
*P < 0.05, compared with the control, n = 3 in each group
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Fig. 5   miR-101a-3p enhanced cell viability, and suppressed apopto-
sis and autophagy in hippocampal neuronal culture model of acquired 
epilepsy by targeting c-FOS. Hippocampal neuronal culture model of 
acquired epilepsy were established and transfected with miR-101a-3p, 
miR-NC, miR-101a-3p + pcDNA-NC, or miR-101a-3p + c-FOS. a 
Western blot was performed to measure the expression of c-FOS. b 

Cell viability was measured by MTT assay. c, d Cell apoptosis was 
determined by flow cytometry. e–h Western blot was employed to 
measure the expression of apoptosis-related proteins Bcl-2, Bax, 
and Cas-3 cleavage. i–k Western blot was performed to measure the 
expression of autophagy-related proteins Beclin1 and LC3. *P < 0.05, 
compared with the Control, n = 3 in each group

Fig. 6   Effects of miR-101a-3p overexpression on Rat model of pilo-
carpine-induced epilepsy. Rats were intrahippocampal injected with 
1 nM miR-NC or miR-101a-3p mimic for 3 days, prior to inject with 
pilocarpine. a After the injection of pilocarpine, the average seizure 
frequency was recorded. *P < 0.05, compared with the miR-NC, 

n = 8 in each group. b and c 24  h upon injection, the hippocampus 
tissues were obtained. And the mRNA and protein level of c-FOS in 
hippocampus tissues of rat was analyzed by western blot. *P < 0.05, 
compared with the miR-NC, n = 8 in each group
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Discussion

Nerve cell injury plays an important role in the develop-
ment of epilepsy and is partly achieved through apoptosis 
and autophagy pathway. The changing levels of miRNAs 
have been identified to shape the development and function 
of the nervous system [26], which may play irreplaceable 
roles in the pathogenesis of neurological disorders includ-
ing epilepsy [27]. In this research, we established Rat 
model of pilocarpine-induced epilepsy and hippocampal 
neuronal culture model of acquired epilepsy to investigate 
the role of miR-101a-3p and c-FOS on epilepsy in vitro 
and in vivo. In hippocampus tissues of Rat models that 
we made, miR-101a-3p expression was decreased, while 
c-FOS protein level was elevated. A similar situation was 
found in hippocampal neuronal culture model of acquired 
epilepsy. The abnormal expression of miR-101a-3p and 
c-FOS in cell model and Rat model of pilocarpine-induced 
epilepsy indicating the correlation between miR-101a-3p, 
c-FOS and epilepsy.

Sufficient studies have shown that miRNAs reduces 
the expression level of target genes by base-pairing to the 
mRNA 3′-untranslated regions. As it has been disclosed 
that miR-101a-3p negatively regulated FOS expression 
in neonatal mice cardiomyocytes and myocardial infarc-
tion [19]. In consistent with this research, our research 
disclosed that miR-101a-3p targets to c-FOS and nega-
tively regulated its expression. In hippocampal neuronal 
culture model of acquired epilepsy, overexpression of 
miR-101a-3p or knockdown of c-FOS both enhanced cell 
viability, suppressed apoptosis and autophagy of cells.

Multiple studies have shown that different stimuli such 
as seizure activity can induce c-FOS expression in hip-
pocampal structures [12, 28]. In an earlier study, it has 
been confirmed that injection of pentylenetetrazole (PTZ, 
which induce epileptogenesis in mice) to mice induced 
c-Fos expression in several brain regions including the 
cerebral cortex and hippocampus [29]. Research also dis-
closed that c-FOS was highly expressed in neuronal popu-
lations during the development of the SE [30]. Therefore, 
the induction of c-FOS expression might play an impor-
tant role in the development of seizures. Interestingly, our 
research also shown that miR-101a-3p exert its antagonism 
on epilepsy by suppressing c-FOS expression.

Taken together, these findings indicated that upregu-
lation of miR-101a-3p suppressing c-FOS expression to 
protect hippocampal neurons against autophagy and apop-
tosis in hippocampal neuronal culture model of acquired 
epilepsy. Importantly, we disclosed that miR-101a-3p 
played neuroprotective role in the hippocampal neuronal 
culture model of acquired epilepsy and Rat model of 

pilocarpine-induced epilepsy, which providing a novel 
therapeutic approach for epilepsy.
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