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miR-96 attenuates status 
epilepticus-induced brain injury 
by directly targeting Atg7 and 
Atg16L1
Jing Gan1,2, Qianyun Cai1,2, Yi Qu1,2, Fengyan Zhao1,2, Chaomin Wan1,2, Rong Luo1,2 &  
Dezhi Mu1,2,3

Status epilepticus (SE) can cause brain damage and lead to neural dysfunction. Developing novel 
targets for SE therapy and diagnosis is important and necessary. Previously, we found several 
differentially expressed microRNAs (miRNAs) in the developing hippocampus following SE, including 
the autophagy-related miR-96. In the present study, we employed immunofluorescence staining 
and Western blot analysis to assess the expression of autophagy-related 7 (Atg7) and Atg16L1 and 
the status of autophagosome formation in the hippocampus of immature rats with SE. Additional 
in vivo intervention was also performed to investigate the potential therapeutic function of miR-96 
in developing rats with SE. We found that Atg7 and Atg16L1 were up-regulated in the neurons after 
SE, together with an increase in autophagosome formation. Meanwhile, overexpression of miR-
96 significantly prevented brain damage in SE rats by inhibiting Atg7 and Atg16L1 expression and 
autophagosome formation in the hippocampus. Furthermore, Rapamycin negated miR-96 mediated 
brain injury attenuation through inducing autophagosome formation. Our study indicates that miR-96 
might be a potential target for therapy of pediatric SE.

Epilepsy is a chronic neurological disorder characterized by recurrent unprovoked seizures, often resulting from 
abnormal and highly synchronous neuronal discharges within the brain1. Increasing evidence has shown that epi-
leptogenesis results in eventual neuronal death or dysfunction, ion channel dysfunction, mossy fibre sprouting, 
gliosis, neurogenesis, and inflammation, among other effects2, 3. The prolonged, non-terminating seizure known 
as status epilepticus (SE) is a neurological disorder that has the potential to cause irreversible brain damage and 
long-term cognitive deficits4. Clinical studies have reported that SE is the most severe and most deadly form of 
epilepsy5–7. About 5% of adults and 10–25% of children with epilepsy are predicted to have SE at least once in their 
lifetime5. The mortality rates in SE are high: 24–26% among adults and 3–6% among children, with an mean mor-
tality rate of about 20%7. Hence, there is an increasing need for novel biomarkers and therapeutic targets for SE.

Autophagy refers to a process in which cellular components and pathogens are delivered to the lysosome for 
degradation, for the maintenance of cellular homeostasis8, having been shown to participate in both physiologi-
cal and pathological processes9. Under physiological stress, the clearance of ubiquitylated, misfolded proteins or 
damaged organelles is mediated by autophagy. Additionally, impaired autophagy is also implicated in pathologi-
cal processes, such as cancer10, 11, heart disease12, autoimmune disease13, and neurological disorders14–16, includ-
ing epilepsy17. The LC3-II/LC3-I ratio and the expression of Beclin-1 have been shown to increase by recurrent 
neonatal seizures, and inhibiting these effects with cathepsin B inhibitor (CBI) plays a role in the prevention of 
seizure-induced neurobehavioral deficits via autophagy pathways18. Therefore, autophagy has been proposed as a 
therapeutic target for the treatment of neurological diseases.

MicroRNAs (miRNAs), short noncoding RNAs that are 18 to 22 nucleotides in length, have been shown 
to regulate gene expression at posttranscriptional levels by base pairing with targeted mRNAs19. Owing to the 
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potential of each miRNA to suppress the expression of hundreds of genes20, miRNA-mRNA interactions form 
a complex gene regulatory network. Disease-associated miRNAs represent a new class of diagnostic markers or 
therapeutic targets21. Previous studies have indicated that the central nervous system (CNS) expresses the rich-
est diversity of miRNAs among all human tissues22, and that miRNAs could be used as diagnosis and treatment 
targets for neural damage. Our previous study has also revealed close associations between miRNAs, autophagy 
and epilepsy17. By miRNA array and differential analysis, 29 up-regulated and 20 down-regulated miRNAs were 
identified in developing rat hippocampi23. Targets of these deregulated miRNAs were analysed using the miR-
Walk database, showing that the identified autophagy signalling pathway was involved in the molecular mech-
anisms underlying epileptogenesis23. miR-96 is one of the miRNAs showing significantly differential expression 
and correlated with the autophagy signalling pathway23. In the present study, we further investigated the potential 
autophagy-related miR-96, which we propose can be used as a diagnostic and therapeutic target for SE in imma-
ture rats. Our study also suggests that miR-96 acquires its protective role during the development of SE, thereby 
supporting its role as a novel therapeutic target for SE.

Materials and Methods
Animal model of SE. All of the animal research was approved by the Sichuan University Committee on 
Animal Research. Female Sprague-Dawley rats with mixed-sex litters were acquired from the animal center of 
Sichuan University (Chengdu, China). The mothers were provided food and water and were housed in a tempera-
ture- and light-controlled facility until the pups were 25 days old. All experiments were performed in accordance 
with relevant guidelines and regulations of the Sichuan University Committee on Animal Research. Lithium 
chloride (125 mg/kg, Sigma) was intraperitoneally (i.p.) administered 18–20 hours prior to pilocarpine injection. 
Pilocarpine was then i.p. administered (40 mg/kg, Sigma). The severity of convulsions was evaluated by Racine’s 
scale, and only those animals that were defined as showing continuous behavioral seizure activity lasting at least 
30 min with a score of 4–5 were used in this study. All of the SE rats were then intraperitoneally injected with 
diazepam (10 mg/kg) to terminate the seizure attacks. The control rats received an injection of the same amount 
of normal saline as a replacement for pilocarpine. For the rat miRNA array, 4 randomly selected post-SE rats were 
included in the experimental group (n = 4), and 4 randomly selected normal rats were included in the control 
group (n = 4). The animals were euthanized 24 h after SE onset. The hippocampus was quickly removed from 
the brain after decapitation and then preserved in RNAlater (−20 °C, 2 mL, Qiagen, Germany) for microarray 
analysis.

miR-96 mimics and negative control (NC) were purchased from Ribobio (Guangzhou, China) and 10 nmol 
miR-96 mimics or NC in 5 μl PBS was injected into the right cerebral hemisphere of SE insult rats using a 30-gauge 
needle with a 5-μl Hamilton syringe injections. Rapamycin was purchased from Selleckchem and injected into 
the right cerebral hemisphere of SE insult rats (3-day pretreatment preceding SE, 3 mg/kg, once a day) as previous 
study indicated24.

Electron microscopy. To determine the autophagosome in hippocampus, the brains were perfused and 
fixed in 4% paraformaldehyde and 1% glutaraldehyde in 0.1 mol/ for 48 h L sodium cacodylate buffer (pH 7.2) 
overnight at room temperature. Following fixation, thin sections were cut, mounted onto copper grids, contrasted 
with Uranyl acetate and Reynold’s lead citrate, and examined as previous study indicated25. Twelve random area 
has been selected for autophagosome detection. And the number of autophagosome was analyzed.

Immunofluorescence staining. To determine the expression and distribution of LC3, Atg7 and Atg16L1 
in hippocampus, the brains were perfused and fixed in 4% paraformaldehyde for 48 h and then embedded by 
paraffin and sectioned 4-mm thick for double immunofluorescence. The primary antibody against LC3, Atg7 and 
Atg16L1 and mouse monoclonal antibodies against NeuN (Millipore, CA; 1:150) or GFAP (Millipore, CA, 1:80) 
was performed and followed incubated with a secondary antibody, either FITC- or TRITC-conjugated anti-rabbit 
or anti-mouse IgG (Santa Cruz Biothecology, USA). The nucleus was stained with 4′,6-diamidino-2-phenylindole 
(DAPI, Beyotime, Beijing, China). Olympus B × 600 microscope and Spot Fiex camera were performed to eval-
uate all specimens.

Western blotting. At different time point after SE, the hippocampus from the right hemisphere were per-
fused and collected. Hippocampus from different groups were lysised with the RIPA lysis buffer (Merck Millipore, 
MA, USA) containing a protease inhibitor cocktail (Merck Millipore, MA, USA). The protein concentrations 
were measured with the BCA protein assay kit (Beyotime, Beijing, China). After adding the loading buffer, 20 μg 
total protein per samples of each group were loaded for western blotting. After blocking for overnight at 4 °C, the 
membranes were immunoblotted with various antibodies: Atg7, Atg16L1, Beclin-1 and LC3. β-actin was used as 
the internal loading control. ECL advance western blotting detection kit (Merck Millipore, MA, USA) was per-
formed to detect the bound antibodies and the Image-Pro Plus (version 6.0; Media Cybernetics, Inc., Rockville, 
MD, USA) was used to quantify the densities of the protein signals. The relative expression of Atg7, Atg16L1, 
Beclin-1 and LC3 was analyzed.

RNA isolation and quantification. RNA was isolated from the hippocampus with the miRNA Isolation 
Kit (Qiagen, Germany), in accordance with the manufacturer’s instructions. The purity and quantity of RNA were 
measured by NanoDrop (ND-1000 spectrophotometer, Thermo Scientific, Wilmington, DE, USA). The samples 
were used immediately or stored at −80 °C.

qRT-PCR. Reverse transcription was performed on the isolated total RNA using a Reverse Transcription kit 
(Takara Bio, Inc., Otsu, Japan), and PCR was performed using a Real Time PCR kit (Takara Bio, Inc.). Reverse 
transcription was performed at 65 °C for 5 min, 30 °C for 10 min, 42 °C for 10–30 min and 92 °C for 3 min. The 
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Figure 1. Autophagy was increased in the hippocampus of rats with SE. (A) Western blotting analysis of 
LC3, p62 and Beclin-1 expression in the hippocampus of SE rats. Equal levels of protein samples (20 μg) 
were loaded, and β-actin served as a loading control. (B) The relative optical density (LC3II/LC3I) were 
analyzed and represented as the mean ± SD (n = 3; **p < 0.01, compared with the ctrl group). (C) The 
relative optical density (p62 and Beclin-1) were analyzed and represented as the mean ± SD (n = 3; 
**p < 0.01, compared with the ctrl group). (D) Autophagosome in the hippocampus of SE rats and 
control rats were detected by electron microscopy. The number of autophagosome was analyzed. (n = 12; 
**p < 0.01, compared with the ctrl group). (E) The cell type specificity of LC3 was performed with double 
fluorescent immunolabeling (TRITC-labeled, red), accompanied with the astrocyte-specific marker GFAP 
(FITC-labeled, green). The nucleus was stained by DAPI (blue). Scale bar = 50 μm. The percent of GFAP 
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PCR conditions were as follows: denaturation at 94 °C for 2 min; amplification for 30 cycles of denaturation at 
94 °C for 0.5 min, annealing at 60 °C for 0.5 min, and extension at 72 °C for 1 min; followed by a terminal elon-
gation step at 72 °C for 10 min. The procedure was performed on a Bio-Rad CFX96 thermal cycler (Bio-Rad 
Laboratories, Inc.). U6 was amplified as an internal control, the Ct value of each PCR product was calculated, and 
the fold changes were analyzed as previous study26. The r-miR-96–5p and r-U6 primers were supplied by RiboBio 
Technology (Guangzhou, China); the sequences were not supplied due to the rules of the company.

Target prediction. Target mRNAs were predicted by the miRWalk database (http://www.ma.uni-heidelberg.
de/apps/zmf/mirwalk/) and by other programs (miRanda, Sanger miRDB, RNAhybrid and Targetscan) on the 
most used prediction Web site (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/predictedmirnagene.
html). This module hosts all experimentally verified miRNAs information associated with the genes and path-
ways, as well as information about proteins known to be involved in miRNA processing. The list of targeted 
mRNAs, in the form of official gene symbols, was extracted from the miRWalk prediction results for KEGG 
analysis27–29.

HE staining and nissl staining. The paraffin embedded 4-mm thick brain sections from different group 
were used for H&E staining and nissl staining. The hematoxylin, eosin and the nissl staining kit were supplied 
by Beyotime (Beijing, China). The sections were deparaffinized in xylene, treated with a graded series of alcohol 
[100%, 95%, and 85% and 75%, ethanol/double-distilled H2O (v/v)], and rehydrated in PBS (Supplied by Zsbio, 
Beijing, Ching). The HE and nissl staining were performed following the instructions supplied by the manufac-
turer. Olympus B × 600 microscope and Spot Fiex camera were performed to evaluate all specimens.

Statistical analysis. Two-way ANOVA was performed for the miRNA profiles using GeneSpring software. 
Statistical analysis was performed by the Student’s t-tests for comparing two groups and by analysis of variance for 
multiple group comparisons. Statistical analyses and the Pearson correlation analysis were performed using SPSS 
software, version 19.0 (IBM SPSS, Armonk, NY, USA). Values are expressed as the mean ± standard error of the 
mean. P < 0.05 was considered to indicate a statistically significant difference.

Results
Autophagy increased in the hippocampus of rats with SE. We quantified the expression of LC3, 
p62 and Beclin-1, the cellular markers of autophagosomes30, in the hippocampus of rats with SE, by Western blot 
analysis. Total protein was isolated from the hippocampus of SE rats at 2, 6, 12, 24, 48, 72 and 144 h post insult. We 
found that the expression of LC3II/LC3I was dramatically up-regulated from 2 to 72 h post insult, peaking at 48 h 
and remaining elevated at 72 h, before reducing back to the basal level at 144 h post insult (Fig. 1A,B). Similarly, as 
shown in Fig. 1(A,C), Beclin-1 expression was also increased from 12 to 72 h after SE, peaking at 48 h and lower-
ing back to the basal level at 144 h post insult. Meanwhile, p62 expression was decreased from 17 to 72 h after SE 
(Fig. 1A,C). Furthermore, autophagosome in the hippocampus of SE rats were detected by electron microscopy 
(Fig. 1D), but no autophagosome was found in the control group. To better investigate the expression and distri-
bution of LC3 in the hippocampus after SE insult, double immunofluorescence staining was performed to detect 
this protein, together with the astrocyte-specific marker GFAP or the neuronal-specific marker NeuN as controls. 
The results indicated only a small amount of LC3 was found in astrocytes (Fig. 1E), whereas LC3-immunoreactive 
cells mainly colocalized with neurons (Fig. 1F). The above results showed a dramatic increase of LC3 expression, 
indicating the presence of autophagosomes in neurons after SE.

Expression and distribution of Atg7 after SE. We next investigated the expression of Atg7, which has a 
pivotal role in the formation of autophagosomes31, in the hippocampus of rats with SE, by Western blot analysis at 
2, 6, 12, 24, 48, 72 and 144 h post insult. The results indicated a significant up-regulation of Atg7 from 6 to 144 h 
post insult, reaching the highest level at 24 h and remaining elevated at 48 h (Fig. 2A). To further determine the 
expression and distribution of Atg7 in the hippocampus after SE insult, double immunofluorescence staining was 
performed to detect Atg7, as well as the astrocyte-specific marker GFAP or the neuronal-specific marker NeuN. 
The immunofluorescence staining also indicated an increase of Atg7 positive cells in the hippocampus from 12 to 
72 h post SE, further supporting the findings of Western blot analysis (Fig. 2C,D). While Atg7-immunoreactive 
cells mainly colocalized with neurons (Fig. 2D), only a small amount was found in astrocytes (Fig. 2C).

Expression and distribution of Atg16L1 after SE. Since Atg16L1 is another member of the Atg family 
with an important role during the formation of autophagosomes32, we also investigated its expression in the 
hippocampus of rats with SE, by Western blot analysis at 2, 6, 12, 24, 48, 72 and 144 h post insult. As shown in 
Fig. 3A, Atg16L1 expression was greatly increased from 6 to 144 h post insult, peaking at 48 h (Fig. 3A,B). To 
better analyse the expression and distribution of Atg16L1 in the hippocampus after SE insult, double immuno-
fluorescence staining was performed to detect Atg16L1, as well as the astrocyte-specific marker GFAP or the 
neuronal-specific marker NeuN. The immunofluorescence staining supported the findings of Western blot analy-
sis, showing an increase of Atg16L1 in the hippocampus from 12 to 72 h post SE (Fig. 3C,D). As was observed for 

and LC3 positive cells was analyzed (n = 5; ns, no significant difference compared with the ctrl group). (F) 
The cell type specificity of LC3 was performed with double fluorescent immunolabeling (TRITC-labeled, 
red), accompanied with the neuron-specific marker NeuN (FITC-labeled, green). The nucleus was stained 
by DAPI (blue). Scale bar = 50 μm. The percent of NeuN and LC3 positive cells was analyzed (n = 5; 
**p < 0.01, compared with the ctrl group).

http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/predictedmirnagene.html
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Figure 2. Expression and distribution of Atg7 after SE. (A) Western blotting analysis of Atg7 expression in the 
hippocampus of SE rats. Equal levels of protein samples (20 μg) were loaded, and β-actin served as a loading 
control. The relative optical density (Atg7/β-actin) were analyzed and represented as the mean ± SD (n = 3; 
**p < 0.01, compared with the ctrl group). (B) The cell type specificity of Atg7 was performed with double 
fluorescent immunolabeling (TRITC-labeled, red), accompanied with the astrocyte-specific marker GFAP 
(FITC-labeled, green). The nucleus was stained by DAPI (blue). Scale bar = 50 μm. The percent of GFAP and 
Atg7 positive cells was analyzed (n = 5; ns, no significant difference compared with the ctrl group). (C) The 
cell type specificity of Atg7 was performed with double fluorescent immunolabeling (TRITC-labeled, red), 
accompanied with the GFAP (FITC-labeled, green). The nucleus was stained by DAPI (blue). Scale bar = 50 μm. 
The percent of GFAP and Atg7 positive cells was analyzed (n = 5; **p < 0.01, compared with the ctrl group). 
(D) The cell type specificity of Atg7 was performed with double fluorescent immunolabeling (TRITC-labeled, 
red), accompanied with the neuron-specific marker NeuN (FITC-labeled, green). The nucleus was stained by 
DAPI (blue). Scale bar = 50 μm. The percent of NeuN and Atg7 positive cells was analyzed (n = 5; **p < 0.01, 
compared with the ctrl group).
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Figure 3. Expression and distribution of Atg16L1 after SE. (A) Western blotting analysis of Atg16L1 expression 
in the hippocampus of SE rats. Equal levels of protein samples (20 μg) were loaded, and β-actin served as a 
loading control. The relative optical density (Atg16L1/β-actin) were analyzed and represented as the mean ± SD 
(n = 3; **p < 0.01, compared with the ctrl group). (B) The cell type specificity of Atg16L1 was performed with 
double fluorescent immunolabeling (TRITC-labeled, red), accompanied with the astrocyte-specific marker 
GFAP (FITC-labeled, green). The nucleus was stained by DAPI (blue). Scale bar = 50 μm. The percent of GFAP 
and Atg16L1 positive cells was analyzed (n = 5; ns, no significant difference compared with the ctrl group). (C) 
The cell type specificity of Atg16L1 was performed with double fluorescent immunolabeling (TRITC-labeled, 
red), accompanied with the GFAP (FITC-labeled, green). The nucleus was stained by DAPI (blue). Scale 
bar = 50 μm. The percent of GFAP and Atg16L1 positive cells was analyzed (n = 5; **p < 0.01, compared with 
the ctrl group). (D) The cell type specificity of Atg16L1 was performed with double fluorescent immunolabeling 
(TRITC-labeled, red), accompanied with the neuron-specific marker NeuN (FITC-labeled, green). The nucleus 
was stained by DAPI (blue). Scale bar = 50 μm. The percent of NeuN and Atg16L1 positive cells was analyzed 
(n = 5; **p < 0.01, compared with the ctrl group).
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Atg7, Atg16L1-immunoreactive cells mainly colocalized with neurons (Fig. 3D), while little Atg16L1 was found 
in astrocytes (Fig. 3C).

Down-regulation of autophagy-related miR-96 in the hippocampus of SE rats. In our previous 
study23, an miRNA array and related bioinformatics analysis by KEGG analysis27–29 indicated that miR-96 was one 
of the miRNAs with significantly altered expression and that the autophagy signalling pathway was regulated by 
these de-regulated miRNAs underlying epileptogenesis (Fig. 4A). We found that 9 out of 34 autophagy pathway 
genes were up-regulated by these down-regulated miRNAs, namely Atg7, Atg16L1, Atg5, Atg1, AMPK, Atg12, 
Atg8, Beclin-1 and PI3KC3 (Fig. 4A). A target prediction performed with the miRWalk database and other pro-
grams (miRanda, Sanger miRDB, RNAhybrid and Targetscan) predicted both Atg7 and Atg16L1 to be direct 
targets of miR-96. To further validate the expression of miR-96, total mRNA was isolated from the hippocampus 
of SE rats at 2, 6, 12, 24, 48, 72 and 144 h post insult and used for a quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) assay. The results indicated that miR-96 levels decreased from 2 to 72 h after SE and 
returned to basal levels after 144 h (Fig. 4B). Pearson correlation analysis demonstrated that miR-96 expression 
was inversely correlated with Atg7 (r = −0.85, p = 0.001, Fig. 4C) and Atg16L1 (r = −0.93, p = 0.001, Fig. 4D) 
expression in the hippocampus of rats with SE.

Overexpression of miR-96 attenuates SE-induced brain injury. To validate the potential protective 
role of miR-96 in SE-induced brain injury, miR-96 mimics were intracerebrally injected. As shown in Fig. 5A, 
10 nmol miR-96 mimics or miR negative control (miR-NC), diluted in 5 μl phosphate buffer saline (PBS), were 
injected into the right cerebral hemisphere of SE rats using a 30-gauge needle with a 5 μl Hamilton syringe, 4 h 
prior to the SE insult. qRT-PCR results indicated a dramatic up-regulation of miR-96 expression in the miR-96 
mimics injection group (Fig. 5B). Further, we investigated the morphological changes of the hippocampus with 
Hematoxylin and Eosin, and Nissl staining. As shown in Fig. 5C, HE staining indicated that the pyramidal cells 
in the CA1 and CA3 areas of SE and SE-miR-NC groups were swelling, disorganized and without nuclear and 
membrane structures. However, in the SE-miR-96 mimics injection group, the number of disorganized cells in 
the CA1 and CA3 areas was greatly reduced (Fig. 5C). Furthermore, Nissl staining was performed and revealed 
that only a small number of Nissl bodies was found in the SE and SE-miR-NC groups, accompanied with swelling, 
disorganized cells and membrane loss (Fig. 5D). These results indicate that injection of miR-96 mimics signifi-
cantly prevents brain damage in SE rats.

miR-96 inhibits expression of Atg7 and Atg16L1 in the hippocampus of SE rats. To further 
elucidate the molecular mechanism underlying the protective role of miR-96 in SE-induced brain injury, we 
qualified the expression of miR-96 predicted targets Atg7 and Atg16L1 by immunofluorescence staining and 

Figure 4. Downregulation of autophagy-related miR-96 in the hippocampus of SE rats. (A) The KEGG analysis 
of autophagy-related genes targeted by the down-regulated miRNAs. (B) The relative expression of miR-96 in 
the hippocampus at different time points after SE (n = 3; **p < 0.01, compared with the ctrl group). (C) The 
Pearson analysis of the correlation between miR-96 and Atg7 (r = −0.85, p = 0.001). (D) The Pearson analysis of 
the correlation between miR-96 and Atg16L1 (r = −0.93, p = 0.001).
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Western blot analysis. As shown in Fig. 6A and B, overexpression of miR-96 significantly inhibited Atg7 and 
Atg16L1 expression in the hippocampus of SE rats. In the miR-96 injection group, only 8.5% and 10.4% cells were 
Atg7- and Atg16L1-immunoreactive, respectively (Fig. 6(A,B)). Western blot analysis also indicated that Atg7 and 
Atg16L1 protein levels were significantly reduced in the miR-96-injected hippocampus, when compared to the 
miR-NC-injected hippocampus (Fig. 6C). After normalisation to β-actin expression, we found a 59.4% decrease 
in Atg7 and a 66.7% decrease in Atg16L1 protein levels (Fig. 6C) in the miR-96-injected hippocampus. Taken 
together, these results show that injection of miR-96 significantly inhibited the expression of Atg7 and Atg16L1 
in the hippocampus.

miR-96 inhibits hippocampus autophagosome formation in SE rats. The clear down-regulation 
of Atg7 and Atg16L1 expression in the miR-96-injected hippocampus motivated us to investigate changes in 
autophagosome formation in the groups submitted to the different treatments. Immunofluorescence stain-
ing indicated that less LC3-positive cells were found in the miR-96-injected hippocampus, a 73.4% decrease 
(Fig. 7A). Western blot analysis also showed a 64.4% reduction in the ratio of LCII/LC3I and a 3.8 fold 
upregulation of p62 expression in the miR-96 mimics-injected hippocampus, when compared to the neg-
ative control (Fig. 7B). In conclusion, injection of miR-96 could inhibit autophagosome formation in the 
hippocampus.

Rapamycin negated miR-96 mediated brain injury attenuation. To further elucidate the autophagy 
effects underlying the protective role of miR-96 in SE-induced brain injury, we employed Rapamycin to treat 
miR-NC or miR-96-mimcs injected SE rats. As shown in Fig. 8A,B, Rapamycin attenuated miR-96 mediated 
reduction in the ratio of LC3II/LC3I and upregulation of p62 expression (Fig. 8A,B). It’s indicated that autophagy 

Figure 5. Overexpression of miR-96 attenuates SE-induced brain injury. (A) The model of miR-96 and miR-NC 
injection. (B) The relative expression of miR-96 in the hippocampus at different group (n = 5; **p < 0.01, 
compared with the ctrl group; ##p < 0.01, compared with the SE-miR-NC group). (C) H&E staining was 
performed to detect the histomorphology of the hippocampus. Scale bar = 100 μm. The number of disorganized 
cells in per frame were analyzed. The black arrow indicated the disorganized cells. The red arrow indicated the 
normal pyramidal cells. (**p < 0.01, compared with control group; ##p < 0.01, compared with the SE-miR-NC 
group) (D) Nissl staining was performed to detect the Nissl body in the hippocampus. Scale bar = 100 μm. The 
number of Nissl bodies in per frame were analyzed. The black arrow indicated the swelling, disorganized and 
membrane loss cells. The red arrow indicated the normal pyramidal cells. (**p < 0.01, compared with control 
group; ##p < 0.01, compared with the SE-miR-NC group).
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Figure 6. miR-96 inhibits hippocampus Atg7 and Atg16L1 expression in SE rats. (A) The cell type specificity of 
Atg7 was performed with fluorescent immunolabeling (FITC-labeled, green). The nucleus was stained by DAPI 
(blue). Scale bar = 50 μm. The percent of Atg7 positive cells was analyzed (n = 5; **p < 0.01, compared with 
the ctrl group; ##p < 0.01, compared with the SE-miR-NC group). (B) The cell type specificity of Atg16L1 was 
performed with fluorescent immunolabeling (FITC-labeled, green). The nucleus was stained by DAPI (blue). 
Scale bar = 50 μm. The percent of Atg16L1 positive cells was analyzed (n = 5; **p < 0.01, compared with the ctrl 
group; ##p < 0.01, compared with the SE-miR-NC group). (C) Western blotting analysis of Atg7 and Atg16L1 
expression in the hippocampus of SE rats. Equal levels of protein samples (20 μg) were loaded, andβ-actin 
served as a loading control. The relative optical density were analyzed and represented as the mean ± SD (n = 3; 
**p < 0.01, compared with the ctrl group; ##p < 0.01, compared with the SE-miR-NC group).
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in the CNS of SE rats was induced by Rapamycin. Furthermore, HE staining and Nissl staining demonstrated 
that there were no significant difference on disorganized cells and Nissl bodies between SE-Rapamycin-miR-NC 
injection group and SE-Rapamycin-miR-96 mimics injection group (Fig. 8C,D). Whereas more disorganized cells 
and less Nissl bodies were found in the SE-miR-96 mimics injection group, compared with SE-miR-NC injection 
group (Fig. 8C,D). In conclusion, Rapamycin negated miR-96 mediated brain injury attenuation through induc-
ing autophagosome formation.

Discussion
SE is the most severe and lethal form of epilepsy5–7; hence, special attention should be paid to developing novel 
targets for its therapy and diagnosis. In the present study, we investigated the potential of autophagy-related 
miRNAs as diagnosis and treatment target markers for SE in immature rats. We showed that autophagosome 
were found in neurons after SE, together with increasing expression of Atg7 and Atg16L1. Furthermore, our 
results indicated that a reduction of miR-96 was inversely correlated with the up-regulation of Atg7 and Atg16L1 
expression. Overexpression of miR-96 through intracerebral injection had a preventive role on SE-induced brain 
damage, by inhibiting Atg7 and Atg16L1 expression, followed by autophagosome formation in immature rats. 
Our study suggests that miR-96 gets its protective role during the development of SE, thus providing a novel 
therapy target for SE therapy.

Autophagy is like a ‘double-edged sword’17, 33, as it probably facilitates both the promotion and prevention of 
epilepsy. While inactivation of Atg7 is sufficient to induce epilepsy due to impaired autophagy34, CBI, vitamin E 
and ascorbic acid may potentially prevent seizure-induced neurobehavioral deficits by inhibiting autophagy35, 36. 
We found that SE increased the expression of LC3, Atg7 and Atg16L1, in a time-dependent manner, in immature 
rats. Previous studies reported the regulatory role of autophagy in neurodegeneration and astroglial death in 
epilepsy16, 37, but to our knowledge, did not investigate the distribution of autophagosome in the hippocampus 
of immature rats with SE. In the present study, double immunofluorescence was performed and indicated that 
autophagosome localised in the neurons (Fig. 1), but not the astrocytes, associated with the induction of Atg7 
(Fig. 2) and Atg16L1 (Fig. 3) expression in the hippocampus of immature rats with SE. These results lay the foun-
dation for a better understanding of the association between autophagy and SE and the mechanism underlying 
this association.

Figure 7. miR-96 inhibits hippocampus autophagosome formation in SE rats. (A) The cell type specificity of 
LC3 was performed with fluorescent immunolabeling (FITC-labeled, green). The nucleus was stained by DAPI 
(blue). Scale bar = 50 μm. The percent of Atg7 positive cells was analyzed (n = 5; **p < 0.01, compared with 
the ctrl group; ##p < 0.01, compared with the SE-miR-NC group). (B) Western blotting analysis of LC3 and 
p62 expression in the hippocampus of SE rats. Equal levels of protein samples (20 μg) were loaded, and β-actin 
served as a loading control. The relative optical density were analyzed and represented as the mean ± SD (n = 3; 
**p < 0.01, compared with the ctrl group; ##p < 0.01, compared with the SE-miR-NC group).
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Recently, various studies were performed to elucidate the function of miRNAs in CNS disease by global profil-
ing techniques. These identified more than 100 differentially expressed miRNAs associated with epileptogenesis, 
which affect neurogenesis, inflammation and apoptosis of the CNS38, 39. One paper reported 19 up-regulated 
and 7 down-regulated miRNAs in the adult rat hippocampus following lithium–pilocarpine-induced SE, using 
a rat miRNA array and differential analysis40; however, few recent studies have characterized the miRNA expres-
sion patterns in developing hippocampi following SE. Our previous study have examined miRNA expression 
profiles in the hippocampi of immature rats following SE and reported that 30 up-regulated miRNAs and 21 
down-regulated miRNAs have differential expression, when compared to a control group. Furthermore, Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) analysis was performed to assess the predicted target genes of 
the down-regulated miRNAs and the results suggested that autophagy was involved in the cellular processes of 
epileptogenesis, which are regulated by the down-regulated miRNAs. The target prediction indicated that Atg7 
and Atg16L1 were both direct targets of miR-96. Previous studies indicated that up-regulation of miR-146a was 
detected in rat models and patients with temporal lobe epilepsy (TLE)14, 41, 42, playing a role in the modifica-
tion of posttranscriptional inflammation. Additionally, Hu and co-workers showed that the up-regulation of 
miR-34a in the rat hippocampus activated the caspase-3 protein and that antagomirs (synthetic miRNA inhib-
itors) of miRNA-34a could block miR-34a–Bcl-2–caspase-3 signalling, resulting in a neuro-protective effect43. 
Therefore, to our knowledge, our study is the first to show miRNA (miR-96) to be involved in autophagy during 
epileptogenesis. Pearson correlation analysis revealed that miR-96 expression was inversely correlated with Atg7 
(r = −0.85, p = 0.001) and Atg16L1 (r = -0.93, p = 0.001) expression in the hippocampus of rats with SE (Fig. 4E). 
Furthermore, injection of miR-96 mimics significantly prevented SE rats from brain damage (Fig. 5) by inhibiting 

Figure 8. Rapamycin negated miR-96 mediated brain injury attenuation. (A) Western blotting analysis of LC3, 
p62, Atg7 and Atg16L1 expression in the hippocampus of SE rats. Equal levels of protein samples (20 μg) were 
loaded, and β-actin served as a loading control. (B) The relative optical density were analyzed and represented 
as the mean ± SD (n = 3; **p < 0.01, compared with the SE-miR-NC group; ns, no significant difference, 
compared with the SE-Rap-miR-NC group). (C) H&E staining was performed to detect the histomorphology 
of the hippocampus. Scale bar = 100 μm. The number of disorganized cells in per frame were analyzed. The 
black arrow indicated the disorganized cells. The red arrow indicated the normal pyramidal cells. (**p < 0.01, 
compared with the SE-miR-NC group; ns, no significant difference, compared with the SE-Rap-miR-NC group). 
(D) Nissl staining was performed to detect the Nissl body in the hippocampus. Scale bar = 100 μm. The number 
of Nissl bodies in per frame were analyzed. The black arrow indicated the swelling, disorganized and membrane 
loss cells. The red arrow indicated the normal pyramidal cells. (**p < 0.01, compared with the SE-miR-NC 
group; ns, no significant difference, compared with the SE-Rap-miR-NC group).
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Atg7 and Atg16L1 expression (Fig. 6) and autophagosome formation (Fig. 7) in the hippocampus. These results 
indicate the possibility of novel biomarkers and therapeutic strategies for pediatric SE.

In conclusion, our study is the first to demonstrate an increase in autophagosomes in neurons after SE, 
accompanied by the induction of Atg7 and Atg16L1 expression, which result from a reduction in miR-96 levels. 
Overexpression of miR-96 significantly prevents SE rats from brain damage by inhibiting the Atg7 and Atg16L1 
expression and consequently, autophagosome formation in the hippocampus. This suggests that miR-96 might be 
a potential target for therapy of pediatric SE.
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