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Abstract: MicroRNA (miRNA) is believed to play a crucial role in the cause and treatment 

of epilepsy by controlling gene expression. However, it is still unclear how miRNA profiles 

change after multiple prolonged seizures and aggravation of brain injury in chronic epilepsy 

(CE). To investigate the role of miRNA in epilepsy, we utilized the CE rat models with penty-

lenetetrazol (PTZ) and miRNA profiles in the hippocampus. miRNA profiles were character-

ized using miRNA microarray analysis and were compared with the rats in the sham group, 

which received 0.9% physiological saline treatment at the same dose. Four up-regulated 

miRNAs (miR-139–3p, -770–5p, -127–5p, -331–3p) and 5 down-regulated miRNAs 

(miR-802–5p, -380–5p, -183–5p, -547–5p, -344a/-344a–5p) were found in the CE rats (fold 

change 1.5, P0.05). Three of the dysregulated miRNAs were validated by quantitative real-

time polymerase chain reaction, which revealed an outcome consistent with the initial results of 

the miRNA microarray analyses. Then, miR-344a agomir was intracerebroventricularly injected 

and followed by PTZ induction of CE models to investigate the effect of miR-344a in chronic 

neocortical epileptogenesis. After miRNA-344a agomir and scramble treatment, results showed 

a restoration of seizure behavior and a reduction in neuron damage in the cortex in miRNA-334a 

agomir treated rats. These data suggest that miRNA-344a might have a small modulatory effect 

on seizure-induced apoptosis signaling pathways in the cortex.
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Introduction
Epilepsy is a common, serious neurological condition causing recurrent unprovoked 

seizures that affects ~65 million people globally.1 Seizures in chronic epilepsy (CE) 

are intractable with medication in about 30% of cases,2 especially in patients with 

temporal lobe epilepsy (TLE). Multiple physiopathological changes caused by 

recurrent seizures have been observed, such as neuronal loss, mossy fiber sprouting, 

neurogenesis and dendritic injury.3,4 The brain damage induced by seizures in CE 

with poor seizure control can lead to certain disorders, including depression, anxiety, 

cognitive dysfunction or disability by different mechanisms or systems.5 However, 

the etiology and molecular changes contributing to the development of intractable 

epilepsy remain unknown.

Studies have shown that microRNAs (miRNAs) appear to regulate the devel-

opment and function of the nervous system6 and aberrant miRNA expression has 

been implicated in the molecular mechanism of numerous brain diseases, such as 

schizophrenia,7 bipolar disorder, anxiety disorders8 and epilepsy.9–11 miRNA function 

is critical in the epileptogenesis of CE by controlling dendritic morphology as well as 
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ion channel levels, neuronal migration and glial function.12 

Altered miRNA expressions associated with key biological 

processes have been identified in several large-scale genomic 

studies13–15 in both human and experimental status epilepsy 

(SE). Furthermore, specific up- or down-regulated miRNAs 

in both experimental and human epilepsy have been shown in 

several studies. MiR-34a expression was found to be unregu-

lated after SE by the p53-dependent pro-apoptotic pathway in 

TLE according to another study, suggesting miR-34a might 

be a potential target for TLE therapy.16 While miRNA has 

been shown to change a lot in preclinical moderate TLE, 

there is a paucity of preclinical data regarding miRNA in 

the regulation of CE. Agomir and antagomir of miRNA have 

been widely used in vivo to explore the role of miRNAs. 

MiRNA agomir is a chemically-modified antisense strand 

that can mimic mature endogenous miRNAs after transfer 

into cells in vivo. Here we profiled miRNA expression in the 

hippocampus of the PTZ-kindled CE rats and characterized 

the mechanism, biogenesis and function of miRNA in the CE 

rat models in order to implicate miRNA in the development of 

intractable seizures and pathogenesis of seizure-damage. We 

then demonstrated the neuroprotective effects of miR-344a 

on seizures by an agomir intracerebroventricular (ICV) 

injection treatment targeting miR-344a in vivo in the hopes 

of finding novel functional genomic data in CE.

Methods
mirNa microarray analysis for ce rats 
induced by PTZ
experimental animals
The animals we used in this study were healthy male Sprague-

Dawley (SD) rats, 6–7 weeks old and weighing 220–250 g, 

from the Animal Experiment Center of Guangxi Medical 

University, China. The animals were raised in groups and 

given free access to food and water under certain conditions 

(24°C±2°C, 50%–60% humidity and 12 h light/dark cycle). 

Animal care and handling was carried out in strict accordance 

with the guidelines of the National Institutes of Health and 

approved by the Laboratory Animals Committee of Guangxi 

Medical University. All experimental animals were housed 

in the same room during the study.

Thirty animals were chosen to do the miRNA microarray 

analysis study. All rats were divided into sham group (n=6) 

and CE group (n=24) using a random number table.

Kindling induction of ce
The rats in the CE group (n=24) were intraperitoneally 

injected with PTZ (Sigma-Aldrich, St Louis, MO, USA) at 

a dose of 60 mg/kg on the first day, and then received 14 

repeated injections of PTZ (35 mg/kg) on alternating days 

(8–10 am) as part of the CE model. Rats in the sham group 

(n=6) were given a total of 15 intraperitoneal (IP) injections 

of 0.9% physiological saline (10 mL/kg) every other day. 

PTZ was freshly dissolved in physiological saline before 

administering injections. The rats were weighed before each 

injection to adjust the dosage and monitored for 30 min after 

each PTZ treatment.

Seizures were rated according to the Racine standard 

grading as follows:17 grade 0, no reaction in behavior; 

grade 1, chewing and face twitching; grade 2, neck spasms 

and head nodding; grade 3, unilateral forelimb clonus and 

twitching; grade 4, rearing with bilateral forelimb clonus; 

grade 5, systemic seizure, widespread muscle spasming and 

falling back. Successful models of kindling were defined 

as 4 consecutive stage 2 seizures, or 2 seizures that were 

stage 4 or higher.

Tissue collection and mirNa microarray 
analysis
Rats from both groups (n=6/group) were anesthetized 

with 10% chloral hydrate (3.5 mL/kg, IP) and sacrificed 

24 hours after the last kindling. Hippocampal tissues were 

rapidly dissected out and removed to cryogenic vials with 

RNAlater (RNA stabilization solution, Sigma-Aldrich) 

and fast frozen. Additionally, 2–3 mL of blood was col-

lected through cardiocentesis into EDTA cryogenic vials 

for further testing. Total RNA was extracted using TRIzol 

reagent (Thermo Fisher Scientific, Waltham, MA, USA) 

and an miRNeasy kit (Qiagen, Germantown, MD, USA), 

following the instructions. The quality and quantity of 

RNA was measured by NanoDrop spectrophotometer 

(ND-100; NanoDrop Technologies Inc., Wilmington, DE, 

USA), and integrity of the RNA was determined by gel 

electrophoresis. Afterwards, samples were labeled using 

the miRCURY™ Hy3™/Hy5™ Power labeling kit and 

RNA was hybridized on an miRCURY LNA Array (v.18.0; 

Exiqon, Vedbaek, Denmark). Then, the slides were scanned 

using an Axon GenePix 4000B microarray scanner (Axon 

Instruments, Foster City, CA, USA) after washing steps 

with a wash buffer kit (Exiqon).

mirNa target gene prediction and 
functional analysis
Grid alignment and data extraction from scanned images 

were analyzed by GenePix Pro 6.0 software (Axon Instru-

ments). Expressed data were normalized by miRNAs at 
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intensities 30 in all samples using the median normalization. 

Up- or down-regulated miRNAs were characterized as signifi-

cant by a fold change 1.5 and a P-value 0.05. Finally, we 

used a hierarchical clustering to identify the distinguishable 

miRNA expression profiling among the samples by MEV 

software (v4.6; TIGR). Potential target genes of the differen-

tially expressed miRNAs were predicted and integrated from 

miRBase, miRanda and miRDB databases. Kyoto Encyclope-

dia Genes and Genomes (KEGG) pathways over-represented 

among these target genes were provided to obtain useful 

information regarding the functions of the targets.

qrT-Pcr validation
Three miRNAs (miR-331–3p, -547–5p, -344a) were ana-

lyzed using quantitative real-time polymerase chain reaction 

(qRT-PCR) to validate the initial results of miRNA microar-

ray analysis from the hippocampus and to determine whether 

miR-344a from peripheral blood samples could be a potential 

biomarker. Total RNAs were isolated using TRIzol reagent 

(Thermo Fisher Scientific) and amplified by qRT-PCR (16°C 

for 30 min, 42°C for 40 min, and 85°C for 5 min) using a 

Gene Amp PCR System 9700 (Applied Biosystems Inc., 

Foster City, CA, USA). The RT-PCR reactions were per-

formed using a ViiA 7 RT-PCR system (Applied Biosystems) 

for 40 PCR cycles (95°C for 10 s, then 60°C for 60s) at 95°C 

for 10 min. The RT-PCR reactions were performed for tar-

get miRNAs and for the internal reference (U6), with each 

sample analyzed in triplicate. The miRNA expression was 

analyzed using the comparative cycle threshold (2−ΔΔCT) 

method. The use of the primers is shown in Table 1.

exploration of the effect of mir-344a 
agomir on seizures kindled by PTZ
animal procedures
Another 38 male SD rats (weighed 220–250 g) were obtained 

from the Animal Experiment Center and divided into a nor-

mal group (n=8), an miR-344a agomir group (n=15) and an 

miRNA-control group (n=15) at random. The rats from the 

miR-344a agomir group (n=15) and scramble control group 

(n=15) were then given an miR-344a agomir and scramble-

control ICV injection individually.

stereotaxic injections of mirNa-344a 
agomir
For ICV administration of miR-344a agomir, rats were 

anesthetized with 10% chloral hydrate (3.5 mL/kg, IP) and 

affixed with a stereotaxic apparatus. The right ventricle (coor-

dinates from anterior fontanel: AP=−0.9 mm, R=−1.3 mm, 

V=−3.5 mm) was positioned after skin cut according to 

Paxinos rat brain stereotaxic atlas. A 10 μL syringe filled 

with miR-344a agomir was fixed on a pump pointing into the 

hole previously drilled, with the syringe needle positioned 

on the right ventricle of the skull. The rats received a 4 μL 

infusion of miR-344a agomir (Guangzhou Ruibo Biological 

Technology Co. Ltd., Guangzhou, China) or scrambled 

agomir (0.2 nmol/rat) in 0.9% physiological saline. The 

injection speed was set at 3 min/μL and the syringe needle 

remained for 10 min before it was pulled out. Animals 

were moved to a warm recovery chamber. There was no ICV 

administration for rats from the normal group.

Kindling and behavior observation
Three days after the ICV injection treatment, rats in the 

miR-344a agomir group (n=14) and the scramble control 

group (n=13) received 15 repeated injections of PTZ 

(35 mg/kg) on alternating days (8–10 am) in accordance 

with the CE model. The rats were monitored for the occur-

rence of seizures for 1 hour after IP injection to record the 

seizure grades and the duration they spent conducting vari-

ous behaviors such as: head nodding, twitching, rearing and 

spasming. Seizures were rated as grade 0–5 according to the 

Racine standard grading described previously. Rats in the 

normal group were given a total of 15 IP injections of 0.9% 

physiological saline (10 mL/kg) every other day.

Table 1 mirNa primers

Gene Bidirectional primer Annealing  
temperature (°C)

Product  
length (bp)

U6 F:5′gcTTcggcagcacaTaTacTaaaaT3′
r:5′cgcTTcacgaaTTTgcgTgTcaT3′

60 89

rno-miR-344a gsP:5′ggaaaTcaggcTccTggc3′
r:5′gTgcgTgTcgTggagTcg3′

60 62

rno-miR-547–5p gsP:5′gggggTcacTTcaggaTgTa3′
r:5′gTgcgTgTcgTggagTcg3′

60 65

rno-miR-331–3p gsP:5′gaaccccTgggccTaTc3′
r:5′cagTgcgTgTcgTggagT3′

60 63

Abbreviations: F, forward; r, reverse.
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qrT-Pcr for mir-344a expression
Rats were sacrificed 30 min after the last injection and the 

brains harvested. Fresh cortical and hippocampal tissues were 

carefully separated for qRT-PCR assays to study the levels 

of miR-344a. Total RNA isolation, conditions of amplifica-

tion and RT-PCR reactions were performed as described 

previously.

TdT-mediated dUTP–biotin nick end 
labeling (TUNel)
DNA fragmentation and damage resulted from seizure-induced 

neuronal death and apoptosis in the hippocampus and cortex. 

Damage was identified using a fluorescence-based TUNEL 

technique. TUNEL was carried out according to the In Situ 

Cell Death POD kit (Roche Diagnostics, Mannheim, Germany) 

manufacturer’s guidelines. Images were captured under a 20× 

and 10× lens magnification using a fluorescence microscope 

(Zeiss, Jena, Germany) and researchers were blinded to pre-

vent bias. Three sections were examined from each rat and an 

average count was obtained for statistical analysis.

Data analysis
All the data are presented as mean ± standard deviation. 

Two group comparisons were made using an independent 

sample t-test, while multi-group comparisons were made 

using a 1-way analysis of variance. All statistical analyses and 

pictures were performed using Graphpad Prism 5 (GraphPad 

Software Inc., San Diego, CA, USA). Significant differences 

were accepted at a 2-tailed P-value of 0.05.

Results
mirNa microarray analysis showed 9 
dysregulated mirNas in ce rats
Sixteen rats were injected successfully as per the CE model. 

Six of these rats were chosen at random for the miRNA 

microarray analysis and compared with rats from the 

sham group (n=6). miRNA arrays and differential analysis 

demonstrated a different expression profile between CE and 

sham rats, showing 9 dysregulated miRNAs (Table 2) in the 

CE rats that were not present in the sham rats. Among the 

dysregulated miRNAs, 4 miRNAs (miR-139–3p, -770–5p, 

-127–5p, -331–3p) were significantly up-regulated (fold 

change 1.5, P0.05), and 5 miRNAs (miR-802–5p, 

-380–5p, -183–5p, -547–5p, -344a/-344a–5p) were sig-

nificantly down-regulated (fold change 1.5, P0.05). The 

hierarchical clustering/heatmap of these 9 dysregulated rat 

miRNAs are shown in Figure 1.

mirNa target gene prediction and 
functional analysis
miRNA targets were integrated based on the data from 

miRanda, MicroCosm, and miRDB databases. Exactly 2,853, 

4,618 and 560 predicted target genes were identified in these 

3 databases, respectively, with 30 target genes integrated 

from all 3 databases (Figure 2A). KEGG pathways and 

pathway analysis were used to determine functional analysis 

mapping genes. The top 10 pathways associated with the 9 

dysregulated miRNA targets are shown in Figure 2B.

qRT-PCR confirmed the microarray 
results
According to the PCR results (Figure 3A–C), 3 dysregulated 

miRNAs (miR-331–3p, -547–5p, -344a) expressions were 

consistent with the microarray analysis. Furthermore, the 

expression level of miR-344a decreased (Figure 3D) in periph-

eral blood of CE rats compared with the sham group, in addi-

tion to the decrease seen in the hippocampus (P=0.0002).

mir-344a expression after 344a-agomir 
treatment
Individual qRT-PCR analysis showed significantly altered 

hippocampal miR-344a levels by agomir (Figure 3E). 

Table 2 ce versus sham 1.5-fold up- or down-regulated mirNas

ID miRNA Fold change P-value Regulated

Name CE vs sham CE vs sham Up/down

42451 rno-mir-139–3p 1.52 0.030 Up
42817 rno-mir-770–5p 1.65 0.017 Up
42692 rno-mir-127–5p 1.53 0.042 Up
42887 rno-mir-331–3p 1.70 0.024 Up
30442 rno-mir-802–5p 0.42 0.025 Down
28161 rno-mir-380–5p 0.67 0.018 Down
10977 rno-mir-183–5p 0.55 0.036 Down
148054 rno-mir-547–5p 0.58 0.002 Down
148046 rno-mir-344a/rno-mir-344a–5p 0.61 0.008 Down

Abbreviations: ce, chronic epilepsy; mirNa, microrNa.
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Of note, basal expression of miR-344a in scramble TLE 

animals was significantly lower (P=0.013) when compared 

with the normal rats, while expression of miR-344a was 

significantly increased after 344a-agomir injection.

effect of mir-344a agomir on seizures 
kindled by PTZ
Standard Racine-type scales were used to score the behavior 

of rats in the 344a group and the scramble group. During 

1-hour observations after each kindling, miRNA-344a agomir 

treatment resulted in an onset of altered behavior in 17.8±0.8 

seizure cases compared with 21.8±1.2 cases in the scramble 

group (n=9/group, P=0.041). Rats treated with 344a-agomir 

showed less twitching, nodding, spasming or continuous 

seizures (Figure 3F). No epileptiform activity was observed 

in the normal group.

agomir of mir-344a decreased neuronal 
death in ce
Damage of neurons was tested by TUNEL to investigate 

whether miR-344a agomir before seizure kindling can 

also alter neuronal death and apoptosis in epileptic toler-

ance. Results show (Figure 4) neuronal death was sig-

nificantly increased in scrambled and 344a-agomir CE rats  

Figure 1 hierarchical clustering of 9 dysregulated mirNas in ce rats compared with sham rats.
Notes: The heat map diagram exhibits the results of the 2-way hierarchical clustering of mirNas and samples. each row represents an mirNa and each column represents 
a sample (sham: a1–a6; ce: b1–b6). The mirNa clustering tree is shown on the left, and the sample clustering tree appears at the top. red indicates high relative expression 
and green indicates low relative expression.
Abbreviations: ce, chronic epilepsy; mirNa, microrNa.

Figure 2 The arraystar proprietary mirNa target database (A) and significant (Sig) KEGG pathway of all deregulated miRNA (B).
Notes: enrichment score values equal “−log10 (P-value)”, denoting the significance of the pathway correlated to the conditions. The higher the enrichment score value, the 
more significant the pathway.
Abbreviations: Kegg, Kyoto encyclopedia genes and genomes; MaPK, mitogen-activated protein kinase; mirNa, microrNa.
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Figure 3 qrT-Pcr validation of mirNas expression and scores of seizures.
Notes: (A) mir-331–3p expression in the hippocampus; (B) mir-547–5p expression in the hippocampus; (C) mir-344a expression in the hippocampus; (D) mir-344a 
expression in the blood (n=6/group); (E) mir-344a expression in the hippocampus after agomir/scramble treatment. (F) seizure scores in the 2 groups. The values are 
presented as mean ± seM. *P0.05 versus normal rats; **P0.01 versus sham group; #P0.05 versus the scramble group.
Abbreviations: ce, chronic epilepsy; hippo, hippocampus; mirNa, microrNa; qrT-Pcr, quantitative real-time polymerase chain reaction.

Figure 4 Neuronal death and apoptosis in the hippocampus and cortex in TUNel staining.
Notes: (A) Positive cells from TUNEL staining in the 3 groups observed under a fluorescent microscope (top panels: hippo, ×100; middle panels: hippo, ×200; bottom panels: 
cortex, ×200). counting results in the hippocampus (B) and cortex (C) at a magnification of ×200. **P0.01 versus normal rats; #P0.05 versus scramble group. There was 
no significant difference in the hippocampus between the scramble and the 344a-agomir group (P0.05).
Abbreviations: hippo, hippocampus; TUNel, TdT-mediated dUTP–biotin nick end labeling.

compared with the rats in the sham group (P0.0001). 

While cell damage in 344a-agomir rats was down-regulated 

in the cortex (P0.05), there was no difference seen 

in the  hippocampus when compared to scrambled rats 

(Figure 4B and C).

Discussion
In the present study, we characterized the miRNA profiles 

in the hippocampus of PTZ-induced CE rats and compared 

them with a control group using miRNA microarray analysis. 

PTZ is a gamma-amino-butyric acid (GABA) antagonist that 
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miRNA targets in CE. The wide-ranging biological pro-

cesses regulated by miRNAs suggest that certain aspects of 

the epileptogenic process may not be regulated by specific 

miRNA in a significant way. Additionally, our results raise 

the possibility of targeting miRNAs in CE. We confirmed 

the initial results of miRNA microarray analysis from the 

hippocampus by qRT-PCR, and also determined that the 

expression of miR-344a in peripheral blood can serve as a 

potential bio-marker for clinical diagnosis and prognosis in 

patients with epilepsy.

The reproducibility of miRNA studies could contribute 

to researchers engaging in efforts to develop an miRNA-

based treatment that may later fail to have sufficient clinical 

impact. The function of miRNAs can be evaluated by 

silencing or activating specific targets in vivo to establish 

whether they are promising therapeutic targets for epilepsy. 

In our study, an miR-344a agomir was ICV injected into rats 

and the expression of miR-344a was found to be increased 

twofold when compared with scrambled rats (Figure 3E). 

Furthermore, a reduction of neuron damage in the cortex 

following miRNA-334a agomir treatment revealed an effec-

tive protection from brain damage induced by seizures in 

multi-episode models. We chose to further study miR-344a 

for 2 basic reasons: first, miR-344a was confirmed by qRT-

PCR; second, miR-344a was the specific miRNA that we 

believe has the greatest potential, based on current literature 

and the miRNA database, for use in epilepsy and other neu-

rodegenerative disorders in the central nervous system.14,25 

Patients with refractory epilepsy often show extensive 

cell loss in temporal brain areas, particularly when associ-

ated with hippocampal sclerosis.26,27 Many miRNAs have 

been found to be critical for normal brain development 

and function28 and seem to regulate synaptic function and 

survival response.29 A recent study proved that miR-344a 

could inhibit microtubule dynamics and GSK3b, which is 

a regulator of cell metabolism and protein synthesis, by 

phosphorylating initiation factors.14 Our study suggests 

that miRNA-344a might have a small modulatory effect 

on seizure-induced apoptosis signaling pathways in the 

cortex, but not hippocampus (Figure 4). The mechanisms 

underlying the molecular responses of miR-344a involved 

in CE are complicated. The regulation of miRNA in chronic 

epileptogenesis cannot be targeted using a single mRNA, 

and more studies are needed to further investigate other 

potential therapeutic targets.
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is generally used as a convulsant agent to develop TLE ani-

mal models for research of cognitive function and potential 

antiepileptic drugs.18 TLE, with the highest prevalence and 

severity, is the most frequent refractory type of epilepsy in 

adult patients.19 In this study, we created the CE rat mod-

els with PTZ (60 mg/kg) injection as the first induction, 

followed by 14 repeated injections with PTZ (35 mg/kg) 

as rekindling on alternating days to mimic the prominent 

feature of seizure recurrence in patients with CE. Recently, 

miRNAs have been found to be deregulated in epilepsy in 

lots of studies using animal models and tissue from surgical 

resection of pharmacoresistant epileptic patients. Profiling 

studies of miRNA expression in these studies have identified 

dysregulation of 100 different miRNAs.20 In our study, 

4 up-regulated miRNAs (miR-139–3p, -770–5p, -127–5p, 

-331–3p) and 5 down-regulated miRNAs (miR-802–5p, 

-380–5p, -183–5p, -547–5p, -344a/-344a–5p) were found 

in the CE rats (fold change 1.5, P0.05). In comparison 

with other studies, we got totally different dysregulated 

miRNAs. The source of such variability is multiple, includ-

ing the diversity in study design, time points, structures 

and cell heterogeneity of the analyzed samples, as well as 

technique used to profile miRNA expression (microarrays 

vs Taq-Man-type assays).

Some of the dysregulated miRNAs we found in the study 

have already been implicated in other neurologic diseases. 

For example, it is suggested that miR-380–5p represses p53 

to control cellular survival and is associated with poor out-

comes in MYCN-amplified neuroblastoma.21 miR-183 has 

also been shown to play an important oncosuppressive role 

through its regulatory impact in gene expression irrespective 

of the presence of schizophrenia.22 When compared with pre-

vious studies, miRNA profiles in CE are different from those 

in SE induced by kainic acid or pilocarpine.9–11 Thus, we 

posited that recurrent seizures following the first convulsion 

caused much more deregulation of miRNA expression and 

played a critical role in the brain damage and pathogenesis of 

epilepsy. Studies have already suggested that the provoked 

neurons in an epileptic condition led to increased pathologi-

cal events, including inflammation and cell damage,23,15 as 

well as oxidative stress, which is considered to be a contrib-

uting factor in the pathogenesis of epilepsy.24

Thousands of target genes were identified, including 30 

target genes identified by all 3 databases. KEGG pathway 

analysis was used to provide a functional analysis of the dys-

regulated miRNAs. The retrograde endocannabinoid signal-

ing, the mitogen-activated protein kinase signaling pathway, 

the dopaminergic synapse and glutamatergic synapse path-

ways are shown to be associated with the 9 dysregulated 
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