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1. INTRODUCTION
Temporal lobe epilepsy (TLE), a frequently found neurological 
disorder, is defined by typical characteristic clinical features and 
a typical seizure semiology.1 Related morphologic brain changes 
might be associated with recurrent seizure, propagation, and 
deafferentation of brain regions connected to the hippocampus.2 
TLE in children is different from that in adults in terms of the 
etiology, the type, and the clinical manifestations, and there is a 
paucity of data in children with TLE. Children’s brains are in a 
rapidly developing stage and are vulnerable to damage.3 Some 
studies have demonstrated very favorable surgical results based 

on the temporal lobectomy in children, but performing presur-
gical evaluations on younger children is much more complex 
than that on the older patients.4 The complex, multifactorial 
nature and its limited diagnostic rate of TLE could lead to mis-
diagnosis or delayed diagnosis, which imposes adverse influence 
on the patients and negative impact on healthcare resources.5,6 
Additionally, several researches showed that the detection of 
microRNAs in biofluids such as blood could help support the 
diagnosis of a brain condition.5 Researchers show strong inter-
est in the discovering of molecular biomarkers in the blood, as 
it could provide a fast, inexpensive, and noninvasive method 
for TLE diagnosis.7 Meanwhile, because the brain tissue is not 
readily accessible, the investigations into the pathophysiology of 
TLE in children and its potential biomarkers have increasingly 
depended on the blood-based expression levels of microRNAs 
(miRNAs).8

MiRNAs represent a small noncoding regulatory RNA fam-
ily that has been found to play an important role for miRNAs 
in major biological processes such as development differentia-
tion, growth, and metabolism in the previous studies.9 Based 
on the excellent stability of miRNAs in the biologic fluids, they 
guarantee a rapid and reliable detection at ultra-low levels using 
polymerase chain reaction (PCR) and other techniques.5,10,11 
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Meanwhile, because many miRNAs were tissue-specific and 
could be quantified reliably in blood samples, their latent capac-
ity use as biomarkers has been increasingly recognized, espe-
cially its role in the pathogenesis of the disease is fast expanding. 
Interestingly, accumulating evidence suggested that miRNAs 
played the role of biomarkers in the psychiatric and neurodegen-
erative diseases, such as anxiety, ischemia, and Alzheimer’s dis-
ease.12–15 Furthermore, a number of miRNAs have been reported 
to be dysregulated in brain tissue from the patients with epi-
lepsy, and the experimental manipulation of specific miRNAs is 
shown to alter seizure thresholds in animals.16–18 Previous stud-
ies showed that miR-194-5p was significantly down-regulated in 
adult patients with epilepsy, and there were relatively few stud-
ies in children.19–21 Considering the remarkable change of miR-
194-5p expression in adults with TLE, its clinical significance to 
the diagnosis of children with TLE is worth noting.

In the present study, first, we found that miR-194-5p expres-
sion was abnormally downregulated in children with TLE and 
the prediction of serum-based miRNA biomarkers supports the 
TLE diagnosis in the children. We also explored the relationship 
between the expression level of the miR-194-5p and the hip-
pocampal neuron proliferation and apoptosis.

2. METHODS

2.1. Study population and sample collection
This study included 59 TLE children and 63 healthy children. 
The TLE children had the mean age of 9.32 ± 3.27 years old, 
and the healthy individuals (as control group) had the mean age 
of 10.00 ± 3.44 years old. The diagnosis of patients was accord-
ing to the clinical history, physical, clinical seizure semiology, 
and high-resolution magnetic resonance imaging and video-
EEG monitoring outcomes. Subjects over 18 years of age were 
excluded from the study. Our study also excluded patients with 
nonepileptic disorders, such as metabolic disorders, electrolyte 
disturbances, acute encephalopathy or trauma, and nonepilep-
tic paroxysmal events mimicking epilepsy. Blood samples (5 mL) 
from TLE patients and healthy controls were collected in EDTA-
containing tubes. Whole-blood samples were centrifuged imme-
diately after blood collection. Then serum frozen in aliquots was 
stored at −80°C until further analysis.

The protocol of this study was approved by the Ethics 
Committee of Affiliated Hospital of Weifang Medical University, 
and written informed consent was collected from each 
participant.

2.2. Primary culture of hippocampal neurons from  
newborn rats
Wistar rats were obtained from the Shanghai Animal Laboratory 
Center and raised under standard laboratory conditions. All 
animals were bred following the Guide for the Care and Use 
of Laboratory Animals of the Institute for Laboratory Animal 
Research. Primary cultures of hippocampal neurons were col-
lected from P0 newborn rats <24 hours old as previous research 
described with some modifications.22 To be brief, the hippocam-
pus was collected and cut into small pieces after anesthesia and 
sterilization, followed by 15 minutes of digestion in 0.25% 
trypsin (Thermo Fisher Scientific, Inc., Waltham, MA) at 37°C. 
Single-cell suspension was prepared by vigorous washing with 
Hank’s buffered saline solution. Cells were seeded on glass 
coverslips with plating medium after treatment with DNase 
I and kept at 37°C and 5% CO2 in a humidified incubator. 
After attaching, cells were maintained in Neurobasal medium 
(Invitrogen; Thermo Fisher Scientific, Inc.). Replace one-third of 
the medium with fresh Neurobasal medium once a week. Then 
these cells were ready for further study. To confirm the purity 

of primary hippocampal neurons, cells were stained by NeuN 
(neuron), glial fibrillary acidic protein (GFAP, astrocytes), and 
Iba-1 (microglia); and quantification of the cells was calculated.

2.3. Establishment of epileptiform discharge model in rat 
hippocampal neurons
The epileptiform discharge model was set up using a conven-
tional method to mimic TLE conditions in children. After 9 
days of treatment with the nutrient medium, hippocampal neu-
ron cells were cultured in a magnesium-free medium (10 mmol 
HEPES, 145 mmol NaCl, 2.5 mmol KCl, 2 mmol CaCl2, 10 
mmol glucose, 0.002 mmol glycine, pH 7.2) for 3 hours. Then 
the hippocampal epileptiform activity was observed within 12–
24 hours using patch-clamp recordings and can last for the life 
of the neurons in culture. This hippocampal neuronal culture 
model of TLE has been well characterized as a useful in vitro 
model of TLE.23 After that, cells were incubated in the normal 
culture medium (containing 1 mmol MgCl2) for the other 6 
hours.24

2.4. Cell transfection
MiR-194-5p mimic, miR-194-5p mimic negative control (miR-
NC) were provided by GenePharma (Shanghai, China). Rat pri-
mary hippocampal neuron cells were seeded into a 96-well plate. 
Considering the different transfection steps, cells were divided 
into the following groups: untreated group as a control group, 
No Mg2+ (cells were cultured in a magnesium-free medium), 
No Mg2+ + miR-NC (cells were transfected with miR-NC, 24 
hours posttransfection cells were cultured in a magnesium-free 
medium for 3 hours), No Mg2+ + miR-194-5p mimic (cells were 
transfected with miR-194-5p mimic, 24 hours post-transfection 
cells were cultured in a magnesium-free medium for 3 hours). 
MiRNAs were transfected into cells using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions. After treating in a magnesium-free medium, the 
TLE model in vitro was established.

2.5. RNA extraction and quantitative real-time polymerase 
chain reaction
Total RNA was extracted using a TRIzol LS (Invitrogen) fol-
lowing the manufacturer’s recommendations. For RNA isola-
tion from serum, 250 μL of serum was homogenized in 750 
μL of Trizol LS (Invitrogen). Then 200 μL of chloroform was 
added to the sample and the mixed solution was centrifu-
gated. After an additional chloroform extraction and pre-
cipitation with isopropanol, the pellet was washed twice by 
centrifugation with 70% ethanol. The RNA pellet was dried 
for 10 minutes at room temperature and dissolved in 30 μL 
of diethylpyrocarbonate-treated water. Reverse transcrip-
tion was conducted according to the instructions of TaqMan 
miRNA reverse transcription kit (Applied Biosystems, Foster 
City, CA). The reverse transcription primer sequences were 
as follows: miR-194-5p, 5′-CTCAACTGGTGTCGTGGAGT 
CGGCAATTCAGTTGAGTCCACATG; U6:5′-GTCGTATCCA 
GTGGCAGGG TCCGAGGTATTCGCACTGGATA CGACAA 
AAATA-3′. The reverse transcription conditions were as fol-
lows: 37°C for 15 minutes, followed by 5 seconds at 85°C 
for RT inactivation. Then, the miRNA expression levels were 
tested using quantitative real-time PCR (qRT-PCR) with a SYBR 
Premix Ex Taq II commercial kit (Takara, Dalian, China). The 
following thermocycling conditions were used for the PCR: 
Initial denaturation at 95°C for 5 minutes; 30 cycles of 95°C 
for 30 seconds, 60°C for 30 seconds and 72°C for 20 sec-
onds; and a final extension at 72°C for 10 minutes. The rela-
tive expression of the microRNA was analyzed using the 2−ΔΔCt 
method. U6 snRNA levels were used as the internal reference. 
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The primer sequences used were as follows: miR-194-5p: 
forward, 5′-GCGGCGGTGTAA CAGCAACTC C-3′ and  
reverse, 5′-CTCAACTGGTGTCGTGGA-3′; U6-forward: 
5′-CTCGCTTCGGCAGCACA-3′, and reverse, 5′-AACGCTT 
CACGAATTTGCGT-3′.

2.6. MTT assay
Cell viability was performed by the MTT assay.25 Hippocampal 
neuron cells were plated in 96-well culture plates (1 × 105 cells 
per well) and following cultured for 3 days before treatment. 
Fifty microliters of MTT (Sigma-Aldrich; Merck, Darmstadt, 
Germany) was added to each well and incubated (37°C) for 
4 hours. Then dimethyl sulfoxide (Sigma-Aldrich; Merck) was 
added to dissolve the formazan crystals. Optical density was 
measured at 490 nm using a microplate reader to determine the 
cell proliferation.

2.7. Flow cytometric apoptosis assay
A flow cytometry analysis was performed to assess the apoptotic 
activity of cells by using an Annexin V-FITC Apoptosis Detection 
kit (Keygen Biotechnology, Nanjing, China). Hippocampal neu-
ron cells were seeded at 2 × 105 cells/well in six well plates. After 
incubation, cells were harvested by trypsinization and blew to 
give a single cell suspension. Subsequently, cells mixed with 5 μL 
Annexin V-FITC and PI staining solution. Cells were then incu-
bated at room temperature for 10 minutes in the dark and then 
assayed by flow cytometry. Each sample was run in triplicates. 
The apoptotic rates were analyzed using a FACSCalibur flow 
cytometer (Becton Dickinson, San Jose, CA).

2.8. Luciferase reporter assay
The TargetScan Release 7.0 (http://targetscan.org/) analysis 
shows that miR-194-5p contains binding sites for insulin-like 
growth factor 1 receptor (IGF1R). The cells were cotrans-
fected with miR-194-5p mimic or miR-NC, and the wide-type 
or mutant seed region of miR-194-5p in the 3′-UTR of IGF1R. 
The cell transfection was performed by using Lipofectamine 
2000. Renilla luciferase was used for normalization. Then rel-
ative luciferase activity was detected with a microplate reader 
(Molecular Devices, LLC, Sunnyvale, CA, USA). Each sample 
was repeated three times.

2.9. Statistical analysis
Statistical analyses were performed using the SPSS 24.0 soft-
ware (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 
7.04 software (GraphPad Software, Inc., La Jolla, CA, USA). 
Measurement data were expressed as mean ± SD (x ± s). An 
independent-samples t-test or a chi-squared test was used in the 
demographic data analysis of two groups. One-way analysis of 
variance or student’s t-test was used to analyses significant dif-
ferences between two groups. Receiver operating characteristic 
(ROC) curve analysis was used to determine the specificity and 
sensitivity of miR-194-5p levels about the diagnosis of TLE. All 
experiments were carried out at least three repetitions. p < 0.05 
was considered to be statistically significant.

3. RESULTS

3.1. Demographic data
As shown in Table 1, the demographic and clinical characteris-
tics of both patients and healthy groups were recorded and sum-
marized. The age of the subjects ranged from 4 to 16 years old 
in the healthy controls group, and 4–14 years in the TLE patient 
group. Patients with TLE did not differ significantly from the 
healthy groups in terms of the age and gender distribution  
(p > 0.05, Table 1).

3.2. MiR-194-5p expression level
First, the relative expression of miR-194-5p was detected in 63 
normal blood samples and 59 blood samples in children with 
TLE. The result showed that the expression of miR-194-5p in 
children with TLE was significantly down-regulated (p < 0.001) 
compared to the control group (Fig. 1). The expression levels of 
the miR-194-5p were detected by qRT-PCR assay.

3.3. The diagnostic value analysis of serum miR-194-5p  
for TLE
To explore the clinical diagnostic value of miR-194-5p, a ROC 
curve was established according to the expression level of miR-
194-5p in children with or without TLE. As illustrated in Fig. 2, 
the area under the curve (AUC) for miR-194-5p was 0.896, with 
a sensitivity of 81.0% and specificity of 88.1% at the cutoff 
value of 0.859. These observations highlighted the clinical diag-
nostic value of miR-194-5p to the clinical diagnosis of the chil-
dren with TLE, and miR-194-5p might be a sensitive biomarker 
for identifying TLE children.

3.4. Expression level of miR-194-5p in TLE cell model
To further confirm the significance of miR-194-5p to TLE, the TLE 
cell mode is established and the expression level of miR-194-5p 

Table 1

Clinical characteristics of the patients with TLE and the healthy 
controls

Parameters
Healthy controls  

(n = 63)
TLE patients  

(n = 59) p

Age, mean ± SD (y) 10.00 ± 3.44 9.32 ± 3.27 0.267
Gender    
 Male 33 (52.4%) 34 (57.6%) 0.561
 Female 30 (47.6%) 25 (42.4%)  
Interictal EEG    
 Unilateral temporal NA 45 (76.3%)  
 Bilateral temporal NA 14 (24.7%)  
Epilepsy type    
 Simple partial NA NA  
 Complex partial NA 59 (100%)  
Brain MRI finding    
 No abnormality NA 49 (83.0%)  
 Mesial sclerosis NA 10 (17.0%)  

EEG = electroencephalography; MRI = magnetic resonance imaging; TLE = temporal lobe epilepsy.

Fig. 1 The expression level of miR-194-5p in the serum of children with 
temporal lobe epilepsy (TLE) and healthy controls. The expression level of miR-
194-5p was down-regulated significantly in children with TLE. ***p < 0.001.

http://targetscan.org/
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in vitro is explored. Primary hippocampal neurons from P0 new-
born rats were cultured in the magnesium-free medium for 3 
hours to mimic TLE condition in children. To confirm the purity 
of primary hippocampal neurons, cells were stained by NeuN, 
GFAP, and Iba-1. It was found that >96% of cells were neurons 
(Fig. 3A). As shown in Fig. 3B, the expression level of miR-194-5p 
was down-regulated clearly in the hippocampal cells which have 
been treated in a magnesium-free medium (p < 0.001).

3.5. Effects of miR-194-5p on cell proliferation and apoptosis
The expression level of miR-194-5p in hippocampal cells was 
regulated by the cell transfection to study the influence of 

miR-194-5p on the cell proliferation and apoptosis in vitro. The 
expression of miR-194-5p in cells was determined by using qRT-
PCR, and the results demonstrated that the transfection of miR-
194-5p mimic led to a remarkable increase in the expression 
level of miR-194-5p (Fig. 4A, p< 0.001). It was found that the 
viability of hippocampal cells treated with the magnesium-free 
medium was significantly reduced compared with the control 
group, while the cell apoptosis was remarkably increased (p 
< 0.001). As shown in Fig.  4B, transfection with miR-194-5p 
mimic significantly attenuated the TLE-induced reduction for 
the cell viability (p < 0.001). Moreover, overexpression of miR-
194-5p also alleviated the TLE-induced cell apoptosis (Fig. 4C, 
p < 0.001).

3.6. IFG1R is a direct target of miR-194-5p
Bioinformatics analysis indicated that miR-194-5p contains 
binding sites for IGF1R (Fig.  5A). Furthermore, the data of 
luciferase reporter assay proved that the overexpression of miR-
194-5p reduced the luciferase activity of cells transfected with 
Wt-3′-UTR of IGF1R (Fig.  5B). However, miR-194-5p mimic 
transfection did not affect the luciferase activity of cells that are 
transfected with Mut-3′-UTR of IGF1R. The results show that 
IFG1R is a direct target of miR-194-5p.

4. DISCUSSION
In recent years, miRNAs are gaining more and more attention 
and are considered as novel biomarkers for the diagnosis of 
several diseases including some mental sickness. Children with 
TLE often need to take two or more drugs for clinical treat-
ment due to single antiseizure drug resistance. Meanwhile, 
now more and more attention has been paid to children with 
TLE.26–28 So far, although a lot of research work has been done 
in this respect, there is no reliable biomarker for the diagnosis 
and treatment of TLE in children. To overcome the limitations 
with the current treatments for TLE in children, innovation is 
of great importance to the diagnosis and the efficacy of tar-
geted therapy effects.

A lot of supportive evidence shows that miR-194-5p plays 
different roles in different types of human diseases. For instance, 

Fig. 2 Receiver operating characteristic curve (ROC) was performed to 
analyze the diagnostic value of miR-194-5p for TLE in children. The area under 
the curve (AUC) for miR-194-5p was 0.896, with a sensitivity of 81.0% and 
specificity of 88.1% at the cutoff value of 0.859. TLE = temporal lobe epilepsy.

Fig. 3 To establish TLE cell model, primary hippocampal cells were collected from newborn rats, and cultured in the magnesium-free medium for 3 h. A, 
Quantification of the hippocampal cells stained by NeuN (neuron), GFAP (astrocytes), and Iba-1 (microglia). B, The expression level of miR-194-5p was decreased 
significantly in magnesium-free medium. ***p < 0.001. TLE = temporal lobe epilepsy.
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D’Angelo et al29 demonstrated that miR-194-5p was signifi-
cantly upregulated in patients responding to treatment and 
could serve as a predictive biomarker of responsiveness to 
the neoadjuvant chemoradiotherapy in patients with locally 
advanced rectal adenocarcinoma. As Mondanizadeh et al30 
reported, the plasma level of miR-194-5p is likely a potential 
biomarker for the diagnosis of intestinal-type gastric cancer in 
humans. Ran et al31 proved that the downregulated expression 
of miR-194 was a predictor of poor prognosis of hepatocellu-
lar carcinoma patients. Moreover, miR-194-5p, which regulates 
the MAP4K4/c-Jun/MDM2 signaling pathway, might serve as a 
tumor suppressor and act as a potential target for CRC preven-
tion and therapy.32

Moreover, the functional change of miR-194-5p has made sig-
nificant influence on the development of hippocampal neurons. 
Wang et al found that miR-194-5p was highly expressed in the 
sensory patch of inner ear and the neurons in mice embryos.33 

Then they further found that miR-194-5p regulated the devel-
opment and differentiation of the sensory patches and the gan-
glion of the inner ear.34 In previous studies, the expression level 
of miR-194-5p in the serum was determined by quantitative 
RT-PCR, and the data showed that miR-194-5p was signifi-
cantly decreased in adult patients with epilepsy compared to the 
healthy control groups.19–21 In this study, primary hippocampal 
cells were collected from the newborn rats. To mimic TLE condi-
tion in children, the expression level of miR-194-5p in children 
with TLE was assessed after treating with the magnesium-free 
medium for 3 hours. The result was consistent with the con-
dition in TLE children. Furthermore, analysis of ROC showed 
that miR-194-5pis of great significance to the diagnosis of TLE 
children and yielded AUC of 0.896 with 81.0% sensitivity and 
88.1% specificity, and based on the research results, children 
patients with TLE can be distinguished from those without TLE. 
This result is obtained by referring to the results of a previous 

Fig. 4 The influence of miR-194-5p on the proliferation and apoptosis of hippocampal neurons. A, The hippocampal neuron cells transfected by miR-194-5p 
mimic showed significantly high expression of miR-194-5p. B, The viability of hippocampal cells treated with the magnesium-free medium was significantly 
decreased, which was reversed by miR-194-5p mimic transfection. C, The cell apoptosis of hippocampal cells cultured in the magnesium-free medium was 
significantly increased, which upregulated miR-194-5p mitigated TLE-induced cell apoptosis. ***p < 0.001. TLE = temporal lobe epilepsy.

Fig. 5 IFG1R is a direct target of miR-194-5p. A, Bioinformatics analysis indicated that miR-194-5p contains binding sites for IGF1R. B, Overexpression of miR-
194-5p reduced the luciferase activity of cells transfected with Wt-3′-UTR of IGF1R. But miR-194-5p mimic transfection did not affect the luciferase activity of 
cells transfected with Mut-3′-UTR of IGF1R. ***p < 0.001. IGF1R = insulin-like growth factor 1 receptor.
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study which found that the expression of miR-194-5p in plasma 
was decreased in epilepsy patients.35 However, another study 
in the adult with TLE showed that miR-194-5p yielded AUC 
of 0.740 with 77.3% sensitivity and 60.0% specificity, which 
might be associated with different pathogenesis in adults and 
children. Additionally, several other diagnostic biomarkers have 
been identified in TLE children in previous studies, such as miR-
134, S100 calcium-binding protein B, and matrix metallopepti-
dase 9.36,37 In the future, it will be interesting and important to 
assess the diagnose value of combined multi-markers in TLE 
children.

In the current study, the influence of miR-194-5p on the cell 
proliferation and apoptosis of hippocampal cells was further 
studied. The expression level of miR-194-5p in hippocam-
pal cells was regulated through cell transfection. The results 
showed that upregulated of miR-194-5p attenuated the TLE-
induced abnormal behavior of hippocampal cells, and the 
neuroprotection role is possibly a potential mechanism of the 
involvement of miR-194-5p in the progress of children TLE. 
Furthermore, IGF1R was proved to be a direct target gene of 
miR-194-5p. IGF1R is the IGF1 receptor, which is distributed 
in the cytomembranes of neurons, astrocytes, and microglia.38 
Recent research has shown that IGF1R is upregulated in 
human epileptogenic tissue, while the inhibition of IGF1R is 
known to ameliorate the epileptiform activities in the pilocar-
pine and pentylenetetrazole rat models, which suggests that 
IGF1R is a promising target for the epilepsy therapy.39 In the 
light of these findings, we proposed that the overexpression of 
miR-194-5p might alleviate the development of TLE by tar-
geting IGF1R.

There are still some limitations with the present study. First, 
in the current study, only the targe relationship between miR-
194-5p and IGF1R was confirmed. The concrete role of IGF1R 
in TLE should be further investigated by future studies. In 
addition, for qRT-PCR, U6 was used as the internal reference 
for the normalization of serum miR-194-5p levels in TLE. At 
the same time, it was found that the ct value of U6 in controls 
and TLE patients showed no significant difference. However, 
as reported by previous researches reported, miRNA or other 
RNA is not widely accepted as a good calibrator for exosomes 
or serum. According to the present results, it is presumptuous 
to say that U6 is an appropriate internal reference for the nor-
malization of serum miRNA levels in TLE, because the popula-
tion involved in the present study is relatively small, and the 
accurate level of U6 was not analyzed in the serum of samples 
from the control group and patients group. In future studies, it 
will be necessary and interesting to detect the accurate level of 
U6 in the serum of TLE patients through the performance of 
the digital PCR method, and find out whether U6 is an appro-
priate internal reference for normalization of serum miRNA 
levels in TLE.

In conclusion, we demonstrated that miR-194-5p was sig-
nificantly downregulated in children with TLE, and its overex-
pression is associated with the proliferation and the apoptosis 
of hippocampal cells. Furthermore, this study suggested that 
the decrease in the expression of miR-194-5p could be a 
potential noninvasive biomarker that can be used in the diag-
nosis of TLE in children, and IGF1R was the target gene of 
miR-194-5p. Our results develop a new avenue for miRNA 
biology in children with TLE. Meanwhile, the upregulation 
of miR-194-5p may have the potential in improving the treat-
ment of TLE. Further research is needed in the field of the 
function and molecular mechanism of miR-194-5p in chil-
dren with TLE. In the future, we plan to study the expressions 
of miR-194-5p in epilepsy in much more children patients 
and explore its possible function and molecular mechanism 
for further evaluation.
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