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Abstract: Epilepsy is a common type of neurological disorder with complex etiology. The
mechanisms are still not clear. MicroRNAs are endogenous noncoding RNAs with many
physiological activities. Multiple microRNAs were abnormally expressed in status epilepticus,
including miR-210. In this study, we applied lithium chloride and pilocarpine to induce epileptic
activity and aimed to disclose the potential mechanisms. Our data showed that miR-210 was
significantly upregulated in hippocampus one day after modeling (P<<0.05 vs control) and the
high expression of miR-210 lasted for at least 30 days. By contrast, y-aminobutyric acid (GABA)
level significantly decreased concurrently after modeling (P<<0.05 vs control). To question
whether miR-210 could be a potential therapeutic target for epilepsy, miR-210 inhibitor was
administrated through intrahippocampal injection after epilepsy modeling. Our data showed
that morphological changes of hippocampal neurons and apoptosis triggered by epilepsy were
mitigated by miR-210 inhibition. More importantly, the expressions of GABA-related proteins,
including GABA  receptor a1, glutamate decarboxylase, and GABA transporter 1, were signifi-
cantly elevated after epilepsy modeling in both mRNA and protein levels 3 days postmodeling
(P<<0.05 vs control), which were mitigated by miR-210 inhibitor treatment (P<<0.05 vs model).
In addition, epilepsy-induced upregulation of GABA transaminase was alleviated by miR-210
inhibitor. Taken together, these data implicated potential roles of miR-210 in lithium chloride—
pilocarpine-induced epilepsy model and miR-210 could serve as a potential therapeutic target
in status epilepticus.

Keywords: epilepsy, miR-210, y-aminobutyric acid, glutamate decarboxylase, y-aminobutyric

acid transaminase

Introduction

Epilepsy is one common type of neurological disorder hallmarked by oversynchronization
of neurons in the brain. Abnormal and excessive firing of the neurons leads to disorders
of central nervous system.! Epilepsy is an electrical disturbance related to abnormali-
ties of behaviors, including awareness, sensation, and movement disorders.* Recently,
the incidence of epilepsy increased annually and has risen as the second largest nervous
system disease.* Therefore, it is now of particular significance to unveil the mechanisms
and find a new therapeutic approach for epilepsy.

Accumulating studies have investigated the mechanisms of epilepsy. Basically,
dysfunction of ion channels, abnormal expression of epilepsy genes, and imbalance release
of neuronal transmitters are responsible for the epileptic activity.>”’ y-Aminobutyric
acid (GABA) is the major inhibitory neurotransmitter and decrease of GABA will lead
to oversynchronization, subsequent to epilepsy.®'® Therefore, GABA receptors were
considered as one of the therapeutic targets for epilepsy. GABA stimulates its receptors
and activates the related ion channels. The synthesis and metabolism of GABA are
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also important. GABA is decarboxylated from glutamate by
glutamate decarboxylase (GAD). Therefore, the level of GAD
is important for GABA level. GABA transaminase (GABAT)
regulates the conversion from GABA to glutamate and
GABAT is negatively correlated with the level of GABA. In
addition, GABA transporter 1 (GAT-1) and GAT-3 in neurons
or glia could lead to intake of GABA from synaptic cleft and
prohibit the binding of GABA to its receptors.!! Therefore, the
approaches which have capacities to alter GABA receptors
(GABAR), GAD, GABAT, and GAT-1 will to some extent
control the epileptic activity.

MicroRNAs (miRNAs) are a group of endogenous non-
coding RNAs which can specifically bind to 3’-untranslated
region of the targeted mRNA and function to inhibit the
translation of the target protein. Recent studies have found
alot of tissue-specific miRNAs."? As reported, nine miRNAs
were upregulated and 15 miRNA were downregulated in
status epilepticus.’*> miR-210 was one of the upregulated
miRNAs. However, the exact role of miR-210 performed in
status epilepticus is not verified. Considering the importance
of GABA and its related signaling pathway in epilepsy, we
asked whether miR-210 mediated GABA or a related signal-
ing pathway. This study would unveil the important roles of
miR-210 performed in status epilepticus.

Animal modeling and treatment
Sprague—Dawley rats (8 weeks, half male and half female)
were purchased from SLAC (Shanghai, People’s Republic of
China) (License: SCXK 2012-0002) and housed in a 12-hour
light/dark cycle in a temperature of 23°C+2°C with food
and water ad libitum. All animal-handling procedures were
performed according to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
followed the guidelines of the Animal Welfare Act. All ani-
mal experiments were approved by the Experimental Animal
Ethical Committee of Linyi People’s Hospital of Shandong
Province. In all, 78 rats were used to produce an epilepsy
model through intraperitoneal injection of 125 mg/kg lithium
chloride (LiCl) followed by an injection of 1 mg/kg atropine
(20-24 hours later).' Thirty minutes after atropine injection,
the rats were intraperitoneally injected with 20 mg/kg pilo-
carpine. The behaviors were classified into four grades based
on Racine standard and grade IV was supposed as successful
modeling. Thirty minutes after continual epileptic activity, 10
mg/kg diazepam was applied to inhibit epilepsy activity.
After modeling, the rats were used in two experiments:
experiment 1, time-dependent effects of epilepsy modeling on
miR-210 and GABA expression; experiment 2, the therapeutic
effect of miR-210 inhibition. In experiment 1, the modeled rats

were divided into 1 day (d), 3 d, 7 d, 14 d, and 30 d subgroups
(n=8 in each group). Eight normal rats were used as control.
In experiment 2, the modeled rats were divided into control,
epilepsy, epilepsy + vehicle, and epilepsy +miR-210 inhibitor
groups (n=8 in each group). The treatment group received
1 nmol miR-210 inhibitor (Shanghai Sangon, Shanghai,
People’s Republic of China) 2 hours after epilepsy modeling.
The treatment was through intrahippocampal injection bilat-
erally for 3 consecutive days at a rate of 2 uL/min. After
injection, the needle was left for 10 minutes. By contrast,
vehicle was delivered to the vehicle-treated group. The rats
in the control (n=8) and epilepsy groups received the same
volume of saline. Three days after treatment, rats were anes-
thetized by 10% chloral hydrate. The bilateral hippocampus
was collected and fixed in 4% paraformaldehyde or kept in
liquid nitrogen for the experiments to follow. GABA | receptor
ol (GABA Ral), GAD, GAT-1, and GABAT expressions
were detected by real-time polymerase chain reaction (PCR)
and Western blotting. Apoptosis of hippocampal neurons was
detected by Tunel assay.

Tunel assay

Tunel assay was used to detect apoptosis of hippocampal
neurons following the instructions of the kit (Boster, Wuhan,
People’s Republic of China). Briefly, 3 days after treatment,
the brains were collected and fixed in 4% paraformaldehyde.
After dehydration, the brain was sliced into 30 pum sections.
After standard procedures as described in the instructions
of the assay kit, the images were taken under microscope
(AF6000; Leica Microsystems, Wetzlar, Germany). Five
fields in each image were quantified. The total cell num-
bers and tunel-positive cell numbers were quantified.
The apoptotic rate = tunel-positive cell numbers/total cell
numbers x100%.

Real-time PCR

miR-210 and related gene expressions were measured by
real-time PCR method. Total RNA was abstracted using
a Trizol kit. The RNA purity was defined by the ratio of
0D260 and OD280. The values between 1.7 and 2.0 were
supposed as high purity of mRNA. The RNA was reversely
transcripted into cDNA. PCR was carried out by real-time
PCR (LightCycler 96, Hoffman-La Roche Ltd., Basel,
Switzerland) according to the following procedure: 95°C
initial denaturation 5 minutes, 95°C denaturation 30 seconds,
58°C annealing 30 seconds, and 72°C extension 30 seconds
for 30 cycles. The expressions of target genes were calcu-
lated by 2*CT method.”* The primers (Shanghai Sangon)
are listed in Table 1.
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Table | PCR primers used in this study

Target genes Primers (5’-3) bp

miR-210 Forward: AGCGTGCTGTGCGTGTGAC 64
Reverse: CAGTGCAGGGTCCGAGGTATT

GABA,Ru! Forward: AATGGGCGGATTGGTGTC 108

Reverse: TCATCTTGGGAGGGCTGT
GAD Forward: TCTTTTCTCCTGGTGGTGCC 391
Reverse: TCATCTTGGGAGGGCTGT

GAT-1

Forward: ACGCTTCGACTTCCTCATGTCCTGT 699

Reverse: GAATCAGACAGCTTTCGGAAGTTGG

GABAT

Forward: GTGAAGGCGTTCCGTAGCTC 159

Reverse: TGAGCGCGGCATCTTCTT

GAPDH

Forward: AGCCACATCGCTCAGACA 314

Reverse: TGGACTCCACGACGTACT

Abbreviations: bp, base pair; GABAT, GABA transaminase; GAD, glutamate decarboxylase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GAT-1, GABA

transporter |; PCR, polymerase chain reaction.

Western blotting

Hippocampi were obtained and lysed by radioimmunopre-
cipitation assay lysis buffer (Beyotime, Ningbo, People’s
Republic of China). Protein concentrations were determined
using BCA protein assay kit (Beyotime). Equivalent amounts
of proteins (20 pg) were processed for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western
blotting. The primary antibodies used were GABA (1:100,
ab17413; Abcam, Cambridge, MA, USA), GABA Ral
(1:100, 06-868; EMD Millipore, Billerica, MA, USA), GAD
(1:100,ab26113; Abcam), GAT-1 (1:100, ab72448; Abcam),
GABAT (1:100, ab108249; Abcam), and glyceraldehyde
3-phosphate dehydrogenase (1:100, ab9485; Abcam). After
incubation with the primary antibodies overnight at 4°C, the
membrane (NC; Bio-Rad Laboratories Inc., Hercules, CA,
USA) was incubated with the second antibody. Electrochemi-
luminescence reagent was applied to enhance the staining.
ChemiDocTM XRS (Bio-Rad Laboratories Inc.) was applied
to scan the blots and analyze the density of the blots.

Data analyses

Data are presented as mean * standard deviation. All the
statistical analyses were performed by SPSS 17.0 (SPSS
Inc., Chicago, IL, USA). Two-group comparison was com-
pleted by Student’s #-test. A P-value <0.05 was considered
statistically significant.

Results

Epilepsy modeling increased hippocampal
miR-120 and decreased GABA
expression

Totally, 78 Sprague—Dawley rats were used to establish
the epilepsy model. Among them, 67 animals were suc-
cessfully modeled (grade IV) with a rate of 85.9%. Seven

animals below grade IV were excluded from the experiment.
In addition, four animals died; the death rate was 5.1%.

As shown in Figure 1A, hippocampal miR-210 was sig-
nificantly upregulated after epilepsy modeling at 1 d, 3 d,
7 d, and 30 d time points. miR-210 expression peaked at the
3 d time point. By contrast, GABA expression was reduced
correspondingly after epilepsy modeling (Figure 1B).

miR-210 inhibitor mitigated epilepsy
modeling-induced morphological changes
of hippocampal neurons

Epilepsy modeling increased miR-210 expression. Therefore,
we applied miR-210 inhibitor to observe the effect of
miR-210 inhibition on morphological changes of CAl
neurons in hippocampus. As shown in Figure 2A, miR-210
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Figure | Epilepsy modeling increased miR-210 expression (A) and decreased
GABA expression (B).

Note: **P<<0.0] compared with control.

Abbreviations: Con, control; GABA, y-aminobutyric acid; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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Notes: (A) Intrahippocampal injection of miR-210 inhibitor reversed miR-210 level induced by epilepsy modeling. **P<<0.01 compared with control; #P<<0.01 compared with
E group. (B) Hematoxylin and eosin staining indicated that miR-210 inhibitor mitigated the morphological changes caused by epilepsy. Magnification 400x.
Abbreviations: E, epilepsy; miRI + E, miR-210 inhibitor and epilepsy; V + E, vehicle and epilepsy.

inhibitor significantly reduced miR-210 expression in
hippocampus, which indicated the efficacy of miR-210
inhibition. Hematoxylin and eosin staining was used to
observe the morphological changes after drug treatments.
Our results showed that pyramidal neurons in CA1 region
were regularly arranged with a clear structure in the control
group (Figure 2B). However, the neurons in model and
vehicle-treated groups were irregularly arranged with a
confused structure. The nuclei in the model group condensed
as indicated by blue staining. Moreover, cells displayed
swelling and were bulky in the epilepsy model group. By
contrast, miR-210 inhibitor treatment remarkably mitigated
the morphological abnormalities. The cell bodies of CAl
neurons in miR-210 inhibitor-treated group were arranged
regularly and condensed nuclei disappeared.

miR-210 inhibitor decreased the
apoptosis induced by epilepsy modeling
The apoptotic rates of pyramidal neurons in CA1 region
were evaluated in different groups. As shown in Figure 3A,
epilepsy modeling triggered typical apoptosis in CA 1 region.
By contrast, miR-210 inhibitor significantly decreased the
apoptosis induced by epilepsy modeling (Figure 3B).

miR-210 inhibitor altered the GABA
signaling pathway-related protein

expressions

Compared with normal control, GABA ,Ral, GAD, and
GAT-1 expressions were significantly downregulated in
protein level after epilepsy modeling (Figure 4). By contrast,
miR-210 treatment remarkably elevated the expressions of
these proteins. GABAT was reduced in epilepsy model, but
reversed by miR-210 treatment.

The gene expressions of GABA Ral, GAD, GAT-1, and
GABAT in mRNA level were also evaluated. As shown in
Figure 5, GABA Ral, GAD, and GAT-1 were significantly
reduced in the model and negative control groups, which were
blocked by miR-210 inhibitor treatment. GABAT expression
was increased in the model and negative control groups,
which were blocked by miR-210 treatment.

Discussion

Because the etiology of epilepsy is complex, a suitable
epilepsy model would be beneficial for the elucidation of
the epilepsy mechanisms. Epilepsy models have been pro-
duced by chemical substances or electrical stimulation.'
LiCl-pilocarpine-induced epilepsy model has similar

submit your manuscript

1734

Dove

Neuropsychiatric Disease and Treatment 2016:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Upregulation of miR-210 in rat epilepsy model

A V+E miRIl + E
S 4¥.“-": _’-"r". ..
e nos )y . ¥ 2
. = eRke L ¥ < s ¥z
=4 : T " L o i a. »: 2
:‘ 4“.\". \SN ‘.\-"t
o 2 ﬂ‘\' LRt 5 R e
Vo e LT arie o A B
.."“:,""'—': . "4 e
LSt L _roea o - o
B
50 1
ok il
X 401 : oL
[} . .
- . .
© 30 s :
Q - A
- o l::$l-$l:
S 204 e
o |: l: #
o ! . - T \
Q = . = b "
g 10 i \
.: : B T
Control E V+E miRI + E

Figure 3 miR-210 inhibitor prohibited epilepsy-induced neuronal apoptosis.

Notes: (A) Apoptosis detected by Tunel assay with the arrows indicating apoptotic cells. Magnification 400x. (B) Quantitative data of the apoptosis. **P<<0.0] compared

with control; #P<<0.01 compared with E group.

Abbreviations: E, epilepsy; miRI + E, miR-210 inhibitor and epilepsy; V + E, vehicle and epilepsy.

phenotypes as the epileptic status in humans.'”'® In this
study, we produced epilepsy activity in rats by injecting
LiCl and pilocarpine. We found that GABA ,Ral, GAD, and
GAT-1 expressions were decreased and GABAT expression
increased after epilepsy modeling. Additionally, hippocampal
neuronal apoptosis was observed in the CA1 region of hip-
pocampus in our model."”” These characteristics are typical
in status epilepticus.

Previous studies demonstrated that miRNAs perform
critical roles in cancer, inflammation, vascular, and auto-
immune diseases.?*?! As reported, miRNAs also function
in neurological diseases, including stroke and cerebral
ischemia.?>?* miRNAs also perform critical roles in kainic
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- —

cAPDH WD W SN a—
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Figure 4 miR-210 inhibitor prohibited epilepsy-induced changes of GABA-related
protein expressions.

Abbreviations: E, epilepsy; GABAT, GABA transaminase; GAD, glutamate
decarboxylase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GAT-1, GABA
transporter |; miRl + E, miR-210 inhibitor and epilepsy; V + E, vehicle and epilepsy.

acid and pilocarpine-induced epilepsy.'* However, the
roles of miR-210 performed in epilepsy are not well veri-
fied. miR-210 has extensive activities, especially in cell
proliferation, apoptosis, DNA repairing, cell cycling, and
vascular formation.?*? Hu et al reported that nine miRNAs
were upregulated in status epilepticus'® and miR-210 was
one of the upregulated miRNAs. Consistently, we con-
firmed that miR-210 was upregulated 1 day after modeling
and peaked at 3 days after modeling using real-time PCR.
Moreover, the high expression of miR-210 lasted for at least
30 days. The continual expression of miR-210 indicated
that miR-210 might be directly responsible for the status
epilepticus.

Status epilepticus leads to ischemia, hypoxia, and
swelling in hippocampus followed by an imbalanced release
of excitatory amino acids. Calcium intracellular flux activates
the caspase cascade and facilitates the production of oxida-
tive stress, neuronal NO, and caspase-3.2° Subsequently,
cellular organs and skeletal proteins lose their functions
and initiate apoptosis. We confirmed that epileptic activity
triggered apoptosis of hippocampal neurons. More impor-
tantly, miR-210 inhibitor mitigated the apoptosis elicited by
epileptic activity. The potential mechanisms might be related
to the effects of miR-210 on mitochondrial metabolism and
oxidative stress.?” Other miRNAs, such as miR-21, miR-34a,
and miR-184, were also reported to regulate apoptosis in an
epilepsy model.?
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Figure 5 miR-210 inhibitor prohibited epilepsy-induced changes of GABA-related mRNA expressions.
Notes: **P<<0.01 compared with control; #P<<0.0| compared with E group. (A) GABA, Ra.l, (B) GAD, (C) GAT-I, (D) GABAT.
Abbreviations: E, epilepsy; GABAT, GABA transaminase; GAD, glutamate decarboxylase; GAT-1, GABA transporter |; miRl + E, miR-210 inhibitor and epilepsy;

V + E, vehicle and epilepsy.

GABA is a common inhibitory neurotransmitter in the
central nervous system. It is related to several neurologi-
cal diseases and has functions in sedative and antianxiety
medication.”® GABA exerts its functions through binding
to GABA receptors. In our study, we found a decrease
of GABA,Ral after epilepsy modeling. There are three
types of GABA receptors: GABA, receptor, GABA
receptor, and GABA_. receptor. GABA, receptor and
GABA_ receptor belong to similar ion receptors and func-
tion to inhibit the function of the central nervous system.
Consistent with a previous study,” GAD expression was
also significantly decreased, while GABAT was increased
in our epilepsy model. The major function of miRNAs is
through regulating the translation of specific mRNA. In
our case, GABA ,Ral, GAD, GABAT, and GAT-1 were
all affected in the miR-210-treated group compared with
the epilepsy model group. Moreover, the mRNA levels
of these genes were influenced after epilepsy modeling.
Therefore, miR-210 might not directly affect the expres-
sion of these genes. Nevertheless, as we discussed above,
miR-210 could regulate oxidative stress and apoptosis.’

However, how miR-210 regulates the GABA signaling
pathway deserves further investigation.

Considering the long-lasting and high expression of
miR-210, it would be effective to inhibit miR-210 at the
early and the later phases to treat status epilepticus. How-
ever, the treatment at the early phase might avoid the high
injury caused by apoptosis of hippocampal neurons. There-
fore, the exact time point (the early phase or later phase) of
miR-210 should be screened. More related investigations
describing the adverse effect of miR-210 treatment are
required.

Conclusion

Our study firstly confirms the novel roles of miR-210
performed in epileptic activity. miR-210 inhibitor could
effectively inhibit GABA ,Ral, GAD, GAT-1, and increase
GABAT expression to prohibit epilepsy modeling-induced
hippocampal neuron apoptosis.
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The authors report no conflicts of interest in this work.
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