Silencing miR-181a produces neuroprotection
against hippocampus neuron cell apoptosis
post-status epilepticus in a rat model and in
children with temporal lobe epilepsy
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ABSTRACT. Epilepsy is one of the most frequent neurological disorders.
Recently, the regulation of microRNAs was found to be associated with
epilepsy, but the molecular mechanism by which microRNA influences
epilepsy process remains to be unveiled and the development of
microRNA-based therapy requires more intensive research. In this study,
five microRNAs with potential relevance to epilepsy were initially chosen:
miR-132, miR-146a, miR-181a, miR-34a, and miR-124. Twenty-five
children who were patients with epilepsy were selected as subjects to
obtain tissue samples for the study. The miRNA-181a, which represented
the most increased fold-changes in clinical samples, were then selected
for further function study in mouse model. The temporal lobe epilepsy
(TLE) model, along with lithium-pilocarpine-induced status epilepticus
(SE), was established in Sprague-Dawley rats. The antagomir of miR-181a
was used to determine the role of miR-181a in cell apoptosis. Analyses
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were conducted to determine the expression levels of miR-181a, neuronal
apoptosis in post-SE, and activated caspase-3. We found evidence of
significant time dependent up-regulation of miR-181a amongst post-SE
rats and TLE on 24 h (4.47 + 0.35), 7 days (4.85 £+ 0.53), and 2 weeks
(5.66 + 0.64). Experiments with the miR-181a antagomir showed that
this particular miRNA led to the inhibition of the protein expression of
caspase-3, and was up-regulated in the course of seizure-induced neuronal
apoptosis. This study provided evidence that targeting miR-181a leads to
a neuroprotective response and is linked to an increase in the activation of
the caspase-3 protein. These findings suggest that miR-181a may serve as
a promising therapeutic target for epilepsy.

Key words: MicroRNA; Epilepsy; Hippocampus; Apoptosis;
Status epilepticus

INTRODUCTION

Epilepsy affects over 50 million people around the world and is the second most
frequently occurring neurological disorder (Jallon, 2002). Medically intractable epilepsy is a
common condition among children. The tragic consequence of this condition is its effect on the
brain, causing recurring seizures throughout the person’s life (Huttenlocher and Hapke, 1990;
Berg et al., 2006). Neonates and infants are at the highest risk of developing seizures. The
predominance of new seizure disorder diagnoses occurs at these ages (Liu et al., 2013; Li et al.,
2014b). It is during this period of rapid growth and synaptogenesis that seizure susceptibility is
greatest due to the natural excitability of the brain at this age. The treatment of epilepsy, which
aims to reduce the duration of seizures, is related to neuroprotection (Arzimanoglou et al., 2002).
The imbalance between the inhibitory and excitatory processes is thought to be the reason for
the higher rate of epileptogenesis during childhood. Patients who have inherited forms of either
epilepsy and epileptogenic malformation of cortical development will experience seizures early
in life. The relationship between miRNAs and epilepsy is currently a dynamic and growing field
of research. Until now, studies have focused primarily on the functions of brain-specific miRNAs
following status epilepticus (SE) in both mice as well as samples from patients with temporal lobe
epilepsy (TLE). The body of research to date has looked at the development and neuronal death
associated with miRNAs during epilepsy and the expression and functional changes occurring
during inflammation.

miRNAs are a class of endogenous small (18-24) nucleotides. They are long and non-
coding RNAs, which function to regulate post-transcriptional gene expression by directing mRNA
destabilization, translational repression, or a combination of the two (Hauser, 1995; Bartel, 2009).
The improper functioning or expression of miRNAs has been related to several categories of
pediatric diseases (neurological, chronic, and cardiovascular) (Omran et al., 2012a,b), and has also
been proposed to play a role in the pathogenesis of epilepsy in the developing brain (Ashhab et al.,
2013a,b; Peng et al., 2013). Part of the existing research has focused on exploring how targeting
of different miRNAs involved in neurodevelopment can help to develop new therapeutic modalities.
It has been shown that seizure-induced neuronal death in the adult brain occurs when miR34a,
miR132, and miR181a are targeted. A neuroprotective effect is elicited when brain-enriched miR-
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134 is targeted, which has also been linked to the reduction of the severity of SE seizures as well
as to the reduction in the frequency of spontaneous seizures at later stages in life (Jimenez-Mateus
etal., 2011, 2012; McKiernan et al., 2012; Sano et al., 2012). It has also been shown reduced miR-
128 expression level in the postnatal neurons of mice, and causes increase in motor activity and
fatal epilepsy (Tan et al., 2013).

Based on the above evidence, the hypothesis of this study is that chronic TLE leads to
major alterations in the levels of miRNA in the brain and dysregulation of miRNA may be related
to neuronal apoptosis and brain damage in TLE. To test these hypotheses, we investigated the
expression of miRNA in the hippocampus of TLE rat model and patients with TLE. We used the
activity of caspase-3 to assess the level of neuronal apoptosis in the hippocampus. Finally, we
looked at the relationship between the differential expression of miRNAs and the level of caspase-3
activity.

MATERIAL AND METHODS
Patient samples

This study recruited twenty-five children with TLE who had undergone tailored temporal
lobe resection for removing the epileptogenic area. The subjects were recruited from the Nanyang
Central hospital and Zhengzhou Child hospital between February 2013 and February 2014. The
parents of all patients were provided informed consent and agreed to surgical treatment and tissue
sample collection in this study. This study was approved by the Ethics Committee of Henan Medical
Association. All subject information was managed in compliance with the Helsinki declaration.
Each subject underwent a detailed epileptological evaluation alongside a wakefulness/sleep
electroencephalogram (EEG).

Study animals

The animals in this subject were composed of forty male Sprague-Dawley rats between
4 to 6 weeks of age, weighing from 200 to 280 g, obtained from the Animal Unit at Zhengzhou
University, China. The animals were treated according to the guidelines set out by the Animal Care
and Use Committee at the Zhengzhou University. All rats were kept in a room with an alternating
12-h light/dark cycle at a temperature ranging from 18° to 25°C, with a humidity of 50 to 60%. Both
food and water were made available to the animals ad libitum.

Experimental procedures for the SE and TLE model

Lithium chloride (125 mg/kg) (Sigma, St. Louis, MO, USA) was injected less than a day
(18-20 h) before the administration of 20 mg/kg pilocarpine (Sigma). Racine’s scale was used to
evaluate the severity of convulsions. Only those rats, which scored 4 or 5 on the Racine scale, were
included in the study. SE (identified with a Racine scale score of 4 or 5) was defined as the beginning
of a set of continuous generalized seizure activity lasting no fewer than 40 min. Intraperitoneal
pilocarpine administration (10 mg/kg) was repeated every 30 min for those animals who scored
less than 4 on the Racine’s scale or otherwise showed no seizure activity. The maximum volume
for this injection was set at 60 mg/kg. All subjects in the SE group receive chloral hydrate (10% 3
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mL/kg, ip) to terminate epileptic attacks. The control group received saline injections. The same
environment was used to house all of the rats, which were observed from the time of the successful
establishment of the SE model until their death. Rats were identified as having experienced TLE
(3 months post-SE) through frequent spontaneous multiple seizures scoring at 4 or 5 on the
Racine’s scale. This group was identified either through direct observation or through a videotape.
Seizures in some of the animals were confirmed by the use of EEG recordings, which showed
high frequency and amplitude polyspike paroxysmal discharges. All animals were killed within a
period of 5 h from their last spontaneous seizure. The mode of killing differed between animals.
Chloral hydrate (10%, 5 mL/kg, ip) was used to anesthetize some rats, which were subsequently
decapitated. These rats had their hippocampus removed and frozen in liquid nitrogen. The other
rats were first anesthetized and subsequently perfused with saline. This procedure was followed
by placing hippocampus samples in a 4% formaldehyde solution.

Rats were killed at periods of 24 h, 7 days, 14 days, and 3 months after SE was induced. Prior to
being killed, rats were anesthetized with isoflurane. Next, the hippocampal tissues were dissected from
the animals, which were frozen immediately. The next step was the RNA extraction of this tissue. This
procedure was completed using the miRNA isolation kit (Ambion Inc., USA). The Agilent Bioanalyzer
was used to test the quantity and quality of RNA and indicated the presence of 5, 5.8, and 18S bands.

RT-PCR

The TRIzol reagent (Invitrogen, USA) was used to isolate total RNA following the
manufacturer protocol. Each sample of RT mixture contained 2 mg of the RNA template as well as
2 pul of miR-RT primers. This was mixed with 11 uL. RNase free water, 5 uL RT buffer 5X, 0.5 uL 2.5
mM dNTPs, 1 uL RNase Inhibitor (40 U/uL) (Fermentas, USA) and more RNase-free water to a total
volume of 25 L. Prior to use, the 11 uL RNase-free water was mixed thoroughly and centrifuged
at 4°C. It was then incubated for a period of 10 min at 70°C, and finally placed in an ice bath for
2 min. The final volume samples of 25 ulL were incubated for 60 min at 42°C, and then for 10 min
at 70°C. For the gPCR, we used the Platinum SYBR Green gPCR Super Mix UDG (Invitrogen)
and the Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems, Carlsbad, CA,
USA). The gPCR was performed in triplicates. The gPCR steps were as follows: initial denaturation
95°C for 20 s, 40 cycles (95°C for 10 s, 60°C for 20 s, and 70°C for 10 s), final extension 68°C 5
min and hold in 4°C. To calculate the relative expression levels for each miRNA, a comparative
Ct method was used (Livak and Schmittgen, 2001). For internal control, the expression of the U6
small nuclear RNA gene was used.

Western blot analysis

All procedures were conducted following manufacture protocol (Abcam, CA, USA). Briefly,
cells were centrifuged and lysed in solution. Proteins were loaded into the wells of the SDS-PAGE,
along with molecular weight markers. The proteins were then electro-transferred to nitrocellulose
membranes. The membranes were blocked for 1 h at room temperature or overnight at 4°C using
5% blocking solution, incubated overnight with a variety of primary antibodies at a temperature of
4°C, and in horseradish peroxidase conjugated secondary antibodies (Cell Signaling Technology
Inc., USA) for 1 h at room temperature. The expression levels of the targeted proteins were
compared with those of the B-actin control (Santa Cruz Biotechnology, USA), based on the relative
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intensities of the bands. Band density was quantified in this study using the Quantity One V4.62
software (Bio-Rad, USA).

Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridinetriphosphate
(dUTP) nick end labeling TUNEL apoptotic cell detection in formalin-fixed and
paraffin-embedded tissue

TUNEL, which detects DNA fragmentation resulting from apoptotic signaling cascades,
was used to determine the neuronal apoptosis following manufacturer protocol (Bio-Rad).
Briefly, the paraffin-embedded tissue sections were rehydrated and treated with proteinase K to
deparaffinize them. Then, the specimen was permeabilized with acetone and the endogenous
peroxidases were inactivated with 3% H,O, in methanol. TUNEL-positive cells were defined as
those demonstrating blue-purple nucleic staining. Microscopic detection (Nikon, Japan) under
40X magnification was followed after equilibration and end labeling in 5 randomly selected visual
fields for each section.

Data analysis

All data are reported as means + standard deviation from three independent tests.
Statistical analysis was completed using the SPSS 13.0 software package. One-way ANOVA
comparing multiple groups was conducted (P < 0.05).

RESULTS

Literature research and qPCR confirmation for candidate miRNA in patients with
TLE and rat model

We selected five microRNAs with potential relevance to epilepsy by literature search for
‘brain-enriched miRNA’ or ‘glioblastoma-related miRNA': miR-132, miR-146a, miR-181a, miR-34a,
and miR-124. The altered expression of miRNAs was confirmed by quantitative RT-PCR. As seen
in Figure 1, the expression levels of miRNAs were all up-regulated in rat TLE model (fold-change:
1.75 + 0.09 for miR-132; 2.34 + 0.14 for miR-146a; 1.78 + 0.21 for miR-34a; 2.75 + 0.23 for miR-
181a; 2.46 + 0.06 for miR-124, Figure 1A, P < 0.05) and patient samples (1.85 + 0.19 for miR-132;
1.57 £ 0.09 for miR-146a; 2.00 + 0.16 for miR-34a; 2.15 + 0.08 for miR-181a; 1.96 + 0.35 for miR-
124, Figure 1B, P<0.05).

miR-181a expression at post-SE and miR-181a antagomir outcomes

The expression results of miR-181a are shown in Figure 2A. It was found that miR-181
had significantly increased in the hippocampus of post-SE rats at 1 day (4.47 + 0.35), 7 days (4.85
+ 0.53), and 2 weeks post-SE (5.66 + 0.64). This was followed by a decrease at 3 months post-SE
(2.75+0.31) in the frequency of TLE (P < 0.05). Despite this decrease, the level of miR-181 was still
considerably higher than that of the control sample. miR-181a antagomir had significantly reduced
the expression of miR-181a 7 days post-SE in the rat hippocampus (2.77 + 0.36) compared to the
miR-181a antagomir control group (4.76 + 0.54) (Figure 2B, P < 0.05).
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Figure 1. Quantitative real-time PCR validation of miRNA expression. Five differentially expressed miRNAs (miR-
146a, miR-181a, miR-34a, miR-121, and miR-132) derived from (A) the temporal lobe epilepsy (TLE) rat hippocampus
and (B) patient samples. Data are reported as means+SD from triplicate tests, *P < 0.05 compared to control; N = 10
for each experimental rat group; 25 patients and 11 controls.
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Figure 2. miR-181a expression post-SE and antagomir outcomes. A. Expression pattern of miR-181a. The study time
points were 1 day, 1 week, 2 weeks (post-SE) and 3 months (temporal lobe epilepsy (TLE)). miR-181a shows increased
expression at all four time points, when compared to its control group. B. Results of the miR-181a antagomir experiment.
Displayed here is the miR-181a expression after miR-181a antagomir treatment 7 days post-SE in the rat hippocampus.
The results show that the miR-181a antagomir has significantly inhibited the expression of miR-181a in the post-SE rat
hippocampus when compared to the antagomir control. *P < 0.05, compared to control. N = 10 for each experimental group.
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Alteration of activated caspase-3 expression

Figure 3 presents the results from the qRT-PCR and western blot for the expression of
caspase-3 and -9 in the post-SE rat hippocampus. Significant differences in the up-regulation were
discovered in the expression of activated caspase-3 (3.28 + 0.38) and caspase-9 (3.44 + 0.40) at
7 days post-SE in the rat hippocampus (P < 0.05 N = 10). This expression significantly decreased
in the miR-181a antagomir-treated group (2.25 + 0.28) compared to 7 days post-SE group and
the antagomir control group (P < 0.05, N = 10) (Figure 3A). Results from the western blot analysis
confirmed the drastically decreased activated caspase-3 and -9 protein expression level in the
miR-181a antagomir-treated group (Figure 3B).
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Figure 3. Activated caspase-3 expression and protein in the post-SE rat hippocampus. A. Significant differences
in the expression of activated caspase-3 at 7 days post-SE in the rat hippocampus. This expression significantly
decreased in the miR-181a antagomir-treated group compared to the 7 days post-SE group and the antagomir control.
B. Representative blot from the western blot analysis shows up-regulation in the expression of activated caspase-3
protein 7 days post-SE in the rat hippocampus, when compared to control, and drastically decreased activated
caspase-3 protein expression level in the miR-181a antagomir-treated group. *P < 0.05, compared to control. N = 10
for each experimental group.

Alterations in neuronal death

From Figure 4A-D, it can be seen that the portion of the brain affected by neuronal death
increased in the post-SE rat hippocampus. miR-181a antagomir treatment decreased the seizure-
induced neuronal death in the hippocampus of post-SE rats in the regions CA1 (Figure 4E-H) and
CAZ3 (Figure 41-L) compared to the control group at 7 days post-SE.
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Figure 4. Apoptosis visualized using the TUNEL assay in the post-SE rat hippocampus samples. A.-D. Overview of the
hippocampus; E.-H. Cornu ammonis 1 region (CA1); l.-L. Cornu ammonis 3 region (CA3). Scale bars: 200 mm (A-D),
20 mm (E-L). TUNEL-positive cells are defined as those with blue-purple nucleic staining.

DISCUSSION

Five brain enriched miRNAs, miR-132, miR-146a, miR-181a, miR-34a, and miR-124,
showed increased expression in the epilepsy tissue samples, with the greatest changes occurring
for miR-181a. miR-181a was also remarkably increased in the lithium chloride stimulation model
brain samples at 3 months. These results were in accordance with previous studies in this field.
Nudelman et al. (2010) observed an increased miR-132 expression at 8 h in the pilocarpine-
stimulated mice hippocampus. Aronica et al. (2010) found miR-146a to be up-regulated in epilepsy.
Peng et al. (2013) reported on the potential role of increased miR-124 in TLE and in cell proliferation.
Moon et al. (2013) investigated the role of miR-181a throughout the course of neuronal injury
in vitro and hippocampal neural loss in vivo after forebrain ischemia. They found that miR-181a
expression was increased when patients underwent forebrain ischemia. The level of expression
of miR-34a has also been found to be regulated in a variety of animal epilepsy models (Hu et al.,
2012). Along with this, the expression of miR-34a has been linked to neuronal apoptosis in the
hippocampus. One of the primary findings of this study was the significant correlation between
the expression of miR-181a and the activity of an indicator of cellular apoptosis called caspase-3.
Another important finding from this study was that the expression of miR-181a showed significant
increases both in rat models as well as in TLE patient samples post-SE. The miR-181a antagomir
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effectively reduced the levels of both miR-181a and CA1 neuronal apoptosis. The findings of this
study suggests that miRNA-181a participates in the pathogenesis of chronic TLE by regulating the
rate at which neuronal apoptosis occurs in the hippocampus. Earlier research has shown that miR-
181a has been related to a wide range of cellular processes including, but not limited to, cell fate
determination and cellular invasion (Liu et al., 2013).

miR-181ais found in large quantities in the brain. The inhibition of miR-181a is related to the
reduction of astrocyte death in vitro as well as infarct volumes after stroke in vivo. Saba et al. (2012)
were the first to report that miR-181a showed significant down-regulation in primary glioblastomas
and human glioblastoma cell lines compared to regular human tissue. They established that miR-
181a functioned not only as a tumor suppressor, but also played a role as a growth inhibitor,
apoptosis inducer, and inhibitor of the invasion of adjacent glioma cells. The down-regulation of
miR-181a may be a relevant factor contributing to malignancy in human gliomas (She et al., 2014).
Ouyang et al. (2012) manipulated the levels of miR-181a in astrocyte cultures by using inhibitors
and mimics. They found that the reduction of this miRNA was linked to increased levels of Bcl-2
and Mcl-1 proteins. They showed that the falling levels of miR-181a leads to reductions in glucose
deprivation-induced apoptosis, mitochondrial dysfunction, and loss of mitochondrial membrane
potential in astrocytes.

In previous research, apoptosis has been related to neuron loss in chronic TLE as well
as brain damage (Henshall and Simon, 2005; Lewis, 2005; Li et al., 2014a,b).This study has
shown that chronic TLE increases the number of apoptotic neurons in the rat hippocampus. The
current findings support those of Hu et al. (2012) who found that apoptosis represented part of the
mechanisms underlying the chronic TLE-induced neuronal loss. It is possible to trigger chronic TLE-
related apoptosis by activating certain intrinsic pathway components, which include pro-apoptotic
proteins belonging to Bcl-2 and other members of the caspase family. In addition, previous studies
have shown that neuronal apoptosis can effectively be triggered by the activation of an extrinsic
pathway (Henshall, 2007; Fernandes et al., 2011). As mentioned earlier, it is unknown how many
varying functions miRNAs may have in the hippocampus of animals experiencing induced epilepsy.
An antagomir is a stable and locked nucleic acid. It is an engineered RNA oligonucleotide, which
has the ability to recognize based on sequence complementarities, a specific miRNA and induce
its degradation process (Dogini et al., 2013). These molecules are valuable tools when it comes to
probing the functions of miRNAs in vivo. In fact, functional studies have been conducted with epilepsy
animal models in the past (Jimenez-Mateos et al., 2011). Earlier studies have established that miR-
132 is down-regulated within a mouse’s CA3 subfield after undergoing seizure pre-conditioning
(Jimenez-Mateos et al., 2011). In that same study, the authors administered an antagomir to
the intra-cerebroventricular portion of the brain. The consequence of this administration was the
reduction in expression of miR-132, which led to the reduction of neuronal loss in the hippocampus
of SE mice. Down-regulation of miR-34a was observed with intra-cerebroventricular injections of
antagomir to the hippocampus in the lithium-pilocarpine epilepsy model (Hu et al., 2012). A similar
injection had no effect in the intra-amygdala kainic acid injection model in mice. Differences in
experimental outcomes can be attributed to a variety of factors not limited to differences in the
mouse species, models, or time points analyzed (Krutzfeldt et al., 2007).

In conclusion, our results demonstrated the increased expression pattern of five miRNAs
in patients with epilepsy and post-SE rats. Our study also provided evidence that the inhibition
of miR-181a exhibited a neuroprotective effect on seizure-induced neuronal apoptosis. These
findings suggest that the expression alteration of certain miRNAs may be associated with epilepsy
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status and indicate the protective effects of targeting specific miRNA against neuronal apoptosis,
which may open up new avenues in treatment of refractory epilepsy.
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