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Abstract Emerging evidence indicates that certain
microRNAs (miRNAs) p lay impor tan t ro les in
epileptogenesis. MiR-219 is a brain-specific miRNA and has
been shown to negatively regulate the function ofN-methyl-D-
aspartate (NMDA) receptors by targeting Ca2+/calmodulin-
dependent protein kinase II (CaMKII)γ. Herein, we found
that the level of miR-219 was decreased in both the kainic
acid (KA)-induced epilepsy model and in cerebrospinal fluid
specimens of epilepsy patients. Importantly, silencing of miR-
219 by its antagomir in vivo resulted in seizure behaviors,
abnormal cortical electroencephalogram (EEG) recordings in
the form of high-amplitude and high-frequency discharges,
and increased levels of CaMKIIγ and an NMDA receptor
component, NR1, in a pattern similar to that found in KA-

treated mice. Moreover, treatments with the miR-219 agomir
in vivo alleviated seizures, abnormal EEG recordings, and
decreased levels of CaMKIIγ and NR1 in KA-treated mice.
Furthermore, treatment with MK-801, an antagonist of
NMDA receptors, significantly alleviated abnormal EEG re-
cordings induced by miR-219 antagomir. Together, these re-
sults demonstrate that miR-219 plays a crucial role in sup-
pressing seizure formation in experimental models of epilepsy
through modulating the CaMKII/NMDA receptor pathway
and that miR-219 supplement may be a potential anabolic
strategy for ameliorating epilepsy.
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Introduction

MicroRNAs (miRNAs) are small (~22 nt) noncoding tran-
scripts that regulate expression of protein-coding mRNAs at
the posttranscriptional level [1]. Dysregulation of miRNAs
has been proposed to contribute to neurological injuries and
neurodegenerative diseases, including epilepsy [2–4]. Epilep-
sy is a common, serious neurologic disorder characterized by
recurring unprovoked seizures that result from abnormal firing
of populations of neurons in the brain [5]. A series of profiling
studies have identified bidirectional spatiotemporal changes
of certain miRNAs accompanying epilepticus [6–12]. How-
ever, detailed mechanisms underlying the change of these
miRNAs and their functional effects during epilepsy have
yet to be elucidated.

MiR-219 is a conserved miRNA expressed in both rodent
and human brains but not in other tissues [13, 14]. Several
studies have demonstrated that miR-219 plays a critical role in
regulating neural precursor differentiation, especially oligo-
dendrocyte differentiation during development [15–17]. In
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addition, miR-219 has been found to negatively regulate the
function of N-methyl-D-aspartate (NMDA) receptors by
targeting Ca2+/calmodulin-dependent protein kinase II
(CaMKII)γ, an integral downstream responder to NMDA-
mediated Ca2+ signaling [18]. Given the importance of
NMDA receptors in mediating neuronal activity/firing that is
altered in epilepsy, herein we explored the correlation between
miR-219 and epilepsy.

Materials and Methods

Reagents

Kainic acid (KA), pilocarpine, and MK-801 were purchased
from Sigma-Aldrich. Antibodies against CaMKIIγ, NR1, and
GAPDH were from Cell Signaling Technology. RNAiso for
Small RNA kit and SYBR® PrimeScript miRNA RT-PCRKit
were from Takara, Japan. MiR-219 agomir, miR-219
antagomir, scrambled control miRNA, and oligonucleotide
primers for mouse or humanU6,miR-219, andmiR-19a genes
were all from RiboBio (Guangzhou, China).

Cerebrospinal Fluid (CSF) Samples

CSF specimens from eight temporal lobe epilepsy (TLE)
patients (5 males and 3 females, mean age 27.6 years, range
15 to 45 years) and six patients with temporal vascular mal-
formation but no history of epilepsy or other neurological
diseases (as controls, 4 males and 2 females, mean age
28.3 years, range 16 to 48 years) were collected from Affili-
ated Zhongshan Hospital of Xiamen University and Affiliated
Chenggong Hospital of Xiamen University. The protocol of
this study complied with the guidelines for the conduct of
research involving human subjects as established by the Na-
tional Institutes of Health and the Ethics Committee on Hu-
man Research at Xiamen University.

Cell Culture and Treatments

Hippocampal neurons were isolated from E15.5 C57BL/6
mice as previously described [19]. HT22 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) containing
10 % fetal bovine serum (FBS). N2a cells were maintained in
a 1:1 mixture of DMEM and Opti-MEM containing 5 % FBS.
For treatments, cells were incubated with a medium contain-
ing 50 or 100 μM KA for 24 h.

Animals and Treatments

ICR and C57BL/6 mice, which are commonly used for epi-
lepsy study, weighing 20–25 g and at 6 to 8 weeks of age,
were provided by the Experimental Animal Center of Xiamen

University. All animal procedures were in strict accordance
with the National Institute of Health Guidelines for the Care
and Use of Laboratory Animals and were approved by the
Animal Ethics Committee of Xiamen University.

For treatments, mice were subjected to i.c.v. injection of
KA (40 μg/kg) to the right lateral cerebral ventricle (0.5 mm
posterior to the bregma, 1 mm lateral to the midsagittal suture,
and 2–2.5 mm below the dura matter) using a 5-μl Hamilton
syringe. In some experiments, 6 h after i.c.v. injection of KA,
mice were subjected to another i.c.v. injection of miR-219
agomir, miR-219 antagomir, or scrambled control miRNA at
10 nmol/kg. Mice were then sacrificed at indicated time
periods after treatments, and cortical and hippocampal tissues
of these mice were carefully isolated for quantitative real-time
PCR (qRT-PCR) assays to study miR-219 levels or Western
blotting assays to detect CaMKIIγ and NR1 levels.

The NMDA receptor antagonist MK-801 (0.5 mg/kg) was
administered intraperitoneally into mice immediately after
i.c.v. injection of miR-219 antagomir or scrambled control
miRNA at 10 nmol/kg. Mice were then subjected to electro-
encephalogram (EEG) recording at 24 h after treatments.

EEG Recording and Behavior Observation

In some experiments, mice treated as described above were
subjected to EEG recording 24 h after the final i.c.v. injection,
following the method described previously [20]. Briefly,
polyamide-insulated stainless steel monopolar microelec-
trodes (0.1 mm diameter; Plastics One Inc. Roanoke, VA)
were implanted bilaterally into the frontal area of both hemi-
spheres (−1.5 mm bregma, 1.8 mm lateral). In addition, an
insulated, 50-μm-diameter stainless steel wire (California Fine
Wire) was implanted 1.7 mm below the surface of the brain.
The reference electrode was placed in the cerebellum. Data
were analyzed by Nicolet1.0 software. In addition, seizure
induced in treated mice was observed and staged I–Vaccord-
ing to an adjusted version of the Racine scale [21].

Reverse Transcription and qRT-PCR

Total RNAwas isolated from tissues or cells using RNAiso for
Small RNA kit (Takara, Japan) according to the manufac-
turer’s protocol. Total RNA was dissolved in nuclease-free
water and stored at −80 °C. Reverse transcription and qRT-
PCR were performed using a SYBR® PrimeScript miRNA
RT-PCR Kit (Takara, Japan) according to the manufacturer’s
protocol. The set of mouse or human U6 primers was used as
an internal control for each specific gene amplification. The
relative levels of expression were quantified and analyzed by
using 7500 Fast software V2.0.6 (Invitrogen). The real-time
value for each sample was averaged and compared using the
CT method, where the amount of target RNA (2−ΔΔCT) was
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normalized to the endogenous mouse or human U6 reference
(ΔCT).

Western Blotting

Western blotting was performed as a standard procedure. All
cells were lysed in RIPA buffer, and total protein concentra-
tions were determined with a BCA Protein Assay Kit (Thermo
Scientific). Total protein (50 μg) was loaded for each sample
into 10 % SDS-PAGE. Gels were transferred onto PVDF
membranes (Millipore). Mouse CaMKIIγ-, NR1-, or
GAPDH-specific primary antibody was incubated overnight
at 4 °C followed by an HRP-conjugated secondary antibody.
The immunoreactive proteins were detected by using en-
hanced chemiluminescence (ECL, Thermo) and images were
analyzed using the ImageJ1.42. Data were normalized to
GAPDH.

Statistical Analysis

All data were analyzed by using GraphPad Prism 5 statistical
software. Data were compared by Student’s t tests (two
groups) or by one-way analysis of variance (ANOVA) post
Tukey’s multiple comparison test (more than two groups). A P
value less than 0.05 was considered to be statistically signif-
icant. Data in all figures are expressed as mean±standard error
of the mean (SEM).

Results

MiR-219 Level is Decreased in KA-Induced Seizure Models
and in CSF Specimens of TLE Patients

To study potential involvement of miR-219 in epilepsy, we
first generated an animal model of epilepsy by unilateral i.c.v.
injection of KA into the ICR mouse brain. Treated mice
indeed exhibited generalized tonic-clonic seizures reaching
grade VI~V with Racine standards. EEG recordings at 24 h
after injection identified high-amplitude, high-frequency dis-
charges in KA-injected mice when compared with vehicle-
injected mice (Fig. 2a–c).

KA-injected and vehicle-injected control ICR mice were
sacrificed at days 1, 3, 7, 10, and 14 after treatments. Levels of
miR-219 in hippocampal and cortical regions of these mice
were determined by qRT-PCR. The results showed that KA
treatments resulted in a significant decrease of miR-219 levels
in the hippocampus at days 1, 3, 7, and 10 after treatments
(Fig. 1a). The reduction of miR-219 levels recovered as time
passed by, and there was no significant difference of miR-219
levels between KA-treated and control mice at day 14 after
treatments (Fig. 1a). Similarly, miR-219 levels in the cortex

were lower in KA-treated samples than in controls, though
differences were not statistically significant (Fig. 1b). The
reduction of miR-219 levels were also verified in the hippo-
campus in seizure induced by pilocarpine (supplemental data
Fig. 1).

In C57BL/6 mice, we also observed a significant decrease
of miR-219 levels in the hippocampus and a trend of reduction
(though not statistically significant) of miR-219 levels in the
cortex upon KA treatments (Fig. 1c). Furthermore, the effect
of KA treatments on reducing miR-219 levels was confirmed
in primary hippocampal neurons (Fig. 1d), in HT22 (Fig. 1e),
and in N2a cell lines (Fig. 1f).

Moreover, we examined miR-219 expression in CSF spec-
imens of TLE patients. The qRT-PCR analysis showed a
dramatic reduction of miR-219 levels in CSF specimens from
TLE patients when compared with those from temporal vas-
cular malformation patients who had no history of epilepsy
(Fig. 1g).

Inhibition of MiR-219 Induces Seizures and Abnormal EEG
and Increases CaMKIIγ and NR1 Levels

Since the level of miR-219 was markedly decreased in KA-
induced models and in TLE patients, it is reasonable to ex-
trapolate that depletion of miR-219 might induce seizure in
normal mice. An antagomir targeting miR-219 was i.c.v.
injected into the mouse brain, and the level of miR-219 was
confirmed to be downregulated 24 h after injection (Fig. 2d).
Hippocampal level of an unrelated miRNA, miR-19a, was not
altered by the injection of the miR-219 antagomir (Fig. 2e).
Importantly, mice treated with the miR-219 antagomir exhib-
ited staring eyes, beard trembling, and repeated washing face
action, accompanied by head and facial tics, and gradually
developed into an involuntary movement of the arms. Such
seizures reached grade II~III with Racine standards. Consis-
tently, these mice showed abnormal EEG recordings (Fig. 2a)
in the form of high-amplitude (Fig. 2b) and high-frequency
discharges (Fig. 2c).

Previous reports demonstrated that miR-219 negatively
regulates the function of NMDA receptors by targeting
CaMKIIγ, an integral downstream responder to NMDA-
mediated Ca2+ signaling [18]. To gain further insight into the
mechanism by which miR-219 regulates seizure activity, we
next investigated whether the expression of CaMKIIγ and
NR1, a key component of NMDA receptors, can be affected
by miR-219 in experimental seizure. Indeed, miR-219
antagomir treatments, as well as KA treatments, dramatically
increased the protein levels of CaMKIIγ and NR1 (Fig. 2f).

Supplement of MiR-219 Protects Against Epileptogenesis

Since a reduction of miR-219 causes epilepsy-like phe-
notypes, we next studied whether supplement of miR-
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219 using its agomir exerts protective effects in experi-
mental models of epilepsy. We injected miR-219 agomir
or control agomir into KA-treated mice. Injection of
miR-219 agomir alleviated the reduction of hippocampal
miR-219 levels upon KA treatments (Fig. 3d) and had no
effect on miR-19a level (Fig. 3e). Importantly, supple-
ment of miR-219 markedly reduced seizure severity (the
onset and frequency of convulsions) and alleviated ab-
normal EEG recording (Fig. 3a) in the form of high
amplitude (Fig. 3b) and high frequency (Fig. 3c) in
KA-treated mice. Moreover, protein levels of CaMKIIγ
and NR1 were also reduced by miR-219 agomir treat-
ments (Fig. 3f).

NMDA Receptor Antagonist Treatments Alleviate Seizures
Induced by MiR-219 Antagomir

To further determine whether reduction of miR-219
causes epilepsy through the CaMKII/NMDA receptor
pathway, we intraperitoneally administered MK-801, a
noncompetitive antagonist of NMDA receptors, or saline
(as control) into mice treated with a miR-219 antagomir.
We found that seizure induced in MK-801 co-treated

mice reached only grade I~II with Racine standards,
whereas that in control mice reached grade II~III. Fur-
thermore, treatments with MK-801 markedly alleviated
abnormal EEG recording induced by miR-219 antagomir
(Fig. 4a), in the form of high amplitude (Fig. 4b) and
high frequency (Fig. 4c).

Discussion

The brain-specific expression pattern of miR-219 [13]
indicates that the major physiological function of miR-
219 is associated with neural activity. Indeed, miR-219
has been shown to regulate oligodendrocyte differentia-
tion and myelination [15–17]. In this study, we find that
the level of miR-219 is decreased in the brain of KA-
induced epilepsy model mice. A more dramatic change
of miR-219 in the hippocampus than in the cortex
suggests that hippocampus is more sensitive to KA than
cortex does. Consistently, cells treated with KA have
reduced levels of miR-219. Moreover, the level of miR-
219 is also decreased in CSF of TLE patients. KA

Fig. 1 miR-219 level is decreased in kainic acid-induced seizure models
and in CSF specimens from TLE patients. ICR mice were i.c.v. injected
with kainic acid (KA) or vehicle control (Ctrl) and sacrificed at days 1, 3,
7, 10, and 14 after treatments. aHippocampal and b cortical regions were
dissected and used for RNA extraction and reverse transcription. MiR-
219 levels were quantified by qRT-PCR and normalized to those of U6
before comparison. N=6, **: p<0.01. ns not significant. c Hippocampus
and cortex of C57/BL6 mice subjected to i.c.v. injection of KA or control

(Ctrl) for 24 h were dissected and used for analyzing miR-219 levels by
qRT-PCR. N=6, **p<0.01. ns not significant. d Primary hippocampal
neurons, e HT22, and f N2a cells were treated with various amounts of
KA for 24 h. Cells were then subjected to RNA extraction, reverse
transcription, and qRT-PCR to detect miR-219 levels. N=3,
***p<0.001. g CSF specimens from TLE patients (n=8) and temporal
vascular malformation patients (n=6) were analyzed for miR-219 levels.
***p<0.001
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treatment has been well used to reproduce the patho-
physiological events of epileptogenesis and the behav-
ioral state in TLE [22]. In addition, other chemicals
have also been widely used to induce seizure, such as
pilocarpine, pentylenetetrazol, and penicillin [23]. When
we treated mice with pilocarpine to induce seizure in
mice, we also found a significant decrease of miR-219
in the hippocampus (Supplementary Figure 1). Impor-
tantly, we find that inhibition of miR-219 by its
antagomir can induce seizure behaviors and seizure-
like EEG. Together, these findings demonstrate that
miR-219 plays an important role in epileptogenesis.

One study reported that miR-219 can negatively reg-
ulate the function of NMDA receptors by directly
targeting CaMKIIγ [18]. Here we confirm that inhibi-
tion of miR-219 by its antagomir can increase levels of
CaMKIIγ and NR1, a core subunit of NMDA receptors.
CaMKIIγ is a component of the CaMKII enzyme that
is of central importance in neuronal signaling. CaMKII
is highly enriched at excitatory synapses and mediates

long-term potentiation (LTP) not only through modulat-
ing AMPA receptors but also through modulating
NMDA receptors [24]. CaMKII can phosphorylate
NMDA receptor subunits and modulate NMDA receptor
trafficking and activity state [25, 26]. In addition,
CaMKII can directly interact with NMDA receptors
for LTP mediation [27]. On the other hand, NMDA
receptor activity reciprocally regulates CaMKII phos-
phorylation and activation [28]. Alteration of both
CaMKII and NMDA receptors has been identified in
epilepsy. For example, CaMKII is activated and
autophosphorylated in epilepsy [29], whereas NMDA
receptors are activated during the epileptogenic stimuli
and NMDA receptor activation promotes limbic
epileptogenesis [30]. Inhibition of NMDA receptor ac-
tivity by its noncompetitive antagonist MK-801 has
been shown to prevent seizure [31]. Here we also found
that co-treatment with MK-801 can dramatically allevi-
ate seizure severity induced by miR-219 antagomir.
Therefore, our results suggest that miR-219 participates

Fig. 2 Silencing of miR-219
induces seizure-like EEG and
increases CaMKIIγ and NR1
levels. ICR mice were i.c.v.
injected with vehicle control
(Ctrl), KA, negative control (NC)
antagomir, or miR-219 antagomir
and subjected to following tests at
24 h after the injection. a Mice
were analyzed for EEG and
representative images were
shown. The b amplitude and c
spike frequency of seizure EEG
were quantified for comparison. d
Mice were sacrificed and
hippocampal tissues were
analyzed for miR-219 levels by
qRT-PCR. e Hippocampal level
of an unrelatedmiRNA,miR-19a,
was not significantly altered by
injection of antagomir miR-219. f
Hippocampal tissue lysates were
analyzed for CaMKIIγ and NR1
protein levels by Western
blotting. Protein levels were
quantified by densitometry for
comparison. N=6, *p<0.05;
**p<0.01; ***p<0.001
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in epilepsy through modulating the CaMKII/NMDA
receptor pathway.

Despite progress in understanding the contribution
of miRNAs to epileptogenesis, few studies have iden-
tified specific miRNAs that may serve as target for
disease treatment. One study reported that silencing
miR-134 produces neuro-protective and seizure-
suppressive effects [11]. Another recent work found
that a reduction of miR-128 expression in postnatal
neurons causes increased motor activity and fatal epi-
lepsy in mice, whereas that an increased miR-128
expression in adult neurons protects mice against ab-
normal motor activities associated with chemically in-
duced Parkinson’s disease and seizures [6]. In our
study, we demonstrate that treatment with miR-219
agomir alleviates seizure, abnormal EEG, and increased
CaMKIIγ and NR1 levels in KA-induced experimental
model of epilepsy. These results suggest that like si-
lencing of miR-134 and supplement of miR-128, sup-
plement of miR-219 in epilepsy may provide another
anabolic strategy for ameliorating epilepsy.

Fig. 3 Supplement of miR-219
alleviates KA-induced seizure-
like EEG and CaMKIIγ and NR1
level change. ICRmice were i.c.v.
injected with Agomir-219 or
Agomir negative control (Ctrl)
alone, or with Agomir-219 or
Agomir negative control
(Agomir-NC) at 6 h after KA
injection. Twenty-four hours later,
mice were subjected to following
experiments. a Mice were
analyzed for EEG and
representative images were
shown. The b amplitude and c
spike frequency of seizure EEG
were quantified for comparison. d
Mice were sacrificed and
hippocampal tissues were
analyzed for miR-219 levels by
qRT-PCR. e Hippocampal level
of miR-19a was not significantly
altered by injection of agomir
miR-219. f Hippocampal tissue
lysates were analyzed for
CaMKIIγ and NR1 protein levels
by Western blotting. Protein
levels were quantified by
densitometry for comparison. N=
6, *p<0.05; **p<0.01;
***p<0.001

Fig. 4 MK-801 treatments alleviate seizures induced by miR-219
antagomir. ICR mice were intraperitoneally administered with MK-801
or saline, immediately after i.c.v. injection of miR-219 antagomir or
negative control miRNA at 10 nmol/kg. Twenty-four hours later, mice
were subjected to EEG recording. a Mice were analyzed for EEG and
representative images were shown. The b amplitude and c spike frequen-
cy of seizure EEG were quantified for comparison. N=6, *p<0.05;
**p<0.01; ***p<0.001
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