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A B S T R A C T

Epilepsy is often associated with altered expression or function of ion channels. One example of such a chan-
nelopathy is the reduction of A-type potassium currents in the hippocampal CA1 region. The underlying me-
chanisms of reduced A-type channel function in epilepsy are unclear. Here, we show that inhibiting a single
microRNA, miR-324-5p, which targets the pore-forming A-type potassium channel subunit Kv4.2, selectively
increased A-type potassium currents in hippocampal CA1 pyramidal neurons in mice. Resting membrane po-
tential, input resistance and other potassium currents were not altered. In a mouse model of acquired chronic
epilepsy, inhibition of miR-324-5p reduced the frequency of spontaneous seizures and interictal epileptiform
spikes supporting the physiological relevance of miR-324-5p-mediated control of A-type currents in regulating
neuronal excitability. Mechanistic analyses demonstrated that microRNA-induced silencing of Kv4.2 mRNA is
increased in epileptic mice leading to reduced Kv4.2 protein levels, which is mitigated by miR-324-5p inhibition.
By contrast, other targets of miR-324-5p were unchanged. These results suggest a selective miR-324-5p-de-
pendent mechanism in epilepsy regulating potassium channel function, hyperexcitability and seizures.

1. Introduction

Altered expression or function of ion channels, summarized under
the term channelopathies, can lead to various neurological disorders
including epilepsy. Seizures, the phenotypic determinants of epilepsy,
are defined by periods of abnormally synchronized electrical activity in
the brain due to neuronal hyperexcitability. Potassium channels are key
regulators of neuronal excitability and are altered in genetic and ac-
quired forms of epilepsy (Brenner and Wilcox, 2012; Villa and Combi,
2016). Members of all classes of potassium channels have been shown
to be mutated or altered in epilepsy, with voltage-gated potassium
channels comprising the largest group of affected channels (Köhling
and Wolfart, 2016). For example, mutations in KCNA1 (coding for
Kv1.1) were found in episodic ataxia type 1 and partial epilepsy (Zuberi
et al., 1999), mutations in KCNQ1 (coding for Kv7.1) were linked to
SUDEP (sudden unexplained death in epilepsy) (Goldman et al., 2009),
and a growing number of mutations in KCNQ2 and KCNQ3 (coding for

the M-type channels Kv7.2 and Kv7.3) have been associated with epi-
lepsy (Köhling and Wolfart, 2016). Another example of a voltage-gated
potassium channel altered in epilepsy is Kv4.2 (KCND2, Shal related
subfamily D, member 2), the focus of this study.
Kv4.2 mediates somatodendritic A-type potassium currents in the

hippocampus and cortex and is the predominant pore-forming A-type
potassium channel subunit controlling neuronal excitability in the
hippocampal CA1 region (Jerng and Pfaffinger, 2014; Jerng et al.,
2004). Although mutations in KCND2 have been identified in epilepsy
patients (Lee et al., 2014; Singh et al., 2006), it is not a bona fide epi-
lepsy susceptibility gene. By contrast, there is strong evidence that
impaired Kv4.2 function, independent of mutations in the gene, is as-
sociated with epilepsy: reduced Kv4.2 expression and function have
been observed in several rodent models of acquired epilepsy, including
pilocarpine-induced temporal lobe epilepsy (Bernard et al., 2004;
Monaghan et al., 2008), traumatic brain injury (Lei et al., 2012), is-
chemic insult (Lei et al., 2014) and in acute seizure models (Francis
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et al., 1997; Tsaur et al., 1992). A causal relationship between reduced
Kv4.2 function and neuronal hyperexcitability is corroborated by stu-
dies showing increased dendritic excitability and/or seizure suscept-
ibility in mice lacking Kv4.2 or its auxiliary subunits DPP6 (Dipeptidyl-
peptidase-like protein 6) and KChIP2 (potassium channel interacting
protein 2) (Barnwell et al., 2009; Chen et al., 2006; Sun et al., 2011;
Wang et al., 2013). Increased Kv4.2 protein levels in the brain correlate
with prolonged latency to kainic acid-induced seizure (Gross et al.,
2016). Together, these studies suggest that molecular mechanisms
regulating Kv4.2 expression play an important role in the development
and progression of epilepsy.
MicroRNAs regulate posttranscriptional gene expression by redu-

cing the stability or translation of target mRNAs via the RNA-induced
silencing complex (RISC) (Bartel, 2018). In recent years, many studies
in human patients and animal models for epilepsy have suggested a role
of microRNA-induced silencing in epilepsy (Henshall et al., 2016). The
first microRNA shown to regulate the susceptibility to seizures was
miR-134, which, when inhibited with antisense oligonucleotides before
a seizure-inducing treatment, had an anticonvulsant effect (Jimenez-
Mateos et al., 2012). In the following years, other microRNAs, for ex-
ample miR-132, miR-146a, miR-34a, miR-128, miR-324-5p and miR-
124 have also been implicated as positive or negative regulators of
neuronal hyperexcitability (Tiwari et al., 2018). These findings suggest
an important function of microRNA-induced silencing in epilepsy, but
knowledge about the underlying mechanisms is limited. We have re-
cently shown that the microRNA miR-324-5p reduces Kv4.2 expression.
Inhibiting miR-324-5p is neuroprotective and increases the latency to
seizure onset in mouse models of status epilepticus (Gross et al., 2016);
however, it is unknown whether miR-324-5p-induced silencing reg-
ulates the functional expression of A-type currents in the hippocampus
or contributes to seizure occurrence in established epilepsy.
The present study provides mechanistic insight into how microRNA-

mediated control of neuronal excitability is dysregulated in epilepsy
and may contribute to epilepsy-associated channelopathies. We show
that inhibiting microRNA-induced silencing of Kv4.2 in mice with in-
tracerebroventricular (ICV) injection of an antagomir to miR-324-5p
reduces neuronal excitability by selectively increasing A-type potassium
currents in hippocampal CA1 pyramidal neurons. MicroRNA-mediated
silencing of Kv4.2 is enhanced in epileptic mice, whereas inhibition of
miR-324-5p in epileptic mice impairs microRNA-induced silencing of
Kv4.2, increases Kv4.2 protein levels, and reduces spontaneous re-
current seizures and interictal electrographic spike frequency. Overall,
this study reveals a microRNA-mediated mechanism regulating A-type
potassium currents that controls neuronal hyperexcitability in a mouse
model of temporal lobe epilepsy.

2. Material and methods

2.1. Animals

All experiments were conducted in accordance with the Institutional
Animal Care and Use Committees of Cincinnati Children's Hospital
Medical Center (CCHMC) and University of Texas at Austin (UT Austin)
and followed National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. All mice were housed in standard cages on a
14/10 (CCHMC) or 12/12 (UT Austin) light/dark cycle with access to
food and water ad libitum. For all pilocarpine treatment experiments
and associated controls, mice were obtained from the F1 offspring of
male C57BL/6J (IMSR Cat# JAX:000664, RRID: IMSR_JAX:000664)
and female FVB/NJ (IMSR Cat# JAX:001800, RRID:
IMSR_JAX:001800) breeders at CCHMC and were used at 8–10 weeks of
age. Offspring from these mixed breeding pairs require the same dose of
pilocarpine to induce status epilepticus and have similar patterns of
spontaneous recurrent seizures and mossy fiber sprouting as C57BL/6J
mice but have shown better survivability to pilocarpine treatment
compared to C57BL/6J mice (Hosford et al., 2016; Hosford et al.,

2017). C57BL/6J mice (directly procured from Jackson Laboratory)
were used at 6–8 weeks of age for patch clamp experiments. Kv4.2
knockout (KO) mice (in C57BL/6J background) were a generous gift
from Dr. Jeanne Nerbonne (Guo et al., 2005) and were bred at CCHMC.
Mice were housed in groups of up to 4 per cage. After surgeries (ste-
reotaxic injections or EEG electrode and cannula implanting), mice
were single-housed. Only male mice were used in the study. In all ex-
periments, animals were assigned randomly to experimental groups and
conditions. The number of animals and cohorts used for each experi-
ment are indicated in the respective experimental sections.

2.2. Drugs, antibodies, antagomirs, and primers

Pilocarpine (cat# 0694/100) was obtained from Tocris
(Minneapolis, MN); scopolamine methyl nitrate (cat# S2250) and dia-
zepam (cat# 1185008) were obtained from Sigma-Aldrich (St. Louis,
MO). Antagomirs were the same as described in Gross et al. (2016) and
were LNA™-modified and custom-made by Qiagen (Hilden, Germany;
formerly Exiqon). The following antibodies were used: rabbit poly-
clonal anti-Kv4.2 (Proteintech Group, Rosemont, IL Cat# 21298-1-AP,
RRID:AB_10733102; used for all Kv4.2 western blots shown), rabbit
polyclonal anti-Tubulin-β3 (BioLegend, San Diego, CA Cat# 802001,
RRID:AB_2564645), rabbit monoclonal anti-Akt (Cell Signaling Tech-
nology, Danvers, MA Cat# 4691, RRID:AB_915783), mouse monoclonal
anti-Akt (Cell Signaling Technology Cat# 2920, RRID:AB_1147620),
mouse monoclonal anti-Kv4.2 (UC Davis/NIH NeuroMab Facility Cat#
75–016, RRID:AB_2131945), mouse monoclonal anti-Gli1 (Cell Sig-
naling Technology Cat# 2643, RRID:AB_2294746), and mouse mono-
clonal anti-Ago2/eIFC2 (Abnova Corporation, Walnut, CA Cat#
H00027161-M01, RRID:AB_565459). The following qRT-PCR primers
were used: Kv4.2for: GCTTTGAGACACAGCACCAC; Kv4.2rev: TGTTC
ATCGACAAACTCATGG; β-tubfor: TCGTGGAATGGATCCCCAAC; β-tu-
brev: TCCATCTCGTCCATGCCCT; Gli1for: TGGAGGTCTGCGTGGTAGA;
Gli1rev: TTGAACATGGCGTCTCAGG; Smofor: GCAAGCTCGTGCTCT
GGT; Smorev: GGGCATGTAGACAGCACACA; miR-324-5p: CGCATCCC
CTAGGGCATTGGTGT; RU19: GAGATCGTGTTACACTGTTGG.

2.3. Intracerebroventricular antagomir injection for slice electrophysiology

Six- to eight-week-old C57BL/6 J mice received a unilateral ICV
injection of miR-324-5p antagomir or scrambled control (0.5 nmol in
2 μl sterile artificial cerebrospinal fluid (ACSF)) as described previously
(Gross et al., 2016). Briefly, one burr hole was drilled at the following
stereotaxic coordinates from bregma, AP= - 0.3mm; L= ±1.0mm
and V=2.0mm. Using a 5 μl Hamilton syringe, the antagomir was
slowly administered over a 5-minute duration. The needle was left in
place for 10min to allow diffusion of the injected liquid followed by a
slow, 5-minute retraction. Post injection, the open skin incision was
closed using surgical sutures (Covidien, Medtronic, Minneapolis, MN),
and GLUture (Zoetis Inc., Kalamazoo, MI). An antibiotic ointment
(RARO, Hawthorne, NY) was applied to the top of the sutures. Mice
were administered with 1ml of sterile Ringer's saline intraperitoneally
(i.p.), placed on a heating pad and monitored until recovery. Two days
post injection the mice were shipped to UT Austin for electro-
physiological analyses. Four cohorts of mice sent in 4 separate ship-
ments with 3 mice per condition (scrambled and miR-324-5p antag-
omir) were used for these experiments (24 mice total).

2.4. Acute hippocampal slices

Mice were allowed to recover for at least 2–3 days after arriving at
UT Austin. Acute hippocampal slices were prepared as described
(Brager et al., 2012). Briefly, mice were anesthetized with ketamine and
xylazine and perfused intracardially using ice cold modified ACSF of the
following composition (in mM): 210 sucrose, 2.5 KCl, 1.2 NaH2PO4, 25
NaHCO3, 0.5 CaCl2, 7.0 MgCl2, and 7.0 dextrose, bubbled with 95% O2/
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5% CO2. The brain was extracted and cut into 300 μm hippocampal
sections from the middle hippocampus using a vibratome. The sections
were placed in a holding chamber with ACSF of the following compo-
sition (mM): 125 NaCl, 2.5 KCl, 1.25 NaHPO4, 25 NaHCO3, 2.0 CaCl2,
2.0 MgCl2 and 21 dextrose, pH 7.4, bubbled with 95% O2/5% CO2 at
35 °C for 45–60min and then at room temperature. Hippocampal slices
were individually placed into a submerged recording chamber and were
continuously perfused with oxygenated extracellular saline of the fol-
lowing composition (mM): 125 NaCl, 3.0 KCl, 1.25 NaHPO4, 25
NaHCO3, 2.0 CaCl2, 2.0 MgCl2 and 21 dextrose, pH 7.4, bubbled with
95% O2/5% CO2 at 32–34 °C. The slices were viewed using a Zeiss
AxioExaminer D microscope fitted with 60× water-immersion objec-
tive and Dodt gradient contrast optics.

2.5. Electrophysiology

For cell-attached recordings, patch pipettes were pulled from bor-
osilicate glass, wrapped with Parafilm to reduce capacitance, and filled
with the following solution (in mM): 125 NaCl, 3 KCl, 10 HEPES, 2.0
CaCl2, 1.0 MgCl2 and 0.001 TTX, pH 7.3 with KOH. Membrane currents
were recorded using an Axopatch 200B amplifier (Molecular Devices,
San Jose, CA) and were sampled at 10 kHz, analog filtered at 2 kHz, and
digitized by an ITC-18 interface connected to a computer running
Axograph X. Isolation of the 3 different potassium currents, rapidly
inactivating (IKA), slowly inactivating (IKslow) and sustained (IKsust), was
performed as described previously (Kalmbach et al., 2015; Ordemann
et al., 2019; Routh et al., 2013). Briefly, total potassium current IK was
recorded from a hyperpolarizing holding potential of −90mV. In a
second protocol, a 100-ms pre-step to −20mV was used to inactivate
the IKA component. A third protocol was used to isolate the sustained
component (IKsust) by measuring potassium currents from a more de-
polarized holding potential of -30 mV. IKA, and when present IKslow,
were calculated by offline subtraction. Activation curves were gener-
ated by depolarizing voltage commands (−90 to 50mV in 10mV steps)
to activate IKA starting from a holding potential of −100mV. Activation
data were fit to single Boltzmann functions using a least-squares pro-
gram. Linear leakage and capacitive currents were digitally subtracted
by scaling traces at smaller command voltages in which no voltage-
dependent current was activated.
For current clamp recordings, the pipette solution contained (in

mM): 120 K-gluconate, 16 KCl, 10 Hepes, 8 NaCl, 7 K2- phosphocrea-
tine, 0.3 Na-GTP, 4 Mg-ATP (pH 7.3 with KOH). Data were acquired
using a Dagan BVC-700 amplifier (Dagan Corp., Minneapolis, MN, USA)
and AxoGraph X (AxoGraph Scientific, Sydney, Australia) data acqui-
sition software. Data were acquired at 10–50 kHz, filtered at 5–10 kHz
and digitized by an ITC-18 (HEKA Instruments Inc., Holliston, MA,
USA) interface. Pipette capacitance was compensated, and the bridge
was balanced during each recording. Series resistance was monitored
and compensated throughout each experiment and was 10–25MΩ.
Voltages were not corrected for the liquid-junction potential (estimated
as ~8mV). Data were analyzed using AxoGraph X. Input resistance was
calculated from the linear portion of the current–voltage relationship in
response to a family of 1-second current injections (−150 to +50 pA,
20 pA steps).

2.6. Epilepsy model (pilocarpine treatment)

Eight- to ten-week-old mice received i.p. injections of scopolamine
methyl nitrate (1mg/kg) dissolved in sterile Ringer's solution. After
15min, the mice were injected i.p. with pilocarpine (320mg/kg, in
saline) or an equal volume of saline and were monitored for seizure
activity and onset of status epilepticus (SE). The onset of SE was de-
termined behaviorally as occurrence of multiple tonic-clonic seizures
(class V), followed by which mice experienced continuous seizure ac-
tivity (class II and III or higher) that lasted through the entire 3-hour
observation period (Racine, 1972). Throughout the procedure the mice

were housed in a standard cage without food, bedding, wired lids and
water bottles to prevent injury and accidental chocking during SE. After
3 h of continuous SE, seizure activity was terminated by i.p. injection of
diazepam (10mg/kg). The mice were returned to their normal housing
environment and kept on a heating pad, with soft food (diet gel) and
water ad libitum. Sterile 0.9% saline solution was injected i.p. twice
daily until the mice returned to their normal grooming behavior. Mice
failing to enter SE within 1 h of pilocarpine treatment were excluded
from the study. All EEG-monitored mice exhibited spontaneous seizures
within 2–3 weeks after pilocarpine injection. The overall survival rate
after pilocarpine-induced SE in these experiments was approximately
51% (3weeks after SE).

2.7. EEG transmitter and cannula implantation and antagomir injection

Three weeks post pilocarpine treatment (11 weeks of age), the mice
were implanted with cortical electrodes for EEG monitoring (Castro
et al., 2012; Gross et al., 2016; Hosford et al., 2016) and a cannula for
future ICV treatment with antagomir or scrambled control. Mice were
first anesthetized by placing them in a chamber supplied with 4% iso-
flurane in 1.5% oxygen. After anesthesia was established, the mice were
placed on a stereotaxic frame and supplied with 1–1.5% isoflurane to
maintain anesthesia throughout the procedure. Three burr holes were
drilled into the skull with one for ICV cannula placement (Bregma;
AP=−0.3mm, L= ±1.0mm and V=−2.0mm), and two for the
placement of EEG electrodes (Bregma; AP=−2.5mm, L= ±2.0mm
(Tse et al., 2014)). The transmitter (TA11ETAF-10, Data Sciences In-
ternational, St. Paul, MN) was placed subcutaneously behind the neck
and the leads of the transmitter were placed at each burr hole for
cortical surface EEG recordings. Electrodes were placed on the dura
mater and care was taken not to penetrate it. A guide cannula with an
outer closed cap (RWD Life Sciences, San Diego, CA; Plastics One,
Roanoke, VA) was placed into the hole at the ICV coordinates and se-
cured in place using bone wax. A stainless-steel screw (Plastics One,
Roanoke, VA) was attached to the base of the skull and dental cement
was applied to secure the setup in place. The incision was then closed
with surgical suture, and GLUture and antibiotic ointment was applied
on the top of the sutures. After continuous video-EEG recording of
spontaneous recurrent seizures for 2–3weeks, mice were lightly an-
esthetized with isoflurane and injected with 0.5 nmol scrambled or
miR-324-5p-specific antagomir (in 2 μl ACSF) through the canula.
Video-EEG monitoring continued for up to 4 additional weeks, after
which mice were euthanized (9–10weeks post SE). A total of 41 ani-
mals from 13 separate cohorts were injected with pilocarpine, of which
24 mice survived and were implanted with electrodes and a cannula
3 weeks after SE. One mouse was removed from the study because of
insufficient EEG signal, and 5 mice died during the initial recording
period. The remaining 18 mice were injected with antagomir and
monitored for up to 4 weeks (10 miR-324-5p, 8 scrambled, randomly
assigned). Most mice died before the end of the 4-week recording
period post antagomir injection (8 in the miR-324-5p group, 6 in the
scrambled group, also see Fig. S4). To ensure sufficient mouse numbers
per group, spontaneous seizures were analyzed for 10 days post injec-
tion. Using these criteria, one miR-324-5p-injected mouse was excluded
from the analysis due to premature death (8 days after injection). In
addition, one scrambled-injected mouse was excluded due to technical
issues with cannula implantation.

2.8. Continuous video-EEG recording

Mice were housed in individual static cages placed on wireless re-
ceiver plates (RPC-1, Data Sciences International (DSI™), St. Paul, MN).
DATAQUEST A.R.T software was used for recording video-EEG data
(Axis 221, Axis communication, Lund, Sweden). Mice were con-
tinuously video-EEG recorded for the entire experiment (up to 7 weeks).
Video and EEG data were analyzed using NeuroScore™ version 3.2.1
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(DSI™). Spontaneous recurrent seizures were identified by behavioral
changes evident in video analyses (Racine scale) and electrographic
changes in the EEG. A seizure was defined as an abrupt increase in
frequency and amplitude of the EEG signal (at least 2× baseline) with a
minimum duration of 10 s. Seizure cessation was indicated by return of
EEG signal to or below baseline and cessation of seizure behavior. For
analysis of seizure frequency and seizure duration, continuous data
from 10 days before and after antagomir injection were quantified.

2.9. Electrographic spike analysis

Interictal electrographic spikes were detected using the spike de-
tector module in NeuroScore™ version 3.2.1. A spike was defined as
having a duration of 1–70ms and an absolute amplitude value of
150 μV – 1500 μV (Puttachary et al., 2015). Spike trains were defined as
having a minimum duration of 5ms with a minimum of 4 spikes spaced
80–5000ms apart (Losing et al., 2017; Puttachary et al., 2015). EEG
artifacts were manually removed. Mice with EKG signal or highly noisy
EEG were excluded from the analysis (2 scrambled, 4 a-miR-324-5p).
Data was analyzed during 2-hour periods between 10:00 am and
7:00 pm (light phase) daily for 3 days before and 3 days after injection
of either miR-324-5p antagomir or scrambled control. Analysis periods
were selected to be at least 1 h before and after a seizure to avoid any
pre-ictal or post-ictal spikes.

2.10. Generation of tissue samples from epileptic mice for biochemical
analysis

Epileptic mice were generated by pilocarpine injection as described
above. Hippocampal tissue was collected 3 and 5weeks post pilo-
carpine treatment. These time points were chosen to analyze the ex-
pression levels of Kv4.2 and Gli1 protein, as well as RISC association
and levels of Kv4.2, Gli1 and Smo mRNA and miR-324-5p at the cor-
responding time points used for electrode placement surgery and an-
tagomir injection, respectively. The 3-week mice (8 saline, 8 pilo-
carpine) and 5-week mice (8 saline, 9 pilocarpine) were each generated
from 6 different cohorts with 1–2 mice per condition. In another set of
experiments, mice were ICV-injected with miR-324-5p-specific antag-
omir or scrambled control as described above 5 weeks post pilocarpine
treatment. Ten days later, hippocampal tissue was collected for ana-
lysis. These mice were generated from 7 cohorts with 1–3 mice per
condition (15 scrambled, 14 miR-324-5p). Mice were not implanted
with electrodes or cannula to avoid confounding effects and to reduce
mortality.

2.11. Ago2 immunoprecipitation and mRNA quantification

Ago2 immunoprecipitations (IPs) were performed as described in
Gross et al., 2016 with a few modifications. Tissue lysates were pre-
pared in lysis buffer (50mM Tris pH 7.5, 40mM NaCl, 1 mM EDTA,
0.5% Triton X-100, 50mM NaF, 10mM sodium pyrophosphate, 10mM
sodium β-glycerol phosphate, containing proteinase and RNase in-
hibitors). 200 μg of hippocampal lysate was incubated with 4 μg of
Ago2 antibody or mouse normal IgG as control for 4 h at 4 °C on an end-
over-end rotator, followed by incubation with Protein G-coupled
agarose beads (Sigma-Aldrich, St. Louis, MO) for 2 h. Precipitates were
washed 6 times with wash buffer (20mM Tris pH 7.5, 150mM NaCl,
5 mM MgCl2, 1% NP40, containing proteinase and RNase inhibitors),
and RNA was extracted using Trizol® (Life Technologies, Carlsbad, CA).
20 μg of the lysate was kept as input sample at 4 °C during the IP, and
RNA was likewise extracted using Trizol®. Precipitated RNA from the IP
was dissolved in 18 μl water and precipitated RNA from the input
samples was dissolved in 36 μl water. cDNA was generated using the
High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA)
for mRNA with 9 μl of the RNA solution, and the qScript™ microRNA
cDNA synthesis kit (Quanta BioSciences, Gaithersburg, MD) for

microRNA with 7 μl of the RNA solution, respectively. Specific mRNAs
or microRNAs were quantified with SYBR green quantitative real-time
PCR (qRT-PCR) (Bio-Rad Laboratories, Hercules, CA) using the
QuantStudio 3 Real-Time PCR System (Applied Biosystems, Foster City,
CA). Relative changes in expression were determined using the com-
parative cycle threshold method (2−ΔCT).

2.12. Western blotting

SDS-PAGE and Western blots were performed as described pre-
viously (Muddashetty et al., 2007) and quantified using NIH ImageJ
software by experimenters blind to the condition. Samples were always
loaded in duplicates, and signal intensities of Kv4.2 and Gli1 were
normalized to βTubulin or Akt signal on the same blot. The different
experimental conditions (saline/pilocarpine or miR-324-5p/scrambled
antagomir-injected) were run on the same gels and equal protein
amounts were loaded. For Kv4.2-specific western blots, hippocampal
lysate from Kv4.2 KO mice was run on each gel to identify the Kv4.2-
specific band.

2.13. Image processing and quantification

Figures were prepared using Adobe Photoshop CS6. To enhance
visibility, brightness and contrast of western blot images were adjusted
equally across conditions using the “level” tool in Adobe Photoshop
software without changing the midtone. Densitometric quantification of
western blots was performed on raw images using the gel analysis tool
in ImageJ (NIH).

2.14. Experimental design and statistical analysis

The goal of this study was to assess miR-324-5p-mediated silencing
of Kv4.2 expression and function as a molecular mechanism con-
tributing to hyperexcitability in epilepsy. At least 7 mice per condition
were used and experimental groups were randomly assigned. Potassium
currents and other membrane conductance properties were assessed in
4 separate cohorts with 3 mice per condition each. Mice used for all
other experiments were obtained from at least 6 different litters to
avoid litter bias. Slice electrophysiology, western blot, qRT-PCR and
Ago-IP analyses were performed by experimenters blind to the condi-
tions. Data were analyzed using GraphPad Prism7. Data sets were tested
for normality using the Shapiro-Wilk test, and the appropriate para-
metric (unpaired t-test) or non-parametric tests (unpaired Mann-
Whitney test) were used. Two-way ANOVA was used for analyses of
data with two factors (Fig. 1C and S1B). Significance level was set to
α < 0.05, and p < .05 was considered significant. Exclusion criteria
for mice used for analyses of seizures and spikes in long-term EEG re-
cordings are indicated in the respective method sections. Data are ex-
pressed in scatter plots and as means +/− SEM. Statistical tests used
and their results as well as sample sizes are indicated in the figure le-
gends.

2.14.1. Contact for reagent and resource sharing
The corresponding author Dr. Christina Gross (christina.gross@

cchmc.org) can be contacted for further information and requests on
reagent and resource sharing.

3. Results

3.1. In vivo inhibition of miR-324-5p increases A-type potassium current in
CA1 pyramidal neurons

To assess if manipulation of the Kv4.2-targeting microRNA miR-
324-5p modulates the functional expression of A-type potassium cur-
rents (IKA), we ICV-injected mice with miR-324-5p antagomirs and
measured perisomatic IKA from CA1 pyramidal neurons 7–14 days later
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(timeline shown in Fig. 1A). Perisomatic potassium currents could be
divided into multiple components based on kinetics and voltage-de-
pendence (Kalmbach et al., 2015; Routh et al., 2013). Consistent with
previous results (Hoffman et al., 1997; Routh et al., 2013) we found
that the perisomatic expression of IKA in control mice (injected with
scrambled antagomir) was relatively small. Treatment with miR-324-5p
antagomirs significantly increased the maximum transient fast-in-
activating potassium current (Fig. 1B-D). The area of the patch of
membrane from which IKA was measured was not significantly different
between scrambled and antagomir groups (scrambled: 1.4 ± 0.2 μm2

(n=19) vs. miR-324-5p antagomir: 1.2 ± 0.2 μm2 (n=16); unpaired
t-test, t(33)= 0.566, p= .575). The increase in IKA was not due to a
change in the voltage-dependence of activation between scrambled and

antagomir treatment (Fig. 1E). A slowly inactivating potassium current
was present in a small subset of cell-attached patches, consistent with
previous reports from CA1 pyramidal neurons (Hoffman et al., 1997;
Routh et al., 2013) (Fig. 1F). There was no significant difference in
either the slowly inactivating or sustained potassium currents (Fig. 1F
and G). Current clamp recordings revealed that resting membrane po-
tential and input resistance were also not significantly different be-
tween the groups (Fig. S1A–C). These results suggest that miR-324-5p
inhibition selectively increases the maximum perisomatic A-type po-
tassium current in CA1 pyramidal neurons without affecting other
perisomatic potassium currents.

Fig. 1. Antagonizing miR-324-5p increases hippocampal A-type potassium currents in mice.
(A) Timeline depicting ICV antagomir injection, shipping and patch clamp recording for potassium current measurement. (B) Representative traces showing A-type
potassium current recorded from a CA1 pyramidal neuron from mice injected with either scrambled or miR-324-5p antagomir. (C) Summary plot showing that the
peak IKA was significantly greater at the most depolarized test voltages in mice treated with the antagomir compared to scrambled (SCR: n=9 from 3 mice; a-324-5p:
n=7 from 3 mice; 2-way RM ANOVA with Sidak's multiple comparison post hoc testing, interaction antagomir X membrane potential: F(16,224)= 3.194,
p < .0001; *p= .004 at VM=50, and *p= .005 at VM=60mV). (D) The maximum IKA current density was significantly greater in mice treated with antagomir
compared to scrambled (SCR: n=20 from 9 mice; a-324-5p: n=16 from 9 mice; unpaired two-tailed Mann-Whitney test, *p= .036). (E) There was no difference in
the voltage-dependence of activation of IKA between scrambled and miR-324-5p antagomir-injected mice (n=8 from 3 mice each). (F,G) There was no significant
difference in either the slowly inactivating (F: SCR: n=8 from 9 mice; a-324-5p: n=7 from 9 mice; unpaired two-tailed t-test, t(13)= 1.032, p= .321) or sustained
(G: SCR: n=20 from 9 mice; a-324-5p: n=15 from 9 mice; two-tailed Mann-Whitney test, p= .382) potassium currents between neurons from miR-324-5p
antagomir- and scrambled antagomir-injected mice. Error bars represent SEM. Additional analyses shown in Fig. S1.
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3.2. MiR-324-5p inhibition reduces seizure frequency in epileptic mice

We next tested if increasing A-type potassium currents by miR-324-
5p inhibition affected the frequency of spontaneous seizures in a mouse
model of temporal lobe epilepsy. Previous research has shown that A-
type potassium channel function is decreased in acquired epilepsy
(Bernard et al., 2004; Poolos and Johnston, 2012). A-type potassium
currents reduce neuronal excitability suggesting that their impaired
function may contribute to the occurrence of spontaneous recurrent
seizures in epilepsy. Increasing A-type potassium currents by inhibition
of miR-324-5p may thus reduce the seizure phenotype in acquired

epilepsy. To test this hypothesis, we induced epilepsy in mice through
pilocarpine-evoked SE (timeline shown in Fig. 2A). Three weeks after
SE, mice were implanted with cortical surface electrodes and a capped
ICV cannula for later injections. Mice were continuously video-EEG
monitored for 2 to 3 weeks to confirm the occurrence of spontaneous
recurrent seizures, after which they were ICV-injected through the
cannula with either scrambled or miR-324-5p-specific antagomirs and
video-EEG monitored for another 10–28 days (example EEG traces
shown in Fig. 2B).
No significant difference in mean seizure frequency was observed

between groups during the pre-treatment period (Fig. 2C). Following

Fig. 2. Antagonizing miR-324-5p in vivo reduces seizure frequency in a pilocarpine mouse model of epilepsy.
(A) Timeline depicting age of mice during pilocarpine injection and antagomir treatment. (B) Representative EEG traces of spontaneous seizures in the pilocarpine
model following scrambled or miR-324-5p antagomir treatment. Seizures are indicated with lines above the EEG. (C) No significant difference was observed in
seizure frequency in mice before injection of scrambled or miR-324-5p-specific antagomirs (unpaired two-tailed t-test, t(14)= 0.898, p= .384). (D) ICV injection of a
miR-324-5p-specific antagomir reduces seizure frequency on average by half compared to the scrambled control (unpaired two-tailed t-test, t(14)= 2.221,
*p= .043). (E) No significant effect between the two treatment groups was observed on the mean seizure duration between scrambled or miR-324-5p antagomir-
injected mice during the pre-treatment period (two-tailed Mann-Whitney test, p= .142). (F) Similarly, no difference in seizure duration after miR-324-5p antagomir
treatment was observed (two-tailed Mann-Whitney test, p= .142). N was 7 for scrambled, and 9 for miR-324-5p antagomir-treated mice. Error bars represent SEM.
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miR-324-5p antagomir injection, however, treated animals displayed a
significant reduction in seizure frequency compared to scrambled
controls (Fig. 2D). Seizure frequency was, on average, reduced to 50%
compared to scrambled antagomir-treated mice, although individual
results varied. No significant difference in the duration of individual
seizures between the two groups was detected before (Fig. 2E) or after
the antagomir treatment (Fig. 2F). There was also no difference in
survival rates after treatment during a 4-week observation period (Fig.
S4). Experiments using a fluorescently labeled antagomir confirmed
previous findings (Jimenez-Mateos et al., 2012) and showed that the
antagomir was stable over the 10-day monitoring period (Fig. S5).
Overall, these findings suggest that inhibiting miR-324-5p reduces the
occurrence but not duration of spontaneous recurrent seizures in epi-
leptic mice.

3.3. MiR-324-5p inhibition reduces the number of spikes and spike trains
during interictal phases in epileptic mice

Neuronal network hyperexcitability in epilepsy is often character-
ized by irregular and increased numbers of electrographic spikes or
spike trains during interictal periods (Chabrol et al., 2010; Puttachary
et al., 2015) (examples shown in Fig. 3A, extended trace shown in Fig.
S6). No difference in the number of spikes and spike trains was ob-
served between groups during the pre-treatment period (Fig. 3B and D);
however, a significant reduction in the number of spikes and spike
trains was observed post treatment with miR-324-5p-specific antag-
omirs compared to scrambled controls (Fig. 3C and E). These results
further corroborate the suppressive effects of miR-324-5p inhibition on
hyperexcitability in epileptic mice.

3.4. Antagonizing miR-324-5p in chronically seizing mice reduces
microRNA-induced silencing of Kv4.2

We next tested the hypothesis that miR-324-5p inhibition reduces
microRNA-induced silencing of Kv4.2 in the pilocarpine mouse model
of epilepsy. In a separate experiment, mice were ICV-injected with a
miR-324-5p antagomir or a scrambled antagomir 5 weeks post pilo-
carpine treatment, and hippocampal tissue was collected 10 days later
(timeline shown in Fig. 4A). The timeline for these experiments paral-
leled the timeline used for seizure and spike analyses. RISC association
of Kv4.2 mRNA was assessed as a surrogate for its microRNA-mediated
silencing through RNA co-immunoprecipitation with an antibody spe-
cific to the RISC component Ago2 (Argonaute 2) followed by qRT-PCR
(schematic shown in Fig. 4B) (Choe et al., 2010; Jimenez-Mateos et al.,
2012). These experiments confirmed our hypothesis and showed that
ICV injection with the miR-324-5p antagomir resulted in reduced as-
sociation of Kv4.2 mRNA with Ago2 (Fig. 4C) and in elevated Kv4.2
protein levels (Fig. 4D and E) in the hippocampus of spontaneously
seizing mice. Kv4.2 mRNA levels were not significantly changed
(Fig. 4F). These results suggest that miR-324-5p inhibition reduces
microRNA-induced silencing of Kv4.2 in epileptic mice leading to in-
creased Kv4.2 protein levels.
MicroRNAs target more than one mRNA, and it is thus likely that

additional mRNA targets, apart from Kv4.2, contribute to the seizure-
suppressing effect of miR-324-5p. Only a few other mRNAs have been
experimentally validated to be targeted by miR-324-5p. Two of them,
Gli1 and Smoothened (Smo), are strong candidates because they have
been shown to be targets of miR-324-5p in independent studies (Ferretti
et al., 2008; Xu et al., 2014). Moreover, Gli1 and Smo are components
of the Sonic Hedgehog signaling pathway, which is implicated in epi-
lepsy (Banerjee et al., 2005; Fang et al., 2011; Feng et al., 2016). We
therefore tested if microRNA-induced silencing of Gli1 and Smo was
reduced by miR-324-5p inhibition in epileptic mice, similarly, as ob-
served for Kv4.2. We observed no significant changes in Gli1 or Smo
mRNA association with the RISC in epileptic mice following miR-324-
5p inhibition compared to treatment with a scrambled antagomir

(Fig. 5A and B). Likewise, Gli1 protein levels, and Smo and Gli1 mRNA
levels were unchanged (Fig. 5C–E). We were unable to analyze Smo
protein levels due to lack of a reliable antibody. These results suggest
that the suppressive effects of the miR-324-5p antagomir on hyper-
excitability in epilepsy are mediated through inhibition of microRNA-
induced silencing of Kv4.2 but not Gli1 or Smo.

3.5. MicroRNA-induced silencing of Kv4.2 is increased in epileptic mice

To assess if miR-324-5p inhibition exerts its effect through targeting
an epilepsy-associated mechanism (as opposed to merely reducing
neuronal excitability by increasing A-type potassium currents in-
dependent of underlying mechanisms), we next tested if microRNA-
induced silencing of Kv4.2 mRNA is increased in the chronic phase of
the pilocarpine model of epilepsy (Fig. 6). In line with previous results
(Bernard et al., 2004) we observed that in the chronic phase of the
pilocarpine model of epilepsy, 3 or 5 weeks after SE, respectively, Kv4.2
mRNA was reduced (Fig. 6C and F, timeline shown in Fig. 6A). By
contrast, Kv4.2 protein levels were significantly decreased only after
5 weeks (Fig. 6E) but not after 3 weeks (Fig. 6B). As an estimate of the
level of microRNA-induced silencing of Kv4.2 in epileptic mice, we then
quantified RISC association using Ago2-specific immunoprecipitation as
above. No significant change in RISC-association of Kv4.2 mRNA was
observed 3weeks after pilocarpine treatment (Fig. 6D); however, as-
sociation of Kv4.2 mRNA with the RISC was significantly increased
5weeks after pilocarpine-induced SE compared to saline control sug-
gesting that microRNA-induced silencing of Kv4.2 is elevated in mice
with frequent spontaneous seizures (Fig. 6G). These results suggest that
microRNA-mediated silencing of Kv4.2 is increased in epileptic mice
which may contribute to reduced Kv4.2 protein levels and function.
MiR-324-5p levels or association with the RISC were not significantly
changed 3 and 5weeks after SE (Fig. S2). We also did not detect sig-
nificant changes in the expression of either Gli1 mRNA and protein, or
Smo mRNA 3 and 5weeks after SE (Fig. S3A–F). In line with these
findings, no significant changes in RISC association of Gli or Smo mRNA
were detected 5 weeks after SE, although both showed a trend towards
increased association (Fig. S3G and S3H). Together with the lack of an
effect of the miR-324-5p antagomir on Gli1 and Smo in epileptic mice
(Fig. 5), these results further support the hypothesis that miR-324-5p
reduces seizure and interictal spike frequency in epilepsy through
regulating Kv4.2 but not Gli1 or Smo.

4. Discussion

Discovering the molecular mechanisms that contribute to neuronal
hyperexcitability in epilepsy is crucial to understand how seizures de-
velop and epileptogenesis progresses, and may help to identify novel
treatment strategies. Hippocampal A-type potassium currents are re-
duced in models of acquired and genetic epilepsy suggesting a me-
chanism of increased neuronal excitability; however, the underlying
molecular processes are largely unknown. The present study con-
tributes to the understanding of these mechanisms by reporting a
microRNA-mediated mechanism regulating neuronal excitability in a
mouse model of epilepsy through specific modulation of hippocampal
A-type potassium currents. Our results show that inhibition of a single
microRNA, miR-324-5p, in epileptic mice reduces epilepsy-associated
downregulation of Kv4.2, the major channel responsible for A-type
potassium currents in the hippocampal CA1 region. This leads to overall
reduced neuronal excitability as evident by decreased seizure frequency
and decreased numbers of interictal epileptiform spikes. These results
have several important implications. First, they show that a single
microRNA can regulate the intrinsic excitability of neurons by mod-
ulating A-type potassium currents. Second, they show that microRNA-
induced silencing of select mRNAs is increased in epilepsy, suggesting a
mechanism contributing to neuronal hyperexcitability. Third, they
corroborate the important role of Kv4.2 in regulating excitability in
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chronically seizing mice. Last but not least, they also hint at the po-
tential therapeutic value of antagomirs in established epilepsy – so far,
the majority of studies has tested the effect of microRNA inhibition
before or shortly after SE on the development of spontaneous seizures.
Several previous studies, including our own, have shown that ma-

nipulation of select microRNAs can alter the response to proconvulsive
stimuli or reduce the development of spontaneous seizures following SE
(Gross et al., 2016; Iori et al., 2017; Jimenez-Mateos et al., 2012);
however, it was previously unknown if any of these microRNAs directly
regulate the intrinsic excitability of neurons by modulating specific ion

channels. Here, we show that ICV injection of an antagomir to miR-324-
5p selectively increased A-type potassium currents in CA1 pyramidal
neurons (Fig. 1). The maximum IKA in CA1 pyramidal neurons was
increased in mice treated with the miR-324-5p antagomir. By contrast,
the miR-324-5p antagomir did not alter the slowly inactivating or
sustained potassium currents and did not change resting membrane
potential or input resistance. These observations suggest that miR-324-
5p may be a useful tool to specifically modulate A-type potassium
currents in the brain in vivo, while leaving other potassium currents
unaltered. We cannot exclude that the miR-324-5p antagomir affects

Fig. 3. Antagonizing miR-324-5p in vivo reduces the number of interictal spikes and spike trains in epileptic mice.
(A) Representative EEG traces of interictal spikes in scrambled or miR-324-5p antagomir-injected mice. (B,D) Before treatment, no significant differences were
observed in total spike count (B, unpaired two-tailed t-test, t(8)= 0.590, p= .572) and the number of spike trains (D, unpaired two-tailed t-test, t(8)= 1.195,
p= .266) between scrambled and miR-324-5p mice (2-hour period over 3 days). (C,E) After treatment, total spike number (C, unpaired two-tailed t-test, t
(8)= 2.676, *p= .028) and total spike trains (E, unpaired two-tailed t-test, t(8)= 2.51, *p= .036) were significantly lower in miR-324-5p-specific antagomir-
injected mice compared to the scrambled control (2-hour period over 3 days). Error bars represent SEM, n=5 for both conditions. Also see extended EEG trace in Fig.
S6.
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other ion channels that were not tested here. Nevertheless, the observed
selectivity towards A-type potassium currents could alleviate concerns
about the application of antagomirs as therapeutics due to their as-
sumed widespread effect on many targets. Endogenous Kv4.2 channels
are expressed somatodendritically with increasing density towards

distal parts of the dendrite. Here, we show that perisomatic A-type
currents are elevated by the miR-324-5p antagomir, suggesting that an
ectopic increase of Kv4.2 close to the soma can contribute to the re-
duction of neuronal hyperexcitability in epilepsy.
We observed increased association of Kv4.2 mRNA with the RISC in

Fig. 4. MiR-324-5p antagomir reduces microRNA-induced silencing of Kv4.2 in the pilocarpine model.
(A) Timeline depicting age of the mice during pilocarpine injection, antagomir treatment and tissue collection. (B) Schematic of Ago2-specific immunoprecipitation
to assess Kv4.2 mRNA levels in the RISC. (C) Reduced association of Kv4.2 mRNA with Ago2 was observed after miR-324-5p antagomir treatment compared to
scrambled control (C: SCR: n=15, a-324-5p: n=14, unpaired one-tailed t-test, t(27)= 1.940, *p= .031). mRNA levels in Ago2-IPs were quantified by qRT-PCR and
normalized to input levels. (D,E) Western blot analyses of hippocampal lysates show significantly increased Kv4.2 expression in chronically seizing mice 10 days after
miR-324-5p antagomir treatment compared to scrambled control (SCR: n=15, a-324-5p: n=14, unpaired one-tailed Mann-Whitney test, *p= .047). Example blot
of 2 different mice per condition (#1–4, loaded in duplicates) shown in D, cumulative quantification shown in E. Kv4.2-specific signal was normalized to loading
control (Akt or βTubulin) on the same blot. Asterisk indicates Kv4.2-specific band that is absent in lysates from Kv4.2 KO mice. (F) Kv4.2 mRNA levels (normalized to
βtubulin) were not significantly changed after antagomir treatment (SCR: n=15, a-324-5p: n=14, unpaired one-tailed t-test, t(27)= 0.916, p= .184). Error bars
represent SEM.
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chronically seizing mice, which was reduced by inhibition of miR-324-
5p and correlated with increased Kv4.2 protein levels (Figs. 4 and 6).
These results suggest that the miR-324-5p antagomir directly targets an
underlying disease mechanism that contributes to the reduction of
Kv4.2 expression and function in epileptic mice, namely increased
microRNA-induced silencing of Kv4.2. Notably, we only observed sig-
nificantly reduced Kv4.2 protein at 5 weeks, but not 3 weeks after SE.
The pilocarpine model of epilepsy is progressive, and mice usually have
less spontaneous recurrent seizures initially (3 weeks) compared to later
stages of the disease (5 weeks). In our experience, many mice just start
to develop spontaneous recurrent seizures around 3weeks after SE. Our
results thus suggest that a longer period of spontaneous seizures or a
more severe seizure phenotype are required to consistently reduce
Kv4.2 protein levels. The mechanisms of how Kv4.2 mRNA is recruited
to the RISC in epilepsy are unclear. MiR-324-5p was not increased in
the RISC (Fig. S2), and we therefore speculate that other mechanisms,
e.g. phosphorylation of protein components of the RISC, may be in-
volved. Of note, in a previous study by Song et al. miR-324-5p was
shown to be upregulated 60 days following Lithium-pilocarpine-in-
duced SE in rats (Song et al., 2011). In our investigation, we observed a
non-significant upregulation of miR-324-5p expression in hippocampal
tissue at 3 and 5weeks after pilocarpine-induced SE, supporting this
previous study. As we report relative association of miR-324-5p and
Kv4.2 mRNA with the RISC (i.e. the ratio of IP versus total levels), the
total amount of miR-324-5p in the RISC may thus still be increased in

epileptic mice. Interestingly, another study has reported that miR-324-
5p is downregulated 24 hours post pilocarpine-induced SE
(Kretschmann et al., 2015). This suggests an A-type potassium current-
upregulating, compensatory effect during early epileptogenesis, and is
supported by another study showing increased Kv4.2 levels within
hours after SE (Su et al., 2008). The role of microRNA-induced silencing
in regulation of Kv4.2 during these earlier time points is unclear and
requires further investigation.
An important finding of this study is that antagomir-mediated in-

hibition of miR-324-5p reduced the occurrence of interictal epilepti-
form spikes (Fig. 3), in addition to decreasing overall seizure frequency
(Fig. 2). Previous studies have shown that single microRNAs can alter
seizure susceptibility and frequency in rodent models of epilepsy
(Tiwari et al., 2018). Our results add to the impact that single micro-
RNAs can have on epilepsy phenotypes by demonstrating that they can
also alter neuronal excitability during interictal phases, which may
contribute to their anticonvulsant effects. We did not detect significant
changes in duration of single seizures between scrambled and miR-324-
5p antagomir-treated mice (Fig. 2F). This suggests that the mechanisms
which regulate seizure duration are not affected by miR-324-5p in-
hibition.
We observed some variability in the effect of miR-324-5p-inhibition

on seizure frequency in individual mice. The pilocarpine model of
epilepsy is progressive over time and variable in development and se-
verity of spontaneous seizures (Arida et al., 1999; Hosford et al., 2017;

Fig. 5. Gli1 and Smo expression are not affected by miR-324-5p inhibition in epileptic mice.
(A,B) In contrast to Kv4.2 mRNA, association of Gli1 (A) and Smo (B) mRNA with Ago2 is not significantly changed in epileptic mice after miR-324-5p inhibition
(SCR: n=8, a-324-5p: n=7, unpaired one-tailed t-test, A: t(13)= 1.087, p= .148; B: t(13)= 0.836, p= .209). (C-E) Likewise, neither Gli1 protein (C) nor Gli1 (D)
or Smo (E) mRNA are affected by the in vivo antagomir treatment (C: n=9, unpaired one-tailed t-test, t(16)= 0.450, p= .330; D: SCR: n=9, a-324-5p: n=7,
unpaired one-tailed t-test, t(14)= 0.039, p= .485; E: SCR: n=9, a-324-5p: n=7, one-tailed Mann-Whitney test, p= .105). Example western blot of two mice per
condition (#1–4, loaded in duplicates) for C shown at top. Ago-IPs were normalized to input. Error bars represent SEM.
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Lim et al., 2018), which may have contributed to the fluctuations in
effectiveness of antagomir treatment in this and a previous study (Iori
et al., 2017). Other factors that might have influenced seizure severity
in this model are the repeated exposure to isoflurane, which was shown
to affect seizure susceptibility and occurrence of spontaneous seizures
(Bar-Klein et al., 2016), and the potential injury or trauma caused by
the ICV cannula. Even if these variables factored into seizure frequency,

they would have not influenced the overall result that miR-324-5p in-
hibition was seizure-suppressive, because mice in both groups were
treated equally and would have been affected similarly.
Future work is needed to evaluate miR-324-5p inhibition in less

severe models of epilepsy. Related to this, it is unknown if the observed
mechanism of increased microRNA-induced silencing of Kv4.2 is pre-
sent in epilepsy caused by other factors, such as traumatic brain injury

Fig. 6. MicroRNA-induced silencing of Kv4.2 is increased in epileptic mice.
(A) Timeline depicting age of mice during pilocarpine injection and tissue collection. (B-D) Three weeks after pilocarpine injection, when mice start to develop
spontaneous seizures, no significant reduction in Kv4.2 protein levels (B: n=8, unpaired two-tailed t-test, t(14)= 1.899, p= .078) or Kv4.2 mRNA association with
Ago2 (i.e. the RISC) (D: n=8, unpaired two-tailed t-test, t(14)= 1.168, p= .262), but significantly reduced Kv4.2 mRNA (C: n=8, unpaired two-tailed t-test, t
(14)= 4.470, *p < .001) was observed. (E-G) Five weeks following pilocarpine treatment, when mice have frequent spontaneous seizures, significantly reduced
Kv4.2 protein (E: n=8, unpaired two-tailed t-test, t(14)= 3.513, *p= .003) and mRNA levels (F: saline: n=8, pilo: n=9; unpaired two-tailed t-test, t(15)= 4.218,
*p < .001), and significantly increased association of Kv4.2 mRNA with Ago2 (G: saline: n=7, pilocarpine: n=9, two-tailed Mann-Whitney test, *p= .008)
compared to saline control was observed. Example western blots for B and E are shown at top (samples loaded in duplicates), Kv4.2-specific signal was normalized to
Akt on the same blot. Asterisk indicates Kv4.2-specific band that is absent in lysates from Kv4.2 KO mice. Total mRNA levels in C and F were quantified by qRT-PCR
and normalized to βtubulin. mRNA levels in Ago2-IPs in D and G were quantified by qRT-PCR and normalized to input levels. Error bars represent SEM.
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or gene mutations. Addressing this question will be important to assess
the potential utility of miR-324-5p inhibition as a treatment strategy. In
this study, we showed that miR-324-5p inhibition reduces spontaneous
recurrent seizures and increases Kv4.2 protein expression in epileptic
mice within 10 days post treatment but it is unclear if this effect is
temporary or permanent. It will be vital to investigate if a transient
inhibition of miR-324-5p leads to lasting changes that alter the long-
term progression of the disease.
Our results suggest that inhibition of miR-324-5p in epileptic mice

does not affect the previously reported miR-324-5p targets Gli1 and
Smo; however, we only analyzed one dose and time point. MicroRNA-
induced silencing of mRNAs strongly depends on the relative amounts
of microRNA, their mRNA targets and competing endogenous RNAs
within a cell (Chan and Tay, 2018); therefore, the effect of inhibiting a
microRNA can vary between its targets. A recent study suggests that
miR-324-5p targets Gli1 only in human but not murine cells, which
could also have contributed to a lack of an effect in our experiments
(Woods et al., 2018). Gli1 and Smo were chosen for analysis because
they have been experimentally confirmed as miR-324-5p targets in two
different studies (Ferretti et al., 2008; Xu et al., 2014), and because the
Sonic Hedgehog signaling pathway has been implicated in epilepsy
(Banerjee et al., 2005; Fang et al., 2011; Feng et al., 2016). We have not
assessed other potential targets of miR-324-5p. While our electro-
physiological analyses support a specific effect on CA1 A-type po-
tassium currents, we speculate that modulation of other miR-324-5p-
targeted mRNAs, for example in different brain regions, contributes to
the anticonvulsant effects of its inhibition. The relatively subtle effect of
miR-324-5p inhibition on Kv4.2 protein levels and RNA-induced si-
lencing in epileptic mice and the fact that the antagomir can be taken
up by neurons and glial cells further support the hypothesis that other
targets in other cell types, in addition to the neuronal Kv4.2, may be
involved. Notably, microRNAs can have opposing effects on seizure
development through targeting multiple mRNAs and cellular mechan-
isms (Brennan et al., 2016). It therefore will be important to reveal a
more complete picture of the mRNAs regulated by miR-324-5p in epi-
lepsy to fully understand its function.
In conclusion, our study illustrates the potential of miR-324-5p in-

hibition to reduce seizures and network excitability in epileptic mice by
reducing microRNA-induced silencing of the A-type potassium channel
Kv4.2. Our results support the hypothesis that miR-324-5p inhibition
targets a disease-contributing mechanism. However, due to the rela-
tively short timeline of analyses in this study, it is unclear whether or
not miR-324-5p inhibition has a long-term disease-modifying effect.
Future investigation is needed to fully understand the underlying me-
chanisms and mRNA targets involved; nonetheless, this study further
corroborates the possible use of specific antagomirs in the treatment of
epilepsy (Henshall et al., 2016), a strategy that is already being actively
pursued in clinical trials for other diseases, for example Hepatitis C (Qiu
and Dai, 2014; van der Ree et al., 2014; van der Ree et al., 2016).
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