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MiR-324-5p inhibition after
intrahippocampal kainic
acid-induced status epilepticus
does not prevent epileptogenesis
in mice

Amanda M. McGann*23, Grace C. Westerkamp®,

Alisha Chalasani®, Cole S. K. Danzer3, Emma V. Parkins?3,

Valerine Rajathi®, Paul S. Horn*?, Ernest V. Pedapati®**¢,
Durgesh Tiwari*>, Steve C. Danzer'?7:® and Christina Gross*23>*

!Medical Scientist Training Program, University of Cincinnati College of Medicine, Cincinnati, OH, United
States, 2Neuroscience Graduate Program, University of Cincinnati College of Medicine, Cincinnati, OH,
United States, *Division of Neurology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,
United States, “Division of Child and Adolescent Psychiatry, Cincinnati Children’'s Hospital Medical Center,
Cincinnati, OH, United States, >Department of Pediatrics, University of Cincinnati College of Medicine,
Cincinnati, OH, United States, °Department of Psychiatry and Behavioral Neuroscience, University of
Cincinnati College of Medicine, Cincinnati, OH, United States, ’Division of Anesthesia, Cincinnati
Children’s Hospital Medical Center, Cincinnati, OH, United States, ®Department of Anesthesia, University
of Cincinnati College of Medicine, Cincinnati, OH, United States

Background: Acquired epilepsies are caused by an initial brain insult that is
followed by epileptogenesis and finally the development of spontaneous recurrent
seizures. The mechanisms underlying epileptogenesis are not fully understood.
MicroRNAs regulate mRNA translation and stability and are frequently implicated
in epilepsy. For example, antagonism of a specific microRNA, miR-324-5p, before
brain insult and in a model of chronic epilepsy decreases seizure susceptibility
and frequency, respectively. Here, we tested whether antagonism of miR-324-5p
during epileptogenesis inhibits the development of epilepsy.

Methods: We used the intrahippocampal kainic acid (IHpKa) model to initiate
epileptogenesis in male wild type C57BL/6J mice aged 6-8weeks. Twenty-
four hours after IHpKa, we administered a miR-324-5p or scrambled control
antagomir intracerebroventricularly and implanted cortical surface electrodes for
EEG monitoring. EEG data was collected for 28 days and analyzed for seizure
frequency and duration, interictal spike activity, and EEG power. Brains were
collected for histological analysis.

Results: Histological analysis of brain tissue showed that IHpKa caused
characteristic hippocampal damage in most mice regardless of treatment.
Antagomir treatment did not affect latency to, frequency, or duration of
spontaneous recurrent seizures or interictal spike activity but did alter the
temporal development of frequency band-specific EEG power.

Conclusion: These results suggest that miR-324-5p inhibition during
epileptogenesis induced by status epilepticus does not convey anti-epileptogenic
effects despite having subtle effects on EEG frequency bands. Our results
highlight the importance of timing of intervention across epilepsy development
and suggest that miR-324-5p may act primarily as a proconvulsant rather than a
pro-epileptogenic regulator.
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Introduction

Epilepsy affects over 50 million patients worldwide, and one-third
of those patients have symptoms that are refractory to current
treatment options (1). The development of acquired epilepsies begins
with a precipitating brain insult—status epilepticus (SE), traumatic
brain injury, or infection—that is followed by a latent period and
finally the development of spontaneous recurrent seizures (SRSs)
(2-4). Current treatment primarily addresses the spontaneous
recurrent seizures characteristic of developed, chronic epilepsy (2, 5).
Epileptogenesis, the latent period following brain insult during which
a healthy brain becomes prone to recurrent seizures, is an important
timepoint to consider for treatment. Successful intervention during
the latent period could prevent or delay the development of epilepsy.

The development of epilepsy is characterized by complex brain
alterations that ultimately lead to abnormal brain function and
spontaneous seizures (2, 4). MicroRNAs (miRNAs) have been
identified as potentially important regulators of these processes (6-8).
MiRNAs are short, non-coding RNA sequences that regulate post-
transcriptional gene expression via translational suppression or
degradation of target messenger RNAs (mRNAs) (9, 10). A single
miRNA can target hundreds of mRNAs, thus regulating the expression
of hundreds of proteins and influencing large functional networks
(11). Their involvement in large functional networks makes miRNAs
attractive candidates for therapeutic strategies to treat or
prevent disease.

Preclinical studies have identified several miRNAs that modulate
seizure susceptibility and can be targeted to improve seizure-related
outcomes. These include but are not limited to miR-146a (12-14),
miR-134 (15-19), miR-135a (20), and miR-324-5p (21-24). We found
miR-324-5p to be a particularly interesting target for investigation in
epileptogenesis because antagonism of miR-324-5p has been shown
to reduce seizures at two time points of disease progression:
miR-324-5p inhibition before brain insult or in chronic epilepsy
reduces seizure susceptibility and improves epilepsy phenotype,
respectively (21, 23). To further evaluate the potential therapeutic
value of miR-324-5p inhibition, it is important to investigate whether
antagomirs to miR-324-5p have anti-epileptogenic and thus disease-
modifying effects when administered during epileptogenesis. Notably,
miR-324-5p exerts its effects in part by targeting and translationally
suppressing the mRNA coding for the A-type potassium channel
Kv4.2 (21, 23). The targeting and downregulation of Kv4.2, specifically,
suggests that antagonism of miR-324-5p inhibits seizure activity
primarily by acting as an anti-convulsant; however, since one miRNA
can target hundreds of mRNA (11) and miR-324-5p has several
confirmed targets (25-30), it is possible that antagonism of
miR-324-5p could serve not only as an anti-convulsant but also an
anti-epileptogenic therapy. This is in line with our published findings
showing that administration of miR-324-5p antagomirs in Kv4.2
knockout mice abolishes the effect on latency to kainic acid-induced
seizure, while overall EEG power after kainic acid is still reduced,
suggesting a seizure-dampening effect mediated by other miR-324-5p
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targets (21). Importantly, many studies have successfully targeted
miRNAs before brain insult and in chronic epilepsy, but very few have
assessed their role during the latent period, epileptogenesis (31).

To address this gap in knowledge, we investigated the effect of
Using the
intrahippocampal kainic acid model of mesial temporal lobe epilepsy

miR-324-5p antagonism during epileptogenesis.

to initiate epileptogenesis in mice, we tested the hypothesis that
miR-324-5p inhibition during epileptogenesis delays or prevents the
development of epilepsy. Our results showed that miR-324-5p
inhibition during epileptogenesis does not alter hippocampal
morphology, onset or frequency of spontaneous recurrent seizures, or
frequency of interictal spikes in the first 4 weeks following brain insult.
Inhibition of miR-324-5p did, however, alter spectral EEG power and
how the frequencies of select power bands changed over time. Overall,
we conclude that miR-324-5p inhibition shortly after SE before the
occurrence of spontaneous seizures does not confer anti-
epileptogenic effects.

Materials and methods
Mice

All experiments were conducted in accordance with the
Institutional Animal Care and Use Committee of CCHMC and
followed National Institute of Health Guidelines for the Care and Use
of Laboratory Animals. All mice were housed in standard cages on a
14/10 light/dark cycle with access to food (Cat# 5010, LabDiet) and
water ad libitum. All experiments were conducted using male
C57BL/6] WT mice obtained from Jackson Laboratories (Stock
#000664, RRID:IMSR_JAX:000664) or their offspring bred in-house.
Mice were housed in sex-matched groups of up to four per cage. After
surgeries, mice were single housed. Although single housing has been
shown to affect disease severity in rodent epilepsy models (32), it was
necessary in this study for EEG data collection. A total of 45 mice
from 17 different litters were used in the study. Forty-three mice were
intrahippocampally injected with kainic acid and 2 mice with saline.
All 45 received EEG
intracerebroventricular antagomir treatment; 22 mice from 15

mice transmitter implants and
different litters received miR-324-5p antagomir and 23 mice from 16
different litters received scrambled control antagomir. Eleven mice
were removed from the study due to poor EEG signal (n=1), clerical
issues in treatment recording (n=2), and premature deaths unrelated
to epilepsy model (n=8). Perfused brain tissue was collected for
immunohistochemical analysis for 20 mice. Inclusion criteria for

individual analyses are listed under “Statistics.”

Drugs, antibodies, and antagomirs

Kainic acid (Cat. No. 7065 Tocris Biosciences, Bristol,
United Kingdom) was dissolved in 0.9% sodium chloride to achieve a

frontiersin.org


https://doi.org/10.3389/fneur.2023.1280606
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

McGann et al.

concentration of 4mg/mL. Mouse monoclonal anti-NeuN antibody
(1:250, Cat. #ab177487, RRID:AB_2532109, Abcam, Cambridge, MA,
UK) and Alexa Fluor 488 donkey anti-mouse secondary antibody
(1:200, Cat #715-545-150, RRID: AB_2340846,
ImmunoResearch Laboratories, West Grove, PA) were used for

Jackson

fluorescent immunohistochemistry. The antagomirs were locked-
nucleic acid-modified, custom-made in vivo inhibitors from Qiagen
(Hilden, Germany). Both miR-324-5p and scrambled antagomirs were
14-15 nucleotides in length with a partial phosphorothioate backbone
and no cholesterol tag (due to problems with synthesis and solubility).
Antagomirs were specific for miR-324-5p (Cat. #339146
YCI02000086-FDA, sequence 5-3": ACCAATGCCCTAGG) or a
scrambled control that does not target any miRNAs in mammals (Cat.
#339146 YCI0199810-FDA, sequence 5-3": ACGTCTATACGCCCA).
The functional activity of the miR-324-5p antagomir has been
confirmed previously in our lab and those of collaborators at 24 h (21)
and 7-14 days post-injection (23). Additionally, antagomirs specific to
other miRNAs but with the same molecular characteristics have been
shown to remain detectable and functionally active for up to 1
month (15).

Epilepsy model (intrahippocampal kainic
acid)

Six- to 8-week-old mice received a unilateral, right-sided
intrahippocampal injection of 64 nL 4mg/mL kainic acid (18.8 mM,
0.256 pg) dissolved in 0.9% sodium chloride or 64nL 0.9% sodium
chloride (saline; Hospira Inc., Lake Forest, IL) (33-36). All injections
occurred between 8:00a.m. and 1:00 p.m. (ZT2-ZT7). Anesthesia was
induced using an inhaled mixture of 3% isoflurane and 1.5% oxygen,
then maintained using a mixture of 1.5% isoflurane and 1.5% oxygen.
Mice were administered 1mg/kg carprofen at the beginning of
surgical procedure and once daily for 3 days following procedure for
analgesia. Throughout surgical procedure (20-30 min), mice were
kept on a warmer at 37.2°C (Rodent Warmer X1 Item 53,800 M,
Stoelting, IL, United States). One burr hole (less than 1mm in
diameter) was drilled at the following stereotaxic coordinates from
bregma: AP=-2.0mm, ML=+1.2 mm (right-sided). A 5pL Hamilton
syringe designed specifically for rodent brain injections (Ref #65460-
02, 5pL, Neuros Syringe, Model 75 RN, 33-gauge, Point Style 3,
Hamilton Company, United States) was lowered from the dura mater
1.4mm into the right hippocampus (DV =—1.4mm). Kainic acid/
saline was administered slowly over 1 min at a rate of 64nL/min. The
needle was left in place for 5min to allow diffusion of the injected
volume, then withdrawn over 1.5min. Post injection, the open skin
incision was closed with surgical sutures (Covidien, Medtronic,
Minneapolis, MN). An antibiotic ointment (Globe Chemical
Company, Marietta, GA) was applied over the sutures. Mice were
administered 1mL 0.9% sodium chloride intraperitoneally and
monitored for recovery.

Intracerebroventricular injection of
microRNA antagomir

One day following intrahippocampal kainic acid/saline injection
and EEG transmitter implantation (if applicable), mice received a
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unilateral, right-sided intracerebroventricular (ICV) injection of
miR-324-5p antagomir or scrambled control [0.5nmol in 2 pL sterile
artificial cerebrospinal fluid (ACSF)] following established protocols
(21, 23). All injections occurred between 8:00a.m. and 1:00 p.m. (ZT2-
ZT7). Anesthesia was induced using an inhaled mixture of 3%
isoflurane and 1.5% oxygen, then maintained using a mixture of 1.5%
isoflurane and 1.5% oxygen. Mice were administered 1mg/kg
carprofen at the beginning of surgical procedure and once daily for
3days following procedure for analgesia. Throughout surgical
procedure (25-35min), mice were kept on a warmer at 37.2°C
(Rodent Warmer X1 Item 53800 M, Stoelting, IL, United States). One
burr hole (less than 1 mm in diameter) was drilled at the following
stereotaxic coordinates from bregma: AP=—-0.3mm, ML=+1.0 mm.
A 5pL Hamilton syringe designed specifically for rodent brain
injections (Ref #65460-02, 5pL, Neuros Syringe, Model 75 RN, 33
gauge, Point Style 3, Hamilton Company, United States) was lowered
from the dura mater 2 mm into the right ventricle (DV =-2.0mm). A
volume of 2 pL antagomir/scrambled control was administered slowly
over 2min at a rate of 1,000 nL/min. The needle was left in place for
10 min to allow diffusion of the injected volume, then withdrawn over
2 min. Post injection, the open skin incision was closed with surgical
sutures (Covidien, Medtronic, Minneapolis, MN) and GLUture
(Zoetis Inc., Kalamazoo, MI). An antibiotic ointment (RARO,
Hawthorne, NY) was applied over the sutures. Mice were administered
1 mL saline intraperitoneally and monitored for recovery.

EEG transmitter implantation

Mice were implanted with cortical electrodes for EEG monitoring
on the day of kainic acid or the day of antagomir injection (1 day after
kainic acid injection) during the respective surgeries. Two burr holes
(less than 1mm in diameter) were drilled in the skull (Bregma;
AP=-3.0mm, L=+ 2.0mm) for placement of EEG electrodes. The
transmitter (ETA-F10, 1.6g weight, 1.1cc vol, Data Sciences
International, St. Paul, MN) was placed subcutaneously behind the
neck. Approximately 1 mm length of exposed wire on each electrode
was placed into each burr hole. Leads were positioned horizontally
below the skull but above the dura mater, and care was taken not to
penetrate the dura mater. Post transmitter implantation, the open skin
incision was closed with surgical sutures (Covidien, Medtronic,
Minneapolis, MN). An antibiotic ointment (Globe Chemical
Company, Marietta, GA) was applied over the sutures. Mice were
administered 1 mL saline intraperitoneally and monitored for recovery.

Continuous video-EEG recording

Mice were single-housed in static cages on wireless receiver plates
(RPC-1, Data Sciences International [DSI™], St. Paul, MN).
DATAQUEST A.R.T. software was used for EEG data received from
the telemetry system sampled at 500 Hz, which provided readouts for
frequencies between 1 and 200 Hz (maximum sampling rate of the
wireless transmitter ETA-F10). Video was continuously recorded
(Axis 221, Axis Communication, Lund, Sweden) in parallel and
synchronized with EEG signal. Video-EEG data was collected for
28days (or until mouse death/euthanasia) and analyzed using
NeuroScore™ Version 3.4.0.21113 (DSI™),
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Confirmation of initial status epilepticus
and analysis of spontaneous recurrent
seizures

Initial SE was confirmed behaviorally using the Racine Scale (37)
and electrographically. IHpKa induced stage 5 convulsive seizures that
recurred over a period of several hours with few or no periods of
normal behavior. This behavior was accompanied by hours-long high
amplitude/high frequency EEG activity (38). In 27 of the 32 mice
injected with kainic acid and used in analysis, we confirmed SE in the
24h following kainic acid injection by EEG-video (10 mice),
behaviorally through analysis of video recordings (16 mice), or by
direct observation by the experimenter (1 mouse). The occurrence of
initial SE in all 27 mice monitored during the first 24 h confirmed the
robustness of our model. Consequently, we opted to include an
additional 5 mice in subsequent analyses although there were no video
or EEG data available within the immediate 24 h following IHpKa to
confirm SE. Spontaneous recurrent seizures were identified manually
by electrographic changes on EEG and confirmed by behavioral
changes (Racine Scale) in video analysis if available. A seizure was
defined electrographically as an abrupt increase in the frequency and
amplitude of the EEG signal (at least 2x baseline) with a minimum
duration of 10s. Seizure termination was indicated by return of EEG
signal to or below baseline and cessation of seizure behavior. Due to
both technical issues and user error, we could not collect continuous
24/7 video-EEG data for 28 consecutive days in all mice (EEG data
availability shown in Supplementary Figure 1). Therefore, mice were
only included in analyses of days for which they had complete EEG
data (i.e., a mouse with missing EEG 1-5a.m. on Day 8 is excluded
from analyses involving Day 8). Additional inclusion criteria are
described in results and figure legends.

Electrographic spike analysis

EEG spikes were analyzed using a spike detector module (dynamic
threshold) in NeuroScore™ Version 3.4.0.21113 (DSI™) followed by
manual review to exclude artifacts. A spike was defined as having a
duration of 1-70 ms, a threshold ratio of 3x baseline and a maximum
ratio of 10x baseline, and a minimum amplitude of 100 uV. Spike
trains were defined as having a minimum duration of 5ms with a
minimum number of 4 spikes within 80-5,000ms (39, 40). EEG
artifacts due to movement or grooming were confirmed via video
recording and removed. We conducted spike analysis on 1-h segments
of video-EEG data between 12 p.m. and 3 p.m. (ZT6-ZT9) over 3 days
at an early time point (days 7-9) and 3 days at a later time point (days
25-27), and only selected intervals that were at least 1 h before or after
spontaneous seizure activity. Spike and spike train frequency were
averaged over 3 data points for early and late timepoints (6 total
data points).

Spectral power calculations

Spectral power was calculated during an early time point (days
7-9) and a later time point (days 25-27). Three five-minute segments
of video-EEG data were selected for each mouse during both a.m.
(dark phase, 12-3a.m., ZT18-ZT21) and p.m. (light phase, 12-3p.m.,
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ZT6-ZT9) time periods on each day. Segments were selected in which
mice were not moving to minimize EEG background and capture
accurate signal. All segments were at least 1 h away from spontaneous
seizure activity. Spectral power was calculated using an established
protocol (41). Data was exported in raw format from the acquisition
amplifier and imported into MATLAB (Version 2021b, The
MathWorks Inc., Natick, MA, United States). Raw data were visually
inspected to exclude segments with movement/muscle artifact
contamination; zero files were excluded. Absolute and relative power
were calculated using EEGLAB v2022.0, with standard frequency
band definitions: delta (2-4 Hz), theta (4-10Hz), alpha (10-13 Hz),
beta (13-30Hz), gammal (30-55Hz), and gamma2 (65-100 Hz). The
segments (2s) underwent Fast Fourier transformation (FFT) using a
Hanning window with 0.5 Hz bin resolution, yielding absolute power
(nV?*/Hz) data across 1-100 Hz frequency range. To obtain relative
power, the cumulative absolute power (uV?/Hz) in each band was
divided by the total power across all bands and averaged across the
available trials.

Visualization of spectral power

Within each day (early: 7-9; late: 25-27) and time of day (a.m. vs.
p-m.), the measurements from three 5-min EEG segments were
averaged. This resulted in one a.m. and one p.m. value for each day.
Each timepoint (early vs. late) contained 3 days, and the average values
for each day were graphed as replicates. Note that the statistical
analysis (see below) considered these three values (per early/late
timepoint) as replicates from the same mouse. Boxplots displaying the
median and interquartile range by frequency band were created in R.

Statistical modeling of spectral power

A repeated measures linear mixed model was fit for each power
measure. Within each day (early: 7-9; late: 25-27) and time of day
(a.m. vs. p.m.), measurements from three 5-min EEG segments were
averaged. This resulted in 1 a.m. and 1 p.m. value for each day. Each
timepoint (early vs. late) contained 3 days, and the average values for
each day were treated as replicates. Averaging 5-min segments within
each day allowed for robust representation of individual mouse EEG
power by day, while treating each day as a replicate accounted for the
within-subject variability of this model. The compound symmetric
covariance structure was used for the random effect, the individual
mouse. The independent variable was the treatment group, and the
covariates were timepoint (early vs. late) and time of day (a.m. vs.
p-m.). All second order interaction terms were included with the three
variables as well as the third order interaction term. The distribution
used for each power measure was either Normal or Log-Normal,
depending on the residual profiles. Transformations are indicated in
the Results section. All analyses were conducted using SAS ® version
9.4 (SAS Institute Inc., Cary, NC).

Immunohistochemistry

Twenty-eight days after IHpKa, mice were deeply anesthetized
using 320 mg/kg pentobarbital, then intracardially perfused with 4%

frontiersin.org


https://doi.org/10.3389/fneur.2023.1280606
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

McGann et al.

paraformaldehyde (PFA). Whole brains were removed and preserved
in 4% PFA overnight at 4°C, then cryoprotected in a sucrose solution
(24h in 10% sucrose, 72h in 30% sucrose at 4°C) and cryopreserved
at —80°C. Brains were embedded in Tissue-Tek OCT compound and
serially sectioned at 25pm at Bregma=-1.06-—3.28 mm. For
immunohistochemistry, slide-mounted tissue was thawed for 10 min,
then washed in 1X tris-buffered saline (TBS). It was treated with 0.8%
sodium borohydride solution for 10 min, followed by washes in 1X
TBS. We performed antigen retrieval by incubating slides in 0.01 M
sodium citrate, pH 6.0 at 100°C for 90s, then allowed slides to cool.
Following additional washes in 1X TBS, tissue was permeabilized in
0.5% Triton X-100/TBS for 20 min. Following additional washes in 1X
TBS, slides were incubated in a non-specific blocking buffer (10%
donkey serum, 1% Triton X, 1X TBS) for 1h at room temperature.
Slides were then incubated in primary antibody solution (2% donkey
serum, 1% Triton X, 1X TBS) with a mouse monoclonal anti-NeuN
antibody (1:250) overnight at room temperature. The following day,
slides were washed with 1X TBS then incubated in secondary antibody
solution (2% donkey serum, 1% Triton X, 1X TBS) with Alexa Fluor
488 donkey anti-mouse secondary antibody (1:200) for 1h at room
temperature. Following additional washes in 1X TBS, slides were
mounted using ProLong Diamond Antifade Mountant (Invitrogen,
Waltham, MA) and stored at —80°C. Tissue was imaged on a Nikon
AIR inverted confocal microscope using Nikon Elements software
(Tokyo, Japan, RRID: SCR_014329). Tiled images of bilateral
hippocampi were collected at 4X magnification with 25um z-stacks
(2.5um steps). Z-stacks were compressed into maximum image
projections for analysis. Hippocampal measurements were obtained
using Image] software (RRID: SCR_003070). Up to four serial sections
(average =3 sections, range = 1-4 sections) per mouse were visually
assessed for the presence of morphological changes across Bregma
levels —1.06 mm to —3.28 mm. A single section per mouse between
Bregma levels —1.22mm and—2.18mm (IHpKa injection at
Bregma=—2.0mm) was used for quantification of morphological
changes. Representative images of Image] tracings used to obtain
measurements are shown in the respective figure. All tracings/
measurements were completed by the same experimenter who was
blind to the condition, then reviewed for accuracy by a
second experimenter.

Statistical analyses and inclusion/exclusion
Criteria

The goal of this study was to assess the effect of miR-324-5p
antagonism during epileptogenesis in a mouse model of epilepsy.
Statistical methods were selected for experimental design with
random sampling. Apart from preliminary group assignment
assessments and assessment of seizure duration at specific
timepoints (not all mice had seizures to include in analysis),
we used at least 6 mice per condition from 5 or more different
litters for each experimental group as indicated under “Mice.”
Experimental groups were randomly assigned, and investigators
were blinded throughout experiment and analyses. Apart from
spectral power analysis, data were analyzed and visualized using
GraphPad Prism v9.2.0. Significance level was set to a=0.05, and
p<0.05 was considered significant. Data sets were tested for
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normality using the Shapiro-Wilk test, and the appropriate
parametric or non-parametric tests were used. Statistical outliers
were identified and removed using the Rout method, and number
of statistical outliers (if any) are indicated in the figure legends.
Statistical tests used and their results as well as sample sizes are
indicated in the results and/or figure legends. We were not able to
collect 28 days of continuous video/EEG data for all 34 mice in
this study for various reasons including equipment failure,
technical errors, early death, or early termination (e.g., due to
loosened electrode wires). Therefore, not all mice could be used
in all statistical analyses. A detailed list of days with available EEG
data for
Supplementary Figure 1. The following stringent inclusion and

each mouse in this study is shown in
exclusion criteria for each analysis were implemented (also listed
in figure legends):

Figure 1: Figures 1C,D include mice that received EEG transmitter
implants on day 0 for analysis of the first 24 h after IHpKa [n(324) =5,
n(SCR)=4]. Figure 1E includes mice that received EEG transmitter
implants on days 0 or 1. Figure 1E does not include mice that were
sacrificed for reasons not related to epilepsy model [e.g., loosening of
electrodes; n(total) =6].

Figure 2: Figure 2 only includes mice for which perfused brain
tissue was collected on day 28 [1(324) =9, n(SCR) =9].

Figure 3: Figure 3B only includes mice that had continuous
EEG data from antagomir treatment on day 1 to first SRS
[n(324) =6, n(SCR) =8]. Figure 3C only includes mice with 24 h of
continuous EEG recording on each individual day [i.e., if a mouse
was missing 2h of EEG data on day 8, it was not included in
n(324) =9-13,
n(SCR) =9-14]. Figures 3D,E only include mice with continuous
24/7 EEG data for the duration of each week 1 and/or week 4
[n(324, week 1)=10, n(324, week 4) =10, n(SCR, week 1) =10,
n(SCR, week 4) =8]. Figure 3F includes only mice that had SRSs
during week 4 [n(324) =5, n(SCR) =5].

Figure 3,

analysis of seizure frequency on day 8;

Figures 4, 5, Supplementary Table 1, and
Supplementary Table 1 only include mice with continuous 24/7 EEG

data on days 7-9 and 25-27 [n(324) =10, n(SCR) = 8].

Results

Intrahippocampal kainic acid injection
reliably induces status epilepticus and
initiates epileptogenesis

Based on its anti-epileptic effects on acute and chronic seizures,
that miR-324-5p
epileptogenesis would delay or inhibit the development of epilepsy

we  hypothesized antagonism  during
and related symptoms. To test this hypothesis, we used the mouse
intrahippocampal kainic acid (IHpKa) model of temporal lobe
epilepsy. We selected this model for its reported reliable induction
of status epilepticus (SE), localized brain insult, latent period greater
than 2 days (to allow for miRNA antagonism following epileptogenic
insult), and low mortality (42). The experimental design and
1A. Briefly,
intrahippocampally injected with kainic acid or saline on day 0.

timeline are shown in Figure mice were

Twenty-four hours after the epileptogenic insult, mice were injected
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Intrahippocampal kainic acid injection reliably induces status epilepticus and initiates epileptogenesis. (A) Timeline. On day 0, mice received
intrahippocampal kainic acid (IHpKa) or saline injections. Twenty-four hours later, on day 1, mice were intracerebroventricularly injected with an
antagomir to miR-324-5p (anti-324) or a scrambled control (SCR). All mice were injected into the right hippocampus and ventricle, respectively. Mice
were implanted with EEG transmitters on either day O or day 1. Twenty-four/seven video-EEG data was collected for 28 days, at which time brain tissue
was collected for immunohistochemical analysis. (B) Representative EEG tracings from mice approximately 7 h after IHpKa or saline injection. Mice
injected with kainic acid reliably exhibited behavioral and electrographic status epilepticus (SE), while saline-injected mice did not show epileptic
activity. (C,D) EEG analysis during the 24 h following IHpKa (prior to antagomir treatment) in a subset of mice shows that initial SE severity was similar
between treatment groups with no difference in the latency to initial SE [C, unpaired t-test: t =1.62, p = 0.15, n(anti-324) = 5, n(SCR) = 4] or duration of
initial SE [D, unpaired t-test: t = 0.81, p = 044, n(anti-324) = 5, n(SCR) = 4]. Bar graphs represent mean + SEM. Points represent individual mice.

(E) Antagomir treatment group had no effect on survival [Mantel-Cox test: X2 = 0.25, p = 0.62, n(anti-324) = 14, n(SCR) = 12]. Mice that died from poor
health not related to epilepsy phenotype (e.g., post-surgical weight loss, skin lesions) and mice that were sacrificed for other reasons (e.g., loosening of
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intracerebroventricularly with a miR-324-5p (anti-324) or
scrambled control (SCR) antagomir. Antagomir treatment was
administered 24h after SE induction specifically to ensure
antagonism of miR-324-5p during the latent period in this model.
Mice were implanted with cortical electrodes for 24/7 EEG
monitoring on either day 0 (during kainic acid administration) or
day 1 (during antagomir injection). We then recorded 24/7
video-EEG for 28 days, at which point brain tissue was collected for
immunohistochemical analysis.

In most mice, we confirmed initial SE behaviorally based on the
occurrence of multiple Racine class 5 seizures within 24 h of IHpKa.
In a subset of mice, we implanted cortical EEG electrodes on day 0
(rather than day 1) to electrographically confirm initial SE. Data show
IHpKa reliably induced electroencephalographic SE within 24h of
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administration, while control animals injected with saline did not
show epileptic activity (example EEG tracings shown in Figure 1B).
The average latency to EEG-confirmed SE was 25.4+2.0 (SEM)
minutes and the average duration of SE was 11.2+1.9 (SEM) hours.
At the completion of the study, we analyzed latency and duration of
initial SE on day 0 in mice that were subsequently placed into the two
treatment groups (anti-324 vs. SCR) on day 1 to ensure mice had not
been inadvertently biased toward either treatment group based on
initial SE severity. There was no significant difference in the latency to
or duration of initial SE between mice subsequently assigned to the
anti-324 or SCR treatment group, supporting lack of experimental bias
in group assignment [Figures 1C,D, respectively; unpaired ¢-tests, C:
t=1.62, p=0.15, n(anti-324)=5, n(SCR)=4; D: t=0.81, p=0.44,
n(anti-324) =5, n(SCR) =4].
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FIGURE 2

Antagomir treatment does not prevent granule cell dispersion or pyramidal cell loss. (A) Representative images of bilateral mouse
hippocampal tissue collected on day 28 and immunohistochemically labeled with anti-NeuN antibody. Up to four serial sections
(average=3 sections, range=1-4 sections) per mouse between Bregma levels —1.06mm and—3.28mm were visually assessed for the
presence of morphological changes (B—D). A single brain section between Bregma levels —1.22mm and—-2.18 mm (IHpKa injection
Bregma=-2.0mm) was quantified for each mouse (G-J). Ipsilateral and contralateral refer to side of kainic acid injection. "Absent”
indicates the absence of morphological changes and “Present” indicates the presence of morphological changes. Some mice in each
antagomir treatment group exhibited no morphological changes (top), while the majority exhibited dentate granule (DG) cell dispersion
and CALl cell death (bottom). White arrows indicate DG cell layer; red arrows indicate CA1 cell layer. Scale=1mm. (B—D) Antagomir
treatment had no effect on the proportion of mice that exhibited any hippocampal damage [DG dispersion and/or CA1 cell death; (B),
Fisher's exact test: p >0.99, n(anti-324)=9, n(SCR)=9], DG dispersion [C, Fisher's exact test: p =0.62, n(anti-324)=9, n(SCR)=9], or CAl cell
death [D, Fisher's exact test: p >0.99, n(anti-324)=9, n(SCR)=9]. (E,F) Representative tracings to illustrate how hippocampal damage was
quantified. The areas of the total dentate gyrus (yellow, solid line) and DG cell layer (white, dotted line) were used to estimate DG
dispersion (E). To estimate CAl cell death, the total CAl cell layer (white line) and NeuN-positive CAl cell layer (red line, living cells) were
quantified (F). Boundaries on the CAl cell layer were determined by drawing lines at a 135° angle from the medial aspect of the DG cell
layer and a 45° angle from the lateral aspect of the dorsal DG cell layer (yellow lines). Figure tracings positioned for better visibility. (G-1)
Independent of antagomir treatment, the total area of the dentate gyrus ipsilateral to kainic acid injection was larger than that of the
contralateral dentate gyrus [G, two-way ANOVA: p(interaction)=0.26, p(side)=0.02, p(treatment)=0.27, n =9 mice/groupl, the area of the
ipsilateral DG cell layer was larger than that of the contralateral [H, two-way ANOVA: p(interaction)=0.19, p(side)=0.004,
p(treatment)=0.20, n =9 mice/group], and DG cell dispersion was greater in the ipsilateral than contralateral DG I, two-way ANOVA:
p(interaction)=0.34, p(side)=0.0007, p(treatment)=0.35, n =9 mice/group]. (J) CAL cell death was greater in the hippocampus ipsilateral
to kainic acid injection than in the contralateral, independent of antagomir treatment [two-way ANOVA: p(interaction)=0.71,

p(side)<0.0001, p(treatment)=0.98, n =9 mice/group]. Supplementary Figure 2 shows the effect of antagomir treatment across the
dorsoventral brain axis.
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MiR-324-5p inhibition during epileptogenesis does not alter seizure incidence.
had no effect on seizure latency [Mantel-Cox test: X?=0.10, p=0.76, n(anti-324)=6, n(SCR)=8]. Analysis of seizure latency only included mice that had
complete EEG data from antagomir treatment on day 1 to first SRS. (C) Antagomir treatment had no effect on daily SRS frequency within 28days of
IHpKa [Two-way ANOVA: p(interaction)=0.96, p(day)=0.15, p(treatment)=0.57, n(anti-324)=9-13, n(SCR)=9-14]. One outlier was identified and excluded
on day 14 (mouse had 21 SRSs) and one on day 15 (mouse had 49 SRSs). Outliers were two different mice; both had been treated with SCR. Analysis of
daily SRS frequency only included SRS data for mice with 24h of uninterrupted EEG recording on individual days. Points represent group means + SEM.
(D) Antagomir treatment had no effect on total SRSs in week 1 and week 4 [two-way ANOVA: p(interaction)=0.50, p(week)=0.08, p(treatment)=0.14,
n(anti-324, week 1)=10, n(anti-324, week 4)=10, n(SCR, week 1)=10, n(SCR, week 4)=8]. Weekly SRS analysis only included mice with complete 24/7 EEG
data for the duration of each week. (E) Antagomir treatment had no effect on seizure burden in week 1 and week 4 [two-way ANOVA:
plinteraction)=0.77, p(week)=0.08, p(treatment)=0.17, n(anti-324, week 1)=10, n(anti-324, week 4)=10, n(SCR, week 1)=10, n(SCR, week 4)=8].

(F) Antagomir treatment had no effect on SRS duration in week 4 [unpaired t-test: t=1.46 p=0.18, n(anti-324)=5, n(SCR)=5]. Analysis of SRS duration only
included mice that had SRSs in week 4. Bar graphs represent group mean+SEM. Points represent individual mice.

(A) Representative electroencephalographic SRS. (B) Antagomir treatment

Antagomir treatment 24 h after
intrahippocampal kainic acid does not
affect long-term survival rate

Over 90% of mice survived the experimental protocol regardless
of treatment, consistent with mortality reports in this model (42)
(Figure 1E). Antagomir treatment had no significant effect on overall
survival [Mantel-Cox test: X*=0.02, p=0.89, n(anti-324)=14,
n(SCR)=12].
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Antagomir treatment does not prevent
granule cell dispersion or pyramidal cell
loss

Intrahippocampal kainic acid administration in mice causes
dentate granule (DG) cell dispersion and CAl cell death in the
hippocampus ipsilateral to the injection site (43-47). To further
validate the model and determine whether antagomir treatment
affected IHpKa-associated morphological changes, we assessed
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FIGURE 4
MiR-324-5p inhibition during epileptogenesis does not alter frequency of interictal spikes or spike trains. (A) Representative image of single
epileptiform spike. (C) Representative image of spike train. (B,D) Early timepoint refers to days 7-9 and late timepoint refers to days 25-27 after IHpKa.
Analysis only included mice with continuous EEG data during both timepoints. Spikes and spike trains were quantified for 1h on each of 3 days within
each timepoint. Points on bar graphs represent the mean value of spikes or spike trains over 3 days in each individual mouse. Bars represent group
mean + SEM. Antagomir treatment had no effect on frequency of spikes [B, two-way RM ANOVA: p(interaction) = 0.59, p(timepoint) = 0.44,
p(treatment) = 0.61, n(anti-324) = 10, n(SCR) = 8] or spike trains [D, two-way RM ANOVA: p(interaction) = 0.17, p(timepoint) = 0.45, p(treatment) = 0.60,
n(anti-324) = 10, n(SCR) = 8]. (E) Antagomir treatment had no effect on within-mouse percentage change in spikes between early and late timepoints
[Mann-Whitney test: p = 0.74, n(anti-324) = 10, n(SCR) = 8]. Bar graphs represent group mean + SEM. Points represent individual mice.

hippocampal morphology 28 days after kainic acid injection using
NeuN immunohistochemical staining (representative images in
Figure 2A). Only mice that survived to day 28 were used in
immunohistochemical analyses. We visually screened up to four serial
sections (average=3 sections, range=1-4 sections) per mouse
between Bregma levels —1.06mm and—3.28mm to assess
morphological changes along the dorsoventral axis. A more detailed
analysis of the incidence of morphological changes by treatment
brain axis can be found in

across the dorsoventral

Frontiers in Neurology

Supplementary Figure 2. Overall, the proportion of mice that
exhibited any hippocampal damage (DG dispersion and/or CA1 cell
death; Figure 2B), DG dispersion (Figure 2C), or CAl cell death
(Figure 2D) did not differ between antagomir treatment groups
[Fisher’s exact tests, p >0.05, n(anti-324) =9, n(SCR) =9].

To grossly quantify DG dispersion, we determined the total
dentate gyrus area and the area of DG cell body layers ipsi- and
contralateral to the kainic acid injection site (representative tracings
to determine areas in Figure 2E). Consistent with the IHpKa model,
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MiR-324-5p inhibition during epileptogenesis alters EEG spectral absolute power bands. Box plots show absolute power for each treatment group
(anti-324 vs. SCR) during early (days 7-9) and late (days 25-27) timepoints. Data is plotted separately for a.m. and p.m. timepoints within each power
band. Power band graphs are shown in order of ascending frequency: (A) absolute delta a.m., (B) absolute delta p.m., (C) absolute theta a.m.,
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(J) absolute gamma 1PM, (K) absolute gamma 2 a.m., (L) absolute gamma 2 p.m. See sections Results and Materials and methods for details on data
analysis and graphical representation. Box plots are for power data visualization, not statistical analysis. Power data was statistically analyzed by RM
linear mixed model, shown in Table 1 (absolute) and Supplementary Table 1 (relative). Corresponding box plots representing relative power data are
shown in Supplementary Figure 3. All indications of significant data are based on linear mixed model statistics. Significant interactions represented by
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the kainic acid-injected (ipsilateral) dentate gyrus was larger than the
non-injected (contralateral) dentate gyrus [Figure 2G, two-way
ANOVA: p(interaction) =0.26, p(side)=0.02, p(treatment)=0.27,
n(anti-324) =9, n(SCR) =9]. Similarly, independent of treatment, the
area of the ipsilateral DG cell layer was larger than that of the
contralateral [Figure 2H, two-way ANOVA: p(interaction)=0.19,
p(side) =0.004, p(treatment) =0.20, n(anti-324) =9, n(SCR) =9]. To
approximate dispersion of the DG cell layer, we expressed the area of
that layer as a percentage of the total area of the dentate gyrus.
Analysis of this dispersion value showed comparable results:
independent of treatment, the extent of DG cell layer dispersion was
greater in the dentate gyrus ipsilateral to kainic acid injection than in
the contralateral dentate gyrus [Figure 2I, two-way ANOVA:
p(interaction) =0.37, p(side)=0.0007, p(treatment)=0.35, n(anti-
324)=9, n(SCR)=9].

To approximate cell death in the CAl, we measured the total
length of the CA1 pyramidal cell layer and the length of the pyramidal
cell layer with positive NeuN-staining (representative tracings to
measure lengths in Figure 2F). The total length of the CA1 pyramidal
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cell layer did not differ by treatment nor by laterality [two-way
ANOVA: p(interaction) =0.33, p(side)=0.39, p(treatment)=0.55,
n(anti-324) =9, n(SCR)=9, data not shown]. Similar to the DG
dispersion results, CAl cell death was noticeably greater in the
hippocampus ipsilateral to kainic acid injection than in the
contralateral, independent of treatment [Figure 2], two-way ANOVA:
p(interaction) =0.71, p(side)<0.0001, p(treatment)=0.98, n(anti-
324)=9, n(SCR)=9].

Overall, our results show that IHpKa results in DG dispersion and
CAl death IHpKa
antagomir treatment.

cell ipsilateral  to independent  of

MiR-324-5p inhibition during
epileptogenesis does not alter seizure
incidence

A representative electroencephalographic SRS collected via
cortical electrodes is shown in Figure 3A. Antagomir treatment had
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TABLE 1 Treatment x Timepoint effects and pairwise comparisons in absolute power by linear mixed model.

Frequency band Interaction, pairwise Estimates SEM p
comparisons
Absolute delta Treatment x Timepoint 0.033*
2-4Hz 324 Late - 324 Early 0.373 0.067 0.000*
SCR Late — SCR Early 0.157 0.075 0.036*
Absolute theta Treatment x Timepoint 0.017*
4-10Hz 324 Late - 324 Early 0.158 0.047 0.001*
SCR Late - SCR Early 0012 0.053 0.821
Absolute alpha Treatment x Timepoint 0.010%*
10-13Hz 324 Late - 324 Early 0.089 0.047 0.060
SCR Late - SCR Early —0.094 0.053 0.075
Absolute beta Treatment x Timepoint 0.000%*
13-30Hz 324 Late - 324 Early 0.136 0.034 0.000%
SCR Late - SCR Early —0.075 0.038 0.048%
Absolute gamma 17 Treatment x Timepoint 0.024*
30-55Hz 324 Late - 324 Early 0.559 0.130 0.000*
SCR Late — SCR Early 0.114 0.146 0.434
Absolute gamma 2 Treatment x Timepoint 0.674
65-100 Hz 324 Late - 324 Early 0.015 0.047 0.759
SCR Late - SCR Early 0.045 0.053 0.401

Spectral power analysis at early (days 7-9) and late (days 25-27) timepoints showed significant interactions between treatment and timepoint regardless of period (AM/PM) for distinct EEG
frequency bands, suggesting that treatment altered disease progression. Shown are results of a RM linear mixed model fitted for each power band. Power bands were log transformed with the
exception of absolute gamma 1, which was not transformed (1). Estimates represent absolute power multiplied by 10'. *p <0.05. Pairwise comparisons not listed were not statistically
significant. See Results and Materials and methods text details on analysis. Corresponding results for relative power are shown in Supplementary Table 1.

no effect on the duration of the latent period [time to first SRS;
Figure 3B, Mantel-Cox test: X*=0.10, p=0.76, n(anti-324)=6,
n(SCR)=8]. Seizure latency for both groups aligned with previous
reports regarding the latent period in this model (2-14d) (42); the
median latent period for mice treated with anti-324 and SCR were 8
and 11.5days, respectively.

Treatment also did not affect SRS frequency over the 28-day
period following IHpKa [Figure 3C, two-way ANOVA:
p(interaction) =0.96, p(day)=0.15, p(treatment)=0.57, n(anti-
324)=9-13, n(SCR) =9-14]. Notably, mice treated with IHpKa
typically have 1-2 cortical SRSs per week (42). Because our data
aligned closely with that measure, many mice in both treatment
groups had zero SRSs on several individual days. To account for the
low overall daily seizure frequency, we analyzed total seizures by
week, focusing on an early time point (week 1, days 1-7) and a later
time point (week 4, days 22-28) to account for the expected
progressive nature of this model. Total SRSs in week 1 and week 4
did not statistically differ by week nor antagomir treatment group
[Figure 3D, two-way ANOVA: p(interaction) = 0.50, p(week) =0.08,
p(treatment) =0.14, n(anti-324, Week 1) =10, n(anti-324, Week
4)=10, n(SCR, Week 1) =10, n(SCR, Week 4) =8]; however, the
proportion of mice in each treatment group that experienced SRSs
in week 4 was greater than that of week 1, as expected in this
progressive model. Antagomir treatment also had no significant
effect on seizure burden [total time spent seizing; Figure 3E,
two-way  ANOVA:  p(interaction)=0.77,  p(week)=0.08,
p(treatment) =0.17, n(anti-324, Week 1) =10, n(anti-324, Week
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4)=10, n(SCR, Week 1)=10, n(SCR, Week 4)=8]. Antagomir
treatment did not significantly affect average seizure duration
[Figure 3F anti-324: 40.80+3.69s, SCR: 33.00 +3.85s, unpaired
t-test: t=1.46, p=0.18, n(anti-324) =5, n(SCR) =5]. Regardless of
antagomir treatment, the majority of SRSs were behavioral seizures
of class 4/5 or 5/5 on the Racine Scale (37) [anti-324: 4.32+0.10,
SCR: 4.22+£0.92, unpaired t-test: p=0.49, n(anti-324) = 119 seizures,
n(SCR) = 175 seizures, data not shown]. Overall, our data show that
antagonism of miR-324-5p does not significantly affect SRS latency,
frequency, or duration within 28 days of IHpKa.

MiR-324-5p inhibition during
epileptogenesis does not alter frequency
of interictal spikes or spike trains

To further investigate the effect of miR-324-5p antagonism on
the formation of an epileptic network, we analyzed interictal spikes
and spike trains using 24/7 cortical EEG recordings. A representative
spike collected via cortical electrodes is shown in Figure 4A, and a
representative spike train is shown in Figure 4C. There was no
difference in spike frequency based on antagomir treatment or
timepoint [Figure 4B, two-way RM ANOVA: p(interaction) =0.59,
p(timepoint) = 0.44, p(treatment) =0.61, n(anti-324) =10,
n(SCR) =8]. There was also no difference in spike train frequency
based on antagomir treatment or timepoint [Figure 4D, two-way
RM  ANOVA: p(interaction)=0.17,  p(timepoint)=0.45,
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p(treatment) = 0.60, n(anti-324) =10, n(SCR) =8]. To account for
variability in spike frequency, we calculated the within-subject
percentage change in spikes between early and late timepoints.
Antagomir treatment had no effect on percentage change in spike
frequency over time [Figure 4E, Mann-Whitney test: p=0.74,
n(anti-324) =10, n(SCR)=8]. Overall, our data suggest that
antagomir treatment does not affect development of interictal
spikes or spike trains within the first 4 weeks after IHpKa.

MiR-324-5p inhibition during
epileptogenesis alters EEG spectral power
bands

In addition to interictal spike analysis, we investigated the effect
of miR-324-5p antagonism during epileptogenesis on EEG spectral
power. Absolute EEG power data by treatment and timepoint are
visually represented in Figure 5 (relative power in
Supplementary Figure 3). We assessed the interaction of treatment
(anti-324 vs. SCR) and timepoint (early vs. late) for each frequency
band using repeated-measures linear mixed models [Table 1, n(324
Late-324 Early) =30, n(SCR Late-SCR Early) = 24]. Note Figure 5
is for visual representation of power data only; statistical analyses
were performed using repeated-measures linear mixed models. All
significant findings based on linear mixed models are shown in
Table 1. Our results show significant interactions between treatment
and timepoint for most, but not all frequency bands. Notably,
significant interactions and pairwise comparisons were significant
regardless of time of day. Overall, our results indicate that mice
treated with anti-324 had more pronounced increases from early to
late time points in absolute delta, theta, beta, and gamma 1 power
than mice treated with SCR. Absolute delta power increased over
time in both treatment groups, with a greater increase in anti-324-
treated mice. Absolute theta and gamma 1 power increased in anti-
324-treated mice and did not change in SCR-treated mice. While
absolute beta power increased in mice treated with anti-324, it
decreased in mice treated with SCR. No significant interactions
were detected for absolute gamma 2. Pairwise comparisons not
reported showed no significance. There were no significant
interactions for relative frequency bands (Supplementary Figure 3).
Overall, our data show that inhibition of miR-324-5p during
epileptogenesis altered the temporal development of frequency

band-specific EEG power.

Discussion

The main finding of this study is that inhibition of miR-324-5p
during the latent period after an epileptogenic insult does not
prevent epilepsy development in mice. This is in contrast to our
previous studies, which showed that miR-324-5p inhibition in mice
reduces seizure susceptibility when administered shortly before
brain insult and reduces seizure frequency when administered
during chronic epilepsy (21, 23). Despite the anti-convulsant effects
of miR-324-5p at other disease stages, this study demonstrates that
miR-324-5p inhibition during epileptogenesis induced by
intrahippocampal kainic acid does not significantly affect several
important hallmarks of epilepsy: hippocampal damage, SRS latency,
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frequency, or duration, or interictal spike frequency. MiR-324-5p
inhibition during epileptogenesis does, however, alter EEG power
band changes over time. Ultimately, this suggests that miR-324-5p
may act as a proconvulsive rather than a pro-epileptogenic
regulator. In other words, miR-324-5p inhibition may alleviate
epilepsy symptoms when administered in close temporal proximity
to seizure — shortly before an epileptogenic insult (SE) or in chronic
epilepsy when SRSs occur - but it is not effective at preventing the
development of epilepsy when administered during epileptogenesis.
Supporting its role as a proconvulsant miRNA, miR-324-5p targets
and downregulates the A-type potassium channel Kv4.2 (21, 23).
Reduction or deletion of Kv4.2 increases susceptibility to
pharmacologically-induced seizures but does not lead to the
development of spontaneous seizures (48, 49), suggesting that the
channel is not directly involved in epileptogenesis. While miRNAs
can target a large network of mRNAs (11), our results combined
with these previous findings suggest that the impact of miR-324-5p
on epilepsy depends largely on its acute regulation of
network excitability.

Despite the lack of effects on seizure latency and frequency,
we detected changes in the temporal development of frequency
band-specific EEG power. We found that absolute delta power
increased over time to a greater extent in mice treated with anti-324
than in those treated with SCR. Delta power has been shown to
be increased in rodent models of epilepsy and human epilepsy
patients (50-52), suggesting that antagonism of miR-324-5p may
actually have resulted in a more epileptic network than control
treatment. Similarly, absolute theta power increased in mice treated
with anti-324. Theta power has been shown to be higher in human
epilepsy patients (51), which again could be interpreted as a
pro-epileptic effect of miR-324-5p inhibition. Mice treated with
anti-324 had increased absolute beta power over time, while mice
treated with SCR had decreased beta power over time. A similar
trend occurred for absolute alpha power. Mice treated with anti-324
also had significant increases in absolute gamma 1 power over time.
There is conflicting data on the alterations in alpha, beta, and
gamma 1 power bands over time in epilepsy models; indeed, there
are even conflicting relationships between symptom severity and
EEG power in individual human epilepsy patients (51, 53-55).
Interpretation of the observed differences in EEG power with
regard to their relevance for epileptogenesis is thus challenging due
to limited knowledge about the roles and contributions of specific
frequency power bands in epilepsy. It is important to note that
we observed significant differences in absolute but not relative EEG
power. Absolute power could be affected by overall signal strength;
however, given the relatively large sample size and the fact that
anti-324 and SCR mice were run and analyzed in parallel, it is
unlikely that observed effects are due to biases in overall signal
strength. Interpretation of spectral power in this study is limited by
the inability of our video-EEG system to differentiate sleep from
wake in mice. EEG power is known to vary based on sleep-wake
cycles (56). While we analyzed data in non-moving mice, our
experimental set-up did not allow for distinguishing specific sleep
and awake states, and it is thus unclear whether mice were awake or
asleep in each EEG analysis segment. Importantly, we analyzed EEG
recordings during both a.m. and p.m. time periods and found no
significant differences in spectral power between those time
periods. Moreover, to prevent any inadvertent bias toward a specific
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sleep or awake state, we analyzed three periods of 5min over three
consecutive days during which mice were not moving, allowing us
to capture multiple sleep/awake stages in the mice. Given a number
of frequency bands changed with no clear pattern in their relation
to epileptogenesis, it is likely most appropriate to conclude that
normal brain networks become altered following kainic acid
injection and that miR-324-5p affects these alterations over time.
Whether this effect is relevant for epileptogenesis is unclear.
Longer-term studies are needed to further address this question.

Histological analyses showed that IHpKa induced characteristic
hippocampal damage (dentate granule cell layer dispersion and CA1
cell death) at the injection site independent of antagomir treatment
(42) (Figure 2), and that miR-324-5p inhibition had no effect on
morphological outcomes (Supplementary Figure 2). This suggests
that miR-324-5p does not significantly contribute to early
morphological changes during epileptogenesis. The prominent
damage to the hippocampus ipsilateral to kainic acid injection and
the relative absence of damage to the contralateral hippocampus
suggest that hippocampal damage is likely primarily due to the
excitotoxicity of kainic acid rather than resultant generalized seizure
activity. Of note, total SRSs over 28 days following IHpKa did not
correlate with hippocampal damage (data not shown). Future studies
are needed to elucidate the mechanisms dictating disease severity,
which may be more subtle morphological or molecular alterations.

Our results indicate that miR-324-5p inhibition had no
significant effect on epileptogenesis, but we acknowledge that the
study had several limitations. First, to initiate epileptogenesis in mice,
we used the intrahippocampal kainic acid model of temporal lobe
epilepsy. The model consistently initiated epileptogenesis via
induction of SE, and our measures of SE duration, latent period
duration, frequency of spontaneous recurrent seizures, and overall
mortality closely aligned with others in the literature (42) (Figure 1).
Importantly, the latent period of this model allowed for inhibition of
miR-324-5p during epileptogenesis before the development of
chronic epilepsy (Figure 3B). Like many epilepsy models, the IHpKa
model shows high variability between mice. While this is useful in
modeling the variability seen in human epilepsy patients, it also
complicates data interpretation, leading to high within-group
variability. The goal of this study was to assess the effects of antagomir
treatment during epileptogenesis (first 4 weeks after SE); however,
due to the progressive nature of this model (46, 47, 57), it is possible
that longer-term analysis would have revealed group differences that
did not appear in the first 4 weeks following IHpKa. In addition,
we used cortical rather than hippocampal depth electrodes to collect
EEG data. Cortical electrodes did not allow for the detection of focal
hippocampal seizures, which most likely precede or accompany
generalized seizures, or other characteristic EEG changes associated
with this model, such as hippocampal paroxysmal discharges and
high frequency oscillations (33, 36, 57). It is possible that use of
subdural electrodes may have uncovered subtle antagomir treatment
effects. Nevertheless, the reliable initiation of epileptogenesis
combined with the low mortality rate compared with other epilepsy
models (58) made the IHpKa model appropriate for assessing
antagomir treatment during epileptogenesis, and useful in long-term
analysis of epilepsy symptoms. Future studies could explore if
miR-324-5p regulates epileptogenesis after other forms of brain
insults, such as traumatic brain injury.

Second, we administered only a single antagomir dose at one
timepoint and did not have a direct read-out of antagomir efficacy.
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We chose the dose based on our previous studies showing an anti-
convulsant effect (21, 23). To our knowledge, the effect of different
dosages has not been investigated with this antagomir. Other
studies have shown that antagomir dosage greatly affects target
mRNA and protein levels (59, 60); thus, it is possible that an
increased dosage or continuous administration (i.e., via osmotic
pump) would have produced a treatment effect. Antagomirs have
been shown to function for several weeks in the periphery and
albeit with (61, 62). Although
non-significant for SRSs, mice treated with anti-324 appeared to

brain, reduced activity
have larger epileptogenic changes from early to late timepoints
than SCR-treated mice (Figures 3, 5; Table 1). This could be due
to reduced levels of active anti-324 over time; thus, it is possible
that subsequent or continuous doses of antagomir would have
amplified between-group differences. While this study did not
include a direct read-out of antagomir efficacy, it did provide
indirect proof through the observed differences in spectral power
between treatment groups. Moreover, previous studies in our lab
and others have confirmed functional activity of the miR-324-5p
antagomir at 24h post-injection via changes in target gene
expression and seizure susceptibility (21), at 7-14 days post-
injection via changes in A-type currents and seizure susceptibility
(23), and at 2 weeks post-injection via changes in dendritic spine
morphology (63).

Third, given the complexity of miRNA involvement in epilepsy,
inhibition of only one miRNA may not be sufficient to inhibit
epileptogenesis. In the future, the manipulation of miR-324-5p and
multiple other epilepsy-related miRNAs simultaneously may have
a larger effect on epileptogenesis. Indeed, others have successfully
ameliorated epilepsy symptoms using combined antagomirs to
inhibit several miRNAs simultaneously (64).

Fourth, only male mice were assessed in this study. Reproductive
hormones are known to affect epilepsy in a cyclical manner (65)
and miR-324-5p targeting of Kv4.2 correlates with female sex
hormone levels in peripheral blood (24); we thus used only male
mice to limit variability. Nonetheless, it will be important to include
both male and female mice in future work, as epilepsy affects both
male and female patients.

Despite these limitations, there are several important
conclusions that can be drawn from this study, which will inform
future research into the therapeutic potential of miRNA-based
treatments in epilepsy. Most importantly, this study underscores the
significance of timepoint of treatment in epilepsy. While inhibition
of miR-324-5p decreased seizure severity when administered before
brain insult or in chronic epilepsy (21, 23), the same treatment
paradigm did not exert strong effects when administered during
epileptogenesis. Ongoing studies in the lab aim to clarify the
functional engagement of miR-324-5p across several timepoints of
epilepsy development as well as the mRNA network targeted by
miR-324-5p during this period. A clearer understanding of its
timepoint-specific engagement and target mRNA network may
clarify the effect of miR-324-5p inhibition at each stage of epilepsy
development. It is critical to assess treatment efficacy during
epileptogenesis because treatment during this timepoint may
prevent or delay additional symptoms. Understanding of successful
interventions during epileptogenesis could allow patients to
be identified based on history of brain insult and treated before the
development of chronic epilepsy. Importantly, epileptogenesis does
not end with onset of spontaneous recurrent seizures; every seizure
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initiates additional epileptogenic brain changes (2). Thus,
treatments that inhibit epileptogenesis could benefit patients in
both the latent and chronic stages of the disease.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Institutional Animal Care and
Use Committee, Cincinnati Children’s Hospital Medical Center. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

AM: Data curation, Formal Analysis, Investigation, Visualization,
Writing - original draft. GW: Formal Analysis, Writing — review &
editing. AC: Formal Analysis, Investigation, Writing - review &
editing. CD: Formal Analysis, Writing - review & editing. EPa:
Investigation, Writing - review & editing. VR: Investigation, Writing
- review & editing. PH: Writing - review & editing, Formal Analysis.
EPe: Formal Analysis, Methodology, Writing - review & editing. DT:
Methodology, Writing — review & editing. SD: Writing — review &
editing, Conceptualization. CG: Conceptualization, Formal Analysis,
Funding acquisition, Methodology, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
funded by the National Institutes of Health, grant numbers

References

1. Loscher W, Potschka H, Sisodiya SM, Vezzani A. Drug resistance in epilepsy:
clinical impact, potential mechanisms, and new innovative treatment options. Pharmacol
Rev. (2020) 72:606-38. doi: 10.1124/pr.120.019539

2. Pitkdnen A, Lukasiuk K, Dudek FE, Staley KJ. Epileptogenesis. Cold Spring Harb
Perspect Med. (2015) 5:10. doi: 10.1101/cshperspect.a022822

3. Hedrich UBS, Koch H, Becker A, Lerche H. Epileptogenesis and consequences for
treatment. Nervenarzt. (2019) 90:773-80. doi: 10.1007/s00115-019-0749-8

4. Manford M. Recent advances in epilepsy. ] Neurol. (2017) 264:1811-24. doi:
10.1007/s00415-017-8394-2

5. Engel ], Pitkinen A. Biomarkers for epileptogenesis and its treatment.
Neuropharmacology. (2020) 167:107735. doi: 10.1016/j.neuropharm.2019.
107735

6. Henshall DC, Hamer HM, Pasterkamp R], Goldstein DB, Kjems J, Prehn JHM, et al.
MicroRNAs in epilepsy: pathophysiology and clinical utility. Lancet Neurol. (2016)
15:1368-76. doi: 10.1016/S1474-4422(16)30246-0

7. Wang J, Zhao J. MicroRNA dysregulation in epilepsy: from pathogenetic
involvement to diagnostic biomarker and therapeutic agent development. Front Mol
Neurosci. (2021) 14:650372. doi: 10.3389/fnmol.2021.650372

8. Feng Y, Yang H, Yue Y, Tian E. MicroRNAs and target genes in epileptogenesis.
Epilepsia. (2020) 61:2086-96. doi: 10.1111/epi.16687

Frontiers in Neurology

10.3389/fneur.2023.1280606

RO1NS092705 and ROINS107453 (to CG) and T32NS007453 (to EPa),
as well as the Cincinnati Children’s Research Foundation.

Acknowledgments

The authors thank the entire CCHMC Veterinary Services Team
for their dedicated support, and the CCHMC Confocal Imaging Core
for their frequent assistance and advice. Graphic in Figure 1A created
using BioRender.

Conflict of interest

CG is co-inventor on US patent 9,932,585 B2.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1280606/
full#supplementary-material

9. O'Brien ], Hayder H, Zayed Y, Peng C. Overview of MicroRNA biogenesis,
mechanisms of actions, and circulation. Front Endocrinol. (2018) 9:402. doi: 10.3389/
fendo.2018.00402

10. Iwakawa HO, Tomari Y. The functions of MicroRNAs: mRNA decay and
translational repression. Trends Cell Biol. (2015) 25:651-65. doi: 10.1016/j.
tcb.2015.07.011

11.Bartel DP. Metazoan MicroRNAs. Cells. (2018) 173:20-51. doi: 10.1016/j.
cell.2018.03.006

12. Aronica E, Fluiter K, Iyer A, Zurolo E, Vreijling ], van Vliet EA, et al. Expression
pattern of miR-146a, an inflammation-associated microRNA, in experimental and
human temporal lobe epilepsy. Eur ] Neurosci. (2010) 31:1100-7. doi:
10.1111/j.1460-9568.2010.07122.x

13. Mao S, Wu J, Yan J, Zhang W, Zhu E. Dysregulation of miR-146a: a causative factor
in epilepsy pathogenesis, diagnosis, and prognosis. Front Neurol. (2023) 14:1094709. doi:
10.3389/fneur.2023.1094709

14. Tori V, Iyer AM, Ravizza T, Beltrame L, Paracchini L, Marchini S, et al. Blockade of
the IL-1R1/TLR4 pathway mediates disease-modification therapeutic effects in a model
of acquired epilepsy. Neurobiol Dis. (2017) 99:12-23. doi: 10.1016/j.nbd.2016.12.007

15. Jimenez-Mateos EM, Engel T, Merino-Serrais P, McKiernan RC, Tanaka K, Mouri
G, et al. Silencing microRNA-134 produces neuroprotective and prolonged seizure-
suppressive effects. Nat Med. (2012) 18:1087-94. doi: 10.1038/nm.2834

frontiersin.org


https://doi.org/10.3389/fneur.2023.1280606
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2023.1280606/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1280606/full#supplementary-material
https://doi.org/10.1124/pr.120.019539
https://doi.org/10.1101/cshperspect.a022822
https://doi.org/10.1007/s00115-019-0749-8
https://doi.org/10.1007/s00415-017-8394-2
https://doi.org/10.1016/j.neuropharm.2019.107735
https://doi.org/10.1016/j.neuropharm.2019.107735
https://doi.org/10.1016/S1474-4422(16)30246-0
https://doi.org/10.3389/fnmol.2021.650372
https://doi.org/10.1111/epi.16687
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1016/j.tcb.2015.07.011
https://doi.org/10.1016/j.tcb.2015.07.011
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1111/j.1460-9568.2010.07122.x
https://doi.org/10.3389/fneur.2023.1094709
https://doi.org/10.1016/j.nbd.2016.12.007
https://doi.org/10.1038/nm.2834

McGann et al.

16. Jimenez-Mateos EM, Engel T, Merino-Serrais P, Fernaud-Espinosa I, Rodriguez-
Alvarez N, Reynolds ], et al. Antagomirs targeting microRNA-134 increase hippocampal
pyramidal neuron spine volume in vivo and protect against pilocarpine-induced status
epilepticus. Brain Struct Funct. (2015) 220:2387-99. doi: 10.1007/s00429-014-0798-5

17.Reschke CR, Silva LFA, Norwood BA, Senthilkumar K, Morris G, Sanz-
Rodriguez A, et al. Potent anti-seizure effects of locked nucleic acid antagomirs
targeting miR-134 in multiple mouse and rat models of epilepsy. Mol Ther Nucleic
Acids. (2017) 6:45-56. doi: 10.1016/j.0mtn.2016.11.002

18. Morris G, Reschke CR, Henshall DC. Targeting microRNA-134 for seizure
control and disease modification in epilepsy. EBioMedicine. (2019) 45:646-54. doi:
10.1016/j.ebiom.2019.07.008

19. Campbell A, Morris G, Sanfeliu A, Augusto J, Langa E, Kesavan JC, et al.
AntimiR targeting of microRNA-134 reduces seizures in a mouse model of Angelman
syndrome. Mol Ther Nucleic Acids. (2022) 28:514-29. doi: 10.1016/j.0mtn.2022.04.009

20. Vangoor VR, Reschke CR, Senthilkumar K, van de Haar LL, de Wit M, Giuliani
G, et al. Antagonizing increased. J Neurosci. (2019) 39:5064-79. doi: 10.1523/
JNEUROSCI.3014-18.2019

21. Gross C, Yao X, Engel T, Tiwari D, Xing L, Rowley S, et al. MicroRNA-mediated
downregulation of the Potassium Channel Kv4.2 contributes to seizure onset. Cell Rep.
(2016) 17:37-45. doi: 10.1016/j.celrep.2016.08.074

22.Tiwari D, Peariso K, Gross C. MicroRNA-induced silencing in epilepsy:
opportunities and challenges for clinical application. Dev Dyn. (2018) 247:94-110.
doi: 10.1002/dvdy.24582

23.Tiwari D, Brager DH, Rymer JK, Bunk AT, White AR, Elsayed NA, et al.
MicroRNA inhibition upregulates hippocampal A-type potassium current and reduces
seizure frequency in a mouse model of epilepsy. Neurobiol Dis. (2019) 130:104508. doi:
10.1016/j.nbd.2019.104508

24.Tiwari D, Rajathi V, Rymer JK, Beasley LN, McGann AM, Bunk AT, et al.
Estradiol- and progesterone-associated changes in microRNA-induced silencing and
reduced antiseizure efficacy of an antagomir in female mice. eNeuro. (2023)
10:ENEURO.0047-22.2023. doi: 10.1523/ENEURO.0047-22.2023

25. Ferretti E, de Smaele E, Miele E, Laneve P, Po A, Pelloni M, et al. Concerted
microRNA control of hedgehog signalling in cerebellar neuronal progenitor and
tumour cells. EMBO J. (2008) 27:2616-27. doi: 10.1038/emb0;j.2008.172

26. Cao L, Xie B, Yang X, Liang H, Jiang X, Zhang D, et al. MiR-324-5p suppresses
hepatocellular carcinoma cell invasion by counteracting ECM degradation through
post-transcriptionally downregulating ETS1 and SP1. PLoS One. (2015) 10:e0133074.
doi: 10.1371/journal.pone.0133074

27.Chen Y, Wang SX, Mu R, Luo X, Liu ZS, Liang B, et al. Dysregulation of the
miR-324-5p-CUEDC2 axis leads to macrophage dysfunction and is associated with
colon cancer. Cell Rep. (2014) 7:1982-93. doi: 10.1016/j.celrep.2014.05.007

28.Chen P, ZhongJ, Ye ], He Y, Liang Z, Cheng Y, et al. miR-324-5p protects against
oxidative stress-induced endothelial progenitor cell injury by targeting Mtfrl. J Cell
Physiol. (2019) 234:22082-92. doi: 10.1002/jcp.28771

29.Xu HS, Zong HL, Shang M, Ming X, Zhao JP, Ma C, et al. MiR-324-5p inhibits
proliferation of glioma by target regulation of GLI1. Eur Rev Med Pharmacol Sci.
(2014) 18:828-32.

30. Wang K, Zhang DL, Long B, An T, Zhang J, Zhou LY, et al. NFAT4-dependent
miR-324-5p regulates mitochondrial morphology and cardiomyocyte cell death by
targeting Mtfrl. Cell Death Dis. (2015) 6:¢2007. doi: 10.1038/cddis.2015.348

31.Reschke CR, Silva LFA, Vangoor VR, Rosso M, David B, Cavanagh BL, et al.
Systemic delivery of antagomirs during blood-brain barrier disruption is disease-
modifying in experimental epilepsy. Mol Ther. (2021) 29:2041-52. doi: 10.1016/j.
ymthe.2021.02.021

32. Manouze H, Ghestem A, Poillerat V, Bennis M, Ba-M’hamed S, Benoliel J], et al.
Effects of single cage housing on stress, cognitive, and seizure parameters in the rat
and mouse pilocarpine models of epilepsy. eNeuro. (2019) 6:ENEURO.0179-18.2019.
doi: 10.1523/ENEURO.0179-18.2019

33.Duveau V, Pouyatos B, Bressand K, Bouyssiéres C, Chabrol T, Roche Y, et al.
Differential effects of antiepileptic drugs on focal seizures in the intrahippocampal
Kainate mouse model of mesial temporal lobe epilepsy. CNS Neurosci Ther. (2016)
22:497-506. doi: 10.1111/cns.12523

34. Murphy BL, Hofacer RD, Faulkner CN, Loepke AW, Danzer SC. Abnormalities
of granule cell dendritic structure are a prominent feature of the intrahippocampal
kainic acid model of epilepsy despite reduced postinjury neurogenesis. Epilepsia.
(2012) 53:908-21. doi: 10.1111/j.1528-1167.2012.03463.x

35. Twele E, Tollner K, Bankstahl M, Loscher W. The effects of carbamazepine in the
intrahippocampal kainate model of temporal lobe epilepsy depend on seizure
definition and mouse strain. Epilepsia Open. (2016) 1:45-60. doi: 10.1002/epi4.2

36. Welzel L, Twele F, Schidlitzki A, Tollner K, Klein P, Léscher W. Network
pharmacology for antiepileptogenesis: tolerability and neuroprotective effects of novel
multitargeted combination treatments in nonepileptic vs. post-status epilepticus mice.
Epilepsy Res. (2019) 151:48-66. doi: 10.1016/j.eplepsyres.2019.02.010

37.Racine R]. Modification of seizure activity by electrical stimulation I Motor
seizure.  Electroencephalogr ~ Clin  Neurophysiol. ~ (1972)  32:281-94. doi:
10.1016/0013-4694(72)90177-0

Frontiers in Neurology

10.3389/fneur.2023.1280606

38.Sharma S, Puttachary S, Thippeswamy A, Kanthasamy AG, Thippeswamy T.
Status epilepticus: Behavioral and electroencephalography seizure correlates in
Kainate experimental models. Front Neurol. (2018) 9:7. doi: 10.3389/fneur.2018.00007

39. Losing P, Niturad CE, Harrer M, Reckendorf CMZ, Schatz T, Sinske D, et al. SRF
modulates seizure occurrence, activity induced gene transcription and hippocampal
circuit reorganization in the mouse pilocarpine epilepsy model. Mol Brain. (2017)
10:30. doi: 10.1186/s13041-017-0310-2

40. Puttachary S, Sharma S, Tse K, Beamer E, Sexton A, Crutison J, et al. Inmediate
Epileptogenesis after Kainate-induced status epilepticus in C57BL/6] mice: evidence
from Long term continuous video-EEG telemetry. PLoS One. (2015) 10:e0131705. doi:
10.1371/journal.pone.0131705

41. Pedapati EV, Schmitt LM, Ethridge LE, Miyakoshi M, Sweeney JA, Liu R, et al.
Neocortical localization and thalamocortical modulation of neuronal hyperexcitability
contribute to fragile X syndrome. Commun Biol. (2022) 5:442. doi: 10.1038/
542003-022-03395-9

42.Rusina E, Bernard C, Williamson A. The kainic acid models of temporal lobe
epilepsy. eNeuro. (2021) 8. doi: 10.1523/ENEURO.0337-20.2021

43. French ED, Aldinio C, Schwarcz R. Intrahippocampal kainic acid, seizures and
local neuronal degeneration: relationships assessed in unanesthetized rats.
Neuroscience. (1982) 7:2525-36. doi: 10.1016/0306-4522(82)90212-3

44. Bouilleret V, Ridoux V, Depaulis A, Marescaux C, Nehlig A, le Gal la Salle G,
et al. Recurrent seizures and hippocampal sclerosis following intrahippocampal
kainate injection in adult mice: electroencephalography, histopathology and synaptic
reorganization similar to mesial temporal lobe epilepsy. Neuroscience. (1999)
89:717-29. doi: 10.1016/S0306-4522(98)00401-1

45. Twele F, Bankstahl M, Klein S, Romermann K, Loscher W. The AMPA receptor
antagonist NBQX exerts anti-seizure but not antiepileptogenic effects in the
intrahippocampal kainate mouse model of mesial temporal lobe epilepsy.
Neuropharmacology. (2015) 95:234-42. doi: 10.1016/j.neuropharm.2015.03.014

46. Cutia CA, Leverton LK, Ge X, Youssef R, Raetzman LT, Christian-Hinman CA.
Phenotypic differences based on lateralization of intrahippocampal kainic acid
injection in female mice. Exp Neurol. (2022) 355:114118. doi: 10.1016/j.
expneurol.2022.114118

47.Fernandez AM, Gutekunst CA, Grogan DP, Pedersen NP, Gross RE. Loss of
efferent projections of the hippocampal formation in the mouse intrahippocampal
kainic acid model. Epilepsy Res. (2022) 180:106863. doi: 10.1016/j.
eplepsyres.2022.106863

48. Tiwari D, Schaefer TL, Schroeder-Carter LM, Krzeski JC, Bunk AT, Parkins EV,
et al. The potassium channel Kv4.2 regulates dendritic spine morphology,
electroencephalographic characteristics and seizure susceptibility in mice. Exp Neurol.
(2020) 334:113437. doi: 10.1016/j.expneurol.2020.113437

49.Barnwell LF, Lugo JN, Lee WL, Willis SE, Gertz S], Hrachovy RA, et al. Kv4.2
knockout mice demonstrate increased susceptibility to convulsant stimulation.
Epilepsia. (2009) 50:1741-51. doi: 10.1111/j.1528-1167.2009.02086.x

50. De Stefano P, Carboni M, Marquis R, Spinelli L, Seeck M, Vulliemoz S. Increased
delta power as a scalp marker of epileptic activity: a simultaneous scalp and
intracranial electroencephalography study. Eur ] Neurol. (2022) 29:26-35. doi:
10.1111/ene.15106

51. Pegg EJ, Taylor JR, Mohanraj R. Spectral power of interictal EEG in the diagnosis
and prognosis of idiopathic generalized epilepsies. Epilepsy Behav. (2020) 112:107427.
doi: 10.1016/j.yebeh.2020.107427

52. Mishra V, Gautier NM, Glasscock E. Simultaneous video-EEG-ECG monitoring
to identify neurocardiac dysfunction in mouse models of epilepsy. J Vis Exp. (2018)
131:57300. doi: 10.3791/57300

53. Quraan MA, McCormick C, Cohn M, Valiante TA, McAndrews MP. Altered
resting state brain dynamics in temporal lobe epilepsy can be observed in spectral
power, functional connectivity and graph theory metrics. PLoS One. (2013) 8:¢68609.
doi: 10.1371/journal.pone.0068609

54. Walker JE. Power spectral frequency and coherence abnormalities in patients
with intractable epilepsy and their usefulness in long-term remediation of seizures
using  neurofeedback. Clin EEG  Neurosci. (2008)  39:203-5.  doi:
10.1177/155005940803900410

55. McGuinness I, Abou-Khalil B, Rubinov M, Gallagher M]. Network connectivity
in primary generalized tonic-clonic seizures. Clin Neurophysiol. (2022) 138:97-107.
doi: 10.1016/j.clinph.2022.02.024

56. Brown RE, Basheer R, McKenna JT, Strecker RE, McCarley RW. Control of sleep
and wakefulness. Physiol Rev. (2012) 92:1087-187. doi: 10.1152/physrev.00032.2011

57. Lisgaras CP, Scharfman HE. Robust chronic convulsive seizures, high frequency
oscillations, and human seizure onset patterns in an intrahippocampal kainic acid
model in mice. Neurobiol Dis. (2022) 166:105637. doi: 10.1016/j.nbd.2022.105637

58. Lévesque M, Biagini G, de Curtis M, Gnatkovsky V, Pitsch ], Wang S, et al. The
pilocarpine model of mesial temporal lobe epilepsy: over one decade later, with more
rodent species and new investigative approaches. Neurosci Biobehav Rev. (2021)
130:274-91. doi: 10.1016/j.neubiorev.2021.08.020

59. Cerro-Herreros E, Gonzélez-Martinez I, Moreno-Cervera N, Overby S, Pérez-
Alonso M, Llamusi B, et al. Therapeutic potential of AntagomiR-23b for treating

frontiersin.org


https://doi.org/10.3389/fneur.2023.1280606
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1007/s00429-014-0798-5
https://doi.org/10.1016/j.omtn.2016.11.002
https://doi.org/10.1016/j.ebiom.2019.07.008
https://doi.org/10.1016/j.omtn.2022.04.009
https://doi.org/10.1523/JNEUROSCI.3014-18.2019
https://doi.org/10.1523/JNEUROSCI.3014-18.2019
https://doi.org/10.1016/j.celrep.2016.08.074
https://doi.org/10.1002/dvdy.24582
https://doi.org/10.1016/j.nbd.2019.104508
https://doi.org/10.1523/ENEURO.0047-22.2023
https://doi.org/10.1038/emboj.2008.172
https://doi.org/10.1371/journal.pone.0133074
https://doi.org/10.1016/j.celrep.2014.05.007
https://doi.org/10.1002/jcp.28771
https://doi.org/10.1038/cddis.2015.348
https://doi.org/10.1016/j.ymthe.2021.02.021
https://doi.org/10.1016/j.ymthe.2021.02.021
https://doi.org/10.1523/ENEURO.0179-18.2019
https://doi.org/10.1111/cns.12523
https://doi.org/10.1111/j.1528-1167.2012.03463.x
https://doi.org/10.1002/epi4.2
https://doi.org/10.1016/j.eplepsyres.2019.02.010
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.3389/fneur.2018.00007
https://doi.org/10.1186/s13041-017-0310-2
https://doi.org/10.1371/journal.pone.0131705
https://doi.org/10.1038/s42003-022-03395-9
https://doi.org/10.1038/s42003-022-03395-9
https://doi.org/10.1523/ENEURO.0337-20.2021
https://doi.org/10.1016/0306-4522(82)90212-3
https://doi.org/10.1016/S0306-4522(98)00401-1
https://doi.org/10.1016/j.neuropharm.2015.03.014
https://doi.org/10.1016/j.expneurol.2022.114118
https://doi.org/10.1016/j.expneurol.2022.114118
https://doi.org/10.1016/j.eplepsyres.2022.106863
https://doi.org/10.1016/j.eplepsyres.2022.106863
https://doi.org/10.1016/j.expneurol.2020.113437
https://doi.org/10.1111/j.1528-1167.2009.02086.x
https://doi.org/10.1111/ene.15106
https://doi.org/10.1016/j.yebeh.2020.107427
https://doi.org/10.3791/57300
https://doi.org/10.1371/journal.pone.0068609
https://doi.org/10.1177/155005940803900410
https://doi.org/10.1016/j.clinph.2022.02.024
https://doi.org/10.1152/physrev.00032.2011
https://doi.org/10.1016/j.nbd.2022.105637
https://doi.org/10.1016/j.neubiorev.2021.08.020

McGann et al.

myotonic dystrophy. Mol Ther Nucleic Acids. (2020) 21:837-49. doi: 10.1016/j.
omtn.2020.07.021

60.Lu Y, Cao DL, Zhao LX, Han Y, Zhang YL. MicroRNA-146a-5p attenuates
visceral hypersensitivity through targeting chemokine CCL8 in the spinal cord in a
mouse model of colitis. Brain Res Bull. (2018) 139:235-42. doi: 10.1016/j.
brainresbull.2018.03.007

61. Kriitzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, et al.
Silencing of microRNAs in vivo with 'antagomirs'. Nature. (2005) 438:685-9. doi:
10.1038/nature04303

62. Jimenez-Mateos EM, Bray I, Sanz-Rodriguez A, Engel T, McKiernan RC, Mouri
G, et al. miRNA expression profile after status epilepticus and hippocampal

Frontiers in Neurology

16

10.3389/fneur.2023.1280606

neuroprotection by targeting miR-132. Am ] Pathol. (2011) 179:2519-32. doi:
10.1016/j.ajpath.2011.07.036

63. Parkins EV, Brager DH, Rymer JK, Burwinkel JM, Rojas D, Tiwari D, et al.
MiR-324-5p regulates the structure of dendritic spines and is essential for hippocampal
long-term potentiation. bioRxiv [Preprint] (2023). doi: 10.1101/2023.07.19.549725

64. Veno MT, Reschke CR, Morris G, Connolly NMC, Su J, Yan Y, et al. A systems
approach delivers a functional microRNA catalog and expanded targets for seizure
suppression in temporal lobe epilepsy. Proc Natl Acad Sci U S A. (2020) 117:15977-88.
doi: 10.1073/pnas. 1919313117

65. Taubell E, Isojarvi JIT, Herzog AG. The interactions between reproductive hormones
and epilepsy. Handb Clin Neurol. (2021) 182:155-74. doi: 10.1016/B978-0-12-819973-2.00011-3

frontiersin.org


https://doi.org/10.3389/fneur.2023.1280606
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.omtn.2020.07.021
https://doi.org/10.1016/j.omtn.2020.07.021
https://doi.org/10.1016/j.brainresbull.2018.03.007
https://doi.org/10.1016/j.brainresbull.2018.03.007
https://doi.org/10.1038/nature04303
https://doi.org/10.1016/j.ajpath.2011.07.036
https://doi.org/10.1101/2023.07.19.549725
https://doi.org/10.1073/pnas.1919313117
https://doi.org/10.1016/B978-0-12-819973-2.00011-3

	MiR-324-5p inhibition after intrahippocampal kainic acid-induced status epilepticus does not prevent epileptogenesis in mice
	Introduction
	Materials and methods
	Mice
	Drugs, antibodies, and antagomirs
	Epilepsy model (intrahippocampal kainic acid)
	Intracerebroventricular injection of microRNA antagomir
	EEG transmitter implantation
	Continuous video-EEG recording
	Confirmation of initial status epilepticus and analysis of spontaneous recurrent seizures
	Electrographic spike analysis
	Spectral power calculations
	Visualization of spectral power
	Statistical modeling of spectral power
	Immunohistochemistry
	Statistical analyses and inclusion/exclusion criteria

	Results
	Intrahippocampal kainic acid injection reliably induces status epilepticus and initiates epileptogenesis
	Antagomir treatment 24 h after intrahippocampal kainic acid does not affect long-term survival rate
	Antagomir treatment does not prevent granule cell dispersion or pyramidal cell loss
	MiR-324-5p inhibition during epileptogenesis does not alter seizure incidence
	MiR-324-5p inhibition during epileptogenesis does not alter frequency of interictal spikes or spike trains
	MiR-324-5p inhibition during epileptogenesis alters EEG spectral power bands

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	 References

