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ABSTRACT

Role of type I interferon signaling

in Kkainic acid-induced seizure model

Epilepsy is a chronic neurological disorder characterized by repeated seizures resulting from
excessive neuronal activity. Despite there being a variety of anti-epileptic drugs targeting neuronal
excitability, almost one-third of patients are refractory to these treatments, underscoring the need for
a deeper understanding of the pathological events and molecular changes during epileptogenesis.
Type I interferon (IFN) signaling has been suggested as a significant factor in brain development
and homeostasis, and its dysregulation has also been related to various central nervous system (CNS)
diseases, including Alzheimer's disease. According to a recent study, microglia in kainic acid-
induced seizures show an increase in interferon beta responsiveness. However, the specific role of
type I IFN signaling in seizures remains unclear. Therefore, in this study, we aimed to elucidate the
function of type T IFN signaling in seizures using kainic acid to induce seizures in mice. We observed
upregulation of interferon beta and interferon-stimulated genes in the hippocampus of these mice,
indicating the involvement of type I IFN signaling in seizures. For further examination, we induced
seizures in C57BL/6 wild-type mice and Ifnarl knockout mice, which are type I IFN receptor-
deficient mice, to compare the severity of seizures and subsequent events. Interestingly, Ifnarl
knockout mice exhibited attenuated seizure severity and higher mortality during the onset of seizures.
Furthermore, Ifnarl knockout mice showed decreased neuronal activity and different aspects of
microgliosis during the acute phase of seizures. However, interferon signaling did not significantly
impact neuronal death and gliosis in the late phase of seizures. These data imply that the presence
of type I IFN signaling is essential for CNS maintenance and that its absence can affect microglial
function and neuronal activation. These results suggest the potential therapeutic utility of type I IFNs

as a target for treating seizures and epilepsy.

Key words : epilepsy, seizure, interferon, microglia, neuron



1. Introduction

Epilepsy is a chronic neurological disorder characterized by repeated seizures, affecting
more than 65 million people worldwide'2. It can arise from genetic muatations or a
combination of genetic predispotition and environmental factors such as traumatic brain injury,
stroke, or neurological infections®. Under normal conditions of neural homeostasis, neuronal
activity is tightly regulated through various mechanisms**. Within individual neurons,
regulation occurs via voltage-gated ion channels and G-protein-coupled receptors (GPCRs)*.
Additionally, the interactions between neurons play a crucial role, particularly through the
release of neurotransmitters at the synapse. Excitatory neurotransmitters like glutamate induce
post-synaptic neuron excitation, whereas inhibitory neurotransmitters like GABA inhibit this
excitation’. However, disruptions in the balance of excitation and inhibition of neurons-due to
abnormal ion channel activity, synaptic dysfunction, neurotransmitter release imbalance, or
enhanced neuronal network connectivity-can lead seizures and epilepsy®. Therefore, current
anti-epileptic drugs (AEDs) have traditionally targeted neuronal mechanisms of excitability by
interacting with ion channels or neurotransmitter receptors. Despite there being a variety of
available AEDs, almost one-third of patients are refractory to these treatments, highlighting
gaps in our understanding of epileptogenesis-the gradual process by which a normal brain
develops epilepsy”®. Thus, a deeper understanding of the pathological processes and molecular
alterations during epileptogenesis is crucial for developing more efficacious treatments for
epilepsy patients.

Glia are non-neuronal cells found in the central and peripheral nervous systems’. Several
studies have reported that glial cells, especially microglia functioning as immune cells and
astrocytes providing metabolic support to neurons, contribute to epileptic conditions'®?2,
Extensive activation of these cells has been observed during the latent period of epilepsy'*'®.
Microglia, in particular, have dual roles in epilepsy pathogenesis'”'8. They can act protectively
by surveilling the brain microenvironment, detecting abnormal neuronal hyperexcitability, and
stabilizing neurons through interactions'®?!. However, microglia can also exacerbate epilepsy
by increasing neuronal hyperexcitability, causing neuronal death, triggering aberrant

neurogenesis, and promoting neuroinflammation!%'22, This highlights the complexity of



microglial functions, which can vary depending on the brain microenvironment and the stage of
epilepsy.

Type I interferons (IFNSs) are crucial cytokines involved in antiviral response, inflammation,
and immunoregulation?2°. Upon binding to their receptor IFN-a/ receptor (IFNAR), type 1
IFNs initiate signaling cascades involving JAK1/TYK2 activation, which includes both the
canonical JAK-STAT pathway and non-canonical pathways like phosphoinositide 3-kinase
(P13K)/ mammalian target of rapamycin (mTOR) pathways®®. These pathways lead to the up-
regulation of interferon-stimulated genes (ISGs), proinflammatory cytokines, and
chemokines?®?. In the central nervous system (CNS), microglia are the primary sources of type
I IFN production, notably IFN-B, which are continuously present in the CNS at low
concentrations®. Furthermore, IFNARL is expressed in most cell types within the brain,
including excitatory and inhibitory neurons, microglia, astrocytes, and endothelial cells. Several
studies have recently proposed that type I IFNs might contribute to the development and
maintenance of the CNS%*-%%, Neurons rely on type I IFN signaling during development, and this
signaling is also crucial for synaptic plasticity and cognitive function, specifically mediated by
astrocytes?32, Microglia, on the other hand, utilize type I IFN signaling for their phagocytic
activities®. Furthermore, dysregulation of type I IFN signaling has been associated to various
CNS diseases, such as Alzheimer’s disease, Parkinson’s disease, Down’s syndrome, and
traumatic brain injury?>®+“2, For example, abnormal type I IFN signaling in microglia and neural
cells promotes synapse loss and plaque accumulation in Alzheimer’s disease, while an absence
of neuronal type I IFN signaling is linked to brain Lewy body accumulation, leading to
Parkinson’s disease-like dementia*'#2, Therefore, the precise regulation of type I IFN signaling
might be significant for maintaining CNS homeostasis.

A recent study has revealed that type I IFN signaling is upregulated in seizure-induced
microglia®®. Additionally, several clinical reports have demonstrated that spontaneous seizures
can occur during alpha interferon therapy***’. Furthermore, research has shown that Poly I:C
injection into the brain decreased seizure severity in vivo, and IFN-f treatment reduced synaptic
excitability ex vivo*®. These findings collectively suggest that type I IFNs might be involved in
the initiation and progression of seizures. However, the specific role of type I IFN signaling in
seizures and its underlying mechanisms remain elusive. In our study, using Ifnar knockout mice,

we observed reduced seizure severity and different aspects of microgliosis during the acute phase



of seizures in these knockout mice compared to wild-type mice under kainic acid-induced
seizure conditions. This observation suggests that a deficiency in type I IFN signaling may
contribute to altered CNS conditions during development, or that the interruption of type I [FN
signaling may affect microglia and neuronal activity during seizures. These results highlight the
importance of type I IFN signaling in the CNS and suggest the potential of type I IFNs as a

therapeutic target for mitigating seizures and epilepsy.



2. Materials and methods

2.1. Mice

C57BL/6 mice were either bred in-house or acquired from Orient Bio (Seongnam, Korea).
Ifnarl” mice (B6.129S2-Ifnarltm1Agt/Mmjax) (The Jackson Laboratory, Bar Harbor, ME,
USA) were kindly provided by Dr. Sung Jae Shin (Yonsei University, Korea). All mice were
maintained under specific pathogen-free conditions, and 8- to 12-week-old male mice were used
for the experiments. All experimental procedures were conducted in accordance with the
approved guidelines of the Institutional Ethical Committee, Yonsei University College of

Medicine.

2.2. Reagents and antibodies

Kainic acid was purchased from R&D (Minneapolis, MN, USA) for mice injection. For
immunohistochemistry, anti-IBA1 (Wako, Monzo, Italy), anti-GFAP (Invitrogen, Waltham, MA,
USA), anti-c-FOS and anti-NeuN (Cell Signaling Technology, Boston, MA, USA) antibodies
were used. Regarding the antibodies used for flow cytometry, anti-CD45-APC-cy7 antibody was
purchased from Biolegend (San Diego, CA, USA) and anti-CD11b-PE antibody was obtained
from Invitrogen. For western blot, rabbit anti-STAT1, mouse anti-IRF9, and mouse anti-B-actin
antibodies were purchased from Cell Signaling Technology. The mouse anti-viperin antibody

was kindly gifted by Dr. Jun-Young Seo (Yonsei University, Korea).

2.3. Kainic acid-induced seizures

To induce seizures, the mice received intraperitoneal injections of kainic acid (20-25 mg/kg)
dissolved in saline. Seizure behavior was monitored for 2 hours at 10-minute intervals using the
modified Racine scale*’: (0) no response; (1) freezing behavior; (2) continuous head bobbing;
(3) rearing; (4) continuous rearing and falling; (5) loss of posture and generalized convulsive
activity; (6) death. Mice that reached stage 3 or above were used for the experiments. Control

mice received saline injections and exhibited no abnormal behavior.



2.4. Immunohistochemistry

Mice were deeply anesthetized with isoflurane (5% in O») and transcardially perfused with 20
ml PBS followed by 10 ml 4% paraformaldehyde (PFA). Dissected brains were post-fixed in 4%
PFA for 48 hours and then cryoprotected in 30% sucrose for 72 hours at 4°C. Brains were
subsequently cut into 40-um frozen sections with Leica CM 1860 cryostat. The sections were
blocked and permeabilized in blocking solution containing 4% BSA and 0.3% Triton X-100 at
room temperature for 60 minutes. Subsequently, sections were incubated with anti-IBA1 (1:500),
anti-GFAP (1:500), anti-c-FOS (1:500), or anti-NeuN (1:500) antibodies diluted in blocking
solution for 24-48 hours at 4°C. Sections were washed with PBST several times, then incubated
with Cy3 or Alexa Flour 488-conjugated secondary antibodies (Invitrogen) at room temperature
for 1-2 hours in the dark. After washes, nuclei were visualized with DAPI, and coverslips were
coated with antifade (Thermo Fisher Scientific, Waltham, MA, US). Z-stack images were
acquired at 0.75-1 pm intervals over a 30 pm Z-range using a confocal microscopy (LSM780 or
LSM980; Carl Zeiss) with 20 x or 40 x magnification. Z-stack images were converted into single-
plane maximal intensity projection using ZenBlue (Carl Zeiss). Image] (NIH) was used to
measure mean fluorescence intensity (MFI) and count the number of cells. For microglia-
neuronal soma interaction analyses, IBA1 and NeuN co-staining images were analyzed using
Imagel. Briefly, channels were split into single channels, and 20-30 region of interests (ROIs)
were drawn around each neuronal soma. Subsequently, the ROIs were overlaid onto the IBA1
channel, and the IBA1 area within each ROI was measured. For 3D image analyses, z-stack
images were reconstructed using Imaris software (BitPlane). The soma volume of microglia was
calculated using the Surface feature, and the Filament feature was used to calculate the number
of branch points and terminal points, as well as for Sholl analysis. For each image, 3-4 microglia

were randomly chosen, and the average value was calculated.

2.5. TUNEL assay

The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP biotin nick end-labeling
(TUNEL) assay was performed using the in situ cell death detection kit (Roche, Basel, Swiss).

According to manufacturer’s instructions, brain sections were fixed with 4% PFA at room



temperature for 20 minutes, washed with PBS, and incubated in permeabilization solution
containing 0.1% Triton X-100 in 0.1% sodium citrate for 2 minutes on ice. The sections then
rinsed with PBS and incubated with TUNEL reaction mixture for 90 minutes at 37°C in a
humidified atmosphere in the dark. Subsequently, the sections were rinsed with PBS, stained
with DAPI, and mounted in antifade. Confocal microscopy was used for the image with 20 x
magnification. The number of TUNEL-positive cells was manually counted and the ratio of the

TUNEL-positive cells to total nuclei (DAPI) was calculated.

2.6. Nissl staining

Tissue sections were incubated in a defatting solution (50:50 chloroform and 100% ethanol)
for at least one hour to remove lipids. The sections were then rehydrated in a decreasing ethanol
gradient, stained with 0.1% cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) for 3 minutes,
and quickly rinsed with distilled water. Following rinsing, the sections were differentiated in 95%
ethanol with a few drops of acetic acid until the background was clear. Subsequently, the sections
were dehydrated in 100% ethanol, cleared in xylene, and mounted in PDX Permount (Sigma-
Aldrich). Finally, the sections were photographed at both low (4x) and high (20x) magnification
under bright-field illumination (BX43; Olympus).

2.7. Quantitative real-time PCR

Mice were deeply anesthetized and transcardially perfused with 20 ml PBS. The hippocampus
was then dissected from the brain and analyzed by qPCR. Total RNA was extracted using TRIzol
reagent (Invitrogen) and reverse transcribed using a PrimerScript™ RT Master Mix (Takara
clontech, Mountain view, CA, USA) following the manufacturer’s instructions. Quantitative
real-time PCR was performed using 2x Universal SYBR Green Fast qPCR Mix (ABclonal,
Woburn, MA, USA) and performed by StepOnePlus real-time PCR system (Applied Biosystems,
Foster city, CA, USA). The primer sequence information is enlisted in Table 1. After
normalization using the housekeeping gene Rnl8s, raw data were analyzed using the
comparative cycle threshold method. Data were reported as fold changes in mRNA levels in

treated samples relative to control.



Table 1. Primer sequence for gqPCR

Target Sequence

Mouse Cel2 Forward: 5° - CAC TCA CCT GCT GCT ACT CA- 3’
Reverse: 5’ - GCT TGG TGA CAAAAA CTACAG C-3°
Forward: 5° -ACT GGT GTA GCC TAG CTG GT- 3’

Mouse Cd68

Reverse: 5° - CCT TGG GCT ATA AGC GGT CC- 3’

Forward: 5’ -ATG GTT CTG GGA GGA TGG AT- 3’

Mouse Clec7a  Reverse: 5° -CCT GGG GAG CTG TAT TTC TG- 3°

Forward: 5" -CAAAGG AGA GAG AGG GGAGC- ¥

Mouse Clga Reverse: 5” -GGT CCC TGA TAT TGC CTG GA- 3’
Mouse Gfap Forward: 5" -AGA AAG GTT GAA TCG CTG GA- 3’
Reverse: 5° -CGG CGA TAG TCG TTA GCT TC- 3’
Mouse [fif Forward: 5° -TTC CTG CTG TGC TTC TTC AC- 3’
Reverse: 5° -CTT TCC ATT CAG CTG CTC CA- 3’
Mouse Rsad2 Forward: 5" -CTT CAA CGT GGA CGA AGA CA- 3’
Reverse: 5° -ATT CAG GCA CCA AAC AGG AC -3’
Mouse Jit] Forward: 5" -AGG CTG GAG TCT GCT GAG AT -3’
Reverse: 5° -TCT GGA TTT AAC CGG ACA GC- 3’
Forward: 5" -TGA TTG ACC TGG AGA CCA CC- 3’
Mouse Statl

Reverse: 5° -TCA ACA CCT CTG AGA GCT GG- 3’

Forward: 5” -GCG ACC CAATAC ATG AGCTT- 3’

Mouse Ch25h Reverse: 5’ -CAA AGG GCA CAA GTC TGT GA- 3’

Forward: 5 -CGC GGT TCTATTTTG TTG GT- 3’

Mouse Rn18s Reverse: 5” -AGT CGG CAT CGT TTA TGG TC- 3’




2.8. Flow cytometry

The hippocampus was dissected from the brain, homogenized in RPMI medium, and
incubated with Collagenase IV (Sigma-Aldrich) and DNase I (New England Biolabs, Ipswich,
MA, USA) in a shaking incubator at 37°C for 30 minutes. Enzyme activity was stopped with
ice-cold PBS, and homogenates were filtered using Falcon® 5 ml round bottom polystyrene test
tubes with cell strainer snap caps (Corning, Glendale, AZ, USA). Homogenates were centrifuged
and resuspended with 30% Percoll (Sigma-Aldrich). 1X HBSS was then carefully added above
the Percoll layer. Following centrifugation at 700 g for 30 minutes at room temperature, cell
debris and myelin were carefully removed. The cells were washed thoroughly and stained with
anti-CD45 antibody (1:500), anti-CD11b (1:500) antibody, and DAPI. Flow cytometric analyses
were then performed using a flow cytometer (Verse I cell analyzer, BD bioscience) and analyzed

using FlowJo software (TreeStar).

2.9. Western blot and ELISA

Total proteins were extracted from hippocampus in RIPA buffer containing 50 mM Tris-Cl
(pH 8), 150 mM NacCl, 0.1% SDS, 1 mM EDTA, 1% Triton X-100, 0.05% sodium deoxycholate,
and protease inhibitors. The protein concentrations were measured using Bradford assay. Protein
samples were separated by 8-10% SDS-polyacrylamide gel electrophoresis and then transferred
to PVDF membranes. Next, the membranes were briefly washed with PBST and blocked with
3% skim milk at room temperature for one hour, followed by incubation with anti-STAT1
(1:1000), anti-IRF9 (1:1000), anti-Viperin (1:500), and anti-B-actin (1:1000) antibodies. The
membranes were then washed with PBST and incubated with horseradish peroxidase-conjugated
secondary antibodies for 1-2 hours at room temperature. After washing, the corresponding
secondary antibodies were visualized using Pierce™ ECL Western Blotting Substrate (Thermo
Fisher Scientific). Visualization of the blots was conducted using the ImageQuant™ 800, and
images were cropped for presentation.

The remaining protein samples were used to measure the IFN-B cytokine levels using the

Mouse IFN-B ELISA kit (Biolegend).

2.10. Statistical analysis



All data are presented as the mean =+ standard error of the mean (SEM) of individual samples.
Data were statistically evaluated using several tests to ensure robust analysis. For comparisons
between two groups, the Student’s t-test was employed. The Mann-Whitney U test was used for
seizure score comparisons between WT and Ifnarl knockout mice. For survival analysis, the
Gehan-Breslow-Wilcoxon test was used to compare survival curves. For experiments involving
multiple factors, two-way analysis of variance (ANOVA) was applied, followed by post hoc
Tukey’s test to explore interactions between the factors. P-values < 0.05 were considered
statistically significant (*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All statistical
analyses were performed using Prism 9.0 (GraphPad Software).



3. Results

3.1. Kainic acid injection induces neural hyperactivity and the
development of seizures

To induce acute seizures in mice, we used kainic acid (KA), a potent neuroexcitatory amino
acid that can activate kainate receptors, which are ionotropic receptors on neurons. Since kainate
receptors are specifically abundant in the hippocampus, KA injection can induce hippocampus-
targeting focal seizures, leading to temporal lobe epilepsy*®. We have demonstrated that the
intraperitoneal injection of KA successfully induces acute seizures in C57BL/6 mice in a dose-
dependent manner (Fig. 1). Considering the survival rates and the severity of seizures, a dosage
of 21 mg/kg was selected as an appropriate concentration.

To further examine neuronal activation following KA injection, we assessed the expression
level of ¢c-FOS, an activated neuronal marker, in the brain. Indeed, our results reveal an increased
expression pattern of c-FOS in the hippocampus and the cortex 2 hours after KA injection (Fig.

2). These results suggest a correlation between neuronal activity and behavioral seizures.

10
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Figure 1. Kainic acid-induced acute seizure development in mice. (A) Eight to twelve-week-old
wild-type male mice were administered intraperitoneal injection of kainic acid (20-22 mg/kg), and
seizure scores were measured for 2 hours with 10-minute intervals. (B, C) Seizure scores over time

and survival rates with various doses. KA; Kainic acid
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Figure 2. Increased expression pattern of c-FOS in the hippocampus and cortex following
kainic acid-induced seizures. (A) Brain sections were collected 2 hours after seizure induction for
confocal imaging. The sections were stained with anti-c-FOS antibody, and the hippocampal
subregions CA1, CA3, and DG, as well as the cortex, were imaged at a magnification of 20x using
z-stack imaging with an interval of 1 pm. (B) Confocal images of c-FOS and DAPI in the
hippocampus and cortex. Scale bar, 100 um. (C) Quantification of mean fluorescence intensity (MFI)

of c-FOS™ signals normalized to DAPI.
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3.2. Microglia are activated in the acute phase of seizures

Given previous reports indicating phenotypic alterations in microglia in response to epileptic
stimuli'®2!, we conducted immunohistochemistry of microglia 2 hours after KA injection (Fig.
3A). Initially, we analyzed the overlap of NeuN*, a neuronal marker, with IBA1", a microglial
marker, to investigate whether hyperexcitation of neurons induces microglial process extension
towards neurons. However, no significant difference was observed in microglia-neuronal soma
interactions in the CA3 region between the KA-injected and PBS-injected groups (Fig. 3B, C).
On the contrary, KA administration induced a substantial increase in the mean fluorescence
intensity (MFI) and the number of IBA17 cells in the hippocampal region compared to control
mice, suggesting the migration of microglia towards hyperexcited neurons (Fig. 3D-F).
Subsequent analysis of microglial morphology revealed enlarged cell bodies and the presence of
phagocytic cups within microglia in seizure-induced mice (Fig. 3G, H). In contrast, no changes

were detected in microglial processes and Sholl analysis (Fig. 3I-L).

13
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Figure 3. Microglia activation in the acute phase of seizures. (A) Mice were sacrificed 2 hours
after seizure induction, and brain sections were used for confocal imaging. Sections were stained
with anti-IBA1 and anti-NeuN antibodies. Hippocampal subregions CA1 and CA3 were imaged at
magnifications of 20x or 40x using z-stack imaging with an interval of 0.75 um. (B) Confocal images
of IBA1, NeuN, and DAPI in the CA3 region. Scale bar, 50 pm. (C) Quantification of the percentage
of microglia-neuronal soma interactions in CA3. 20-30 neurons were chosen per mouse, and the

IBA1* area within each neuron was calculated. (D) Confocal images of IBA1 and DAPI in the CA1
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and CA3 regions of PBS- or KA-injected mice. Scale bar, 100 um. (E, F) Quantification of mean
fluorescence intensity (MFI) of IBA1" signals normalized to DAPI and the IBA1" cell count in the
image. (G) Representative images of microglia in PBS- or KA-injected mice. Scale bar, 10 pm. (H)
Quantification of microglial soma volume in the CA1 and CA3 regions. (I-L) Quantification of full
length, the number of branch points and terminal points, and Sholl analysis of microglial processes

in the CA1 and CA3 regions.
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3.3. Kainic acid injection induces neuronal death and gliosis in the late

phase of seizures

To examine the long-term effects of KA-induced seizures, we analyzed representative late
phase seizure phenotypes, neuronal death and gliosis, at various time points (Fig. 4A). We
utilized the TUNEL assay and Nissl staining, representing apoptotic cells and living neurons,
respectively. Both analyses showed that cell death, particularly neuronal death, occurred
specifically at 3 and 7 days after seizures, although this was not statistically significant (Fig. 4B-
D).

Next, we performed immunohistochemistry of microglia and astrocytes to assess the reactivity
of glial cells in the late phase of seizures (Fig. 5). Indeed, the number of IBA1" microglia in the
CA1 and CA3 regions showed a slight increase in KA-injected mice, with an enlargement of the
soma area observed specifically 3 and 7 days after KA injection, although not statistically
significant (Fig. 5C). Additionally, the number of astrocytes, represented by GFAP, gradually
increased after KA injection compared to control mice in CAl and CA3, suggesting an
increasing tendency (Fig. 5D).

To further confirm gliosis, we analyzed the mRNA levels in the hippocampus one day after
KA administration. Genes involved in chemoattraction (Ccl2), microglia activation (Cd68,
Clec7a), phagocytosis (Clga), and astrocyte activation (Gfap) were assessed. The gene
expressions showed an upregulated pattern in the hippocampus of seizure-induced mice (Fig. 6).

Since the mRNA level of the chemoattractant gene was increased and a previous study
indicated that infiltrating monocytes accelerate brain inflammation and neuronal damage after
status epilepticus*®, we analyzed changes in cell numbers of microglia and infiltrating immune
cells via flow cytometric analysis (Fig. 7). As a result, in contrast to control mice, seizure-
induced mice showed an increased pattern in the number of microglia and infiltrating immune
cells in the hippocampus 7 days post-KA injection. Furthermore, the expression of CD45 and
CDl11b was increased in microglia, implying microglia activation. Therefore, we conclude that

neuronal death, glia activation, and immune cell infiltration occur in the late phase of seizures.
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Figure 4. Neuronal death in the late phase of seizures. (A) Mice were sacrificed 1, 3, and 7 days
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after seizure induction, and brain sections were used for TUNEL assay and Nissl staining. For the
TUNEL assay, CA1 and CA3 regions were imaged at a magnification of 20x using z-stack imaging
with an interval of 1 um. For Nissl staining, the hippocampus was imaged at a magnification of 4x,
and the CA1 and CA3 subregions were imaged at a magnification of 20x. (B) Confocal images of
TUNEL and DAPI staining in the hippocampus. Scale bar, 100 um. (C) Quantification of TUNEL*
cells in CA1 and CA3 by calculating the ratio of TUNEL" cells to the number of nuclei (DAPI). (D)
Representative images of Nissl staining in the hippocampus, CA1, and CA3.
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Figure 5. Gliosis in the late phase of seizures. (A) Brain sections were acquired at various time
points, and each sample was imaged at a magnification of 20x using z-stack imaging with an interval
of 1 um. The sections were stained with anti-IBA1 and anti-GFAP antibodies. (B) Confocal images
of IBA1, GFAP, and DAPI in CA1 and CA3. Scale bar, 100 um. (C) Quantification of the number
of IBA1" cells and the soma area of microglia in CA1 and CA3. (D) Quantification of the number
of GFAP" cells in CA1 and CA3.
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seizure induction, and the hippocampus was dissected for quantitative real-time PCR. (B) mRNA
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21



A

WT
lPBSiKA(i.p_)
| | |
[ [ I
3d 7d
Harvest
B
k| A | Live 4 Immune cells| 4 . Infiltrating ceils
] " 54.4% =1 39.6% i 0.58%
{ Single cells il ‘188.4%
» s 87.7% ] i
0 i =
o -1 1
| _Live Immune cells 3| Infiltrating cells
=1 722% - 26.8% |Microglia 0.50%
Single cells i o | “181.0%
3 : |
i T # e |
1 Live Immune cells P Infiltrating cells
d 74.0% - 54.1% i @)3-39%
| . | Microgli:
o ] 177.1%
= -] {
§ ’ -] - -] Wy
< z ] T x| gl 2
Q= St - o™l & & =
8 2 RIE Gl EENERNE . 0 -
DAPI-BV421 CD45-APC cy7 CD45-APC cy7
Cc
®10%)
ﬁ 8 150
w
° &
= = S 1m0
S g o
E S s
E = g 50
& £ i
(=] 0
© PBS 3 7 PBS 3 7 PBS 3 7
KA (days) KA (days) KA (days)

Figure 7. Microglia proliferation and immune cell infiltration in the late phase of seizures. (A)
Mice were sacrificed 3 and 7 days after seizure induction, and the hippocampus was dissected for
flow cytometry analysis. (B) Gating strategies for flow cytometric analysis of immune cells (CD45%),
microglia (CD45" CD11b™), and infiltrating myeloid cells (CD45% CD11b") in the hippocampus.

(C) Quantification of these cell numbers in the hippocampus.
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3.4. Type I interferon signaling is activated during the late phase of

seizures in the hippocampus

We have so far shown various phenotypes of seizures. We hypothesized that type I IFN
signaling might be related to these phenotypes during the initiation and progression of seizures.
To examine this, we analyzed the hippocampus during the acute and late phases of seizures.
During the acute phase of seizures, the mRNA level of IFN-B was slightly upregulated without
significance, but there were no alterations in the mRNA levels of interferon-stimulated genes
(ISGs). Similarly, the cytokine level of IFN-B remained unchanged, and there was no ISG
production at the protein level during seizures (Fig. 8). However, one day after seizures, there
were increasing patterns in the mRNA levels of IFN-f and ISGs. Furthermore, STAT1 and
viperin, which are ISGs, were upregulated in western blot analysis (Fig. 9). These results imply

that type I IFN signaling might play a role in the seizure progression.
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Figure 8. Lack of type I interferon signaling in the hippocampus during seizures. (A) Mice
were sacrificed 1 and 2 hours after seizure induction, and the hippocampus was used for qPCR,
ELISA, and western blot analysis. (B) mRNA levels of IFN-f3 and ISGs. (C) Levels of IFN-f protein
in the hippocampus. (D) Western blot analysis of ISGs in the hippocampus.

24



A

WT
lPBSIKA (ip)
———
1d ad
Harvest
B
-~ T 8 ** — 8 wh S, £Z009
o = =z =] e
s < 6 26 < 30
< = < =
Z T 4 g4 Ew
E £ £ E
2 - T ? g
£ & 0 = S o
PBS KA PBS KA PBS KA
Cc

PBS  1d  3d

e ] STAT1 (84, 91 kDa)
‘-----’ ‘

[N s e e e | RFO (48 kDa)
[ | Vivern (2400

[ S————— | B-actin (45 kDa)

Figure 9. Type I interferon signaling activation in the hippocampus after seizures. (A)
Hippocampal tissue was collected from mice 1 and 3 days after seizure induction for gPCR and
western blot analysis. (B) mRNA expression levels of IFN- B and ISGs 1 day after seizure induction.

(C) Western blot analysis of ISGs 1 and 3 days after seizure induction.
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3.5. Kainic acid-induced seizures are attenuated in Ifnarl knockout
mice

We have confirmed that type I IFN signaling is activated in the hippocampus of seizure-
induced mice. To further examine the specific roles of type I IFN signaling in seizures, we
induced seizures in both wild-type mice and Ifnarl knockout mice, which lack the type I IFN
receptor, and compared the severity of seizures (Fig. 10A). Interestingly, /fnar! knockout mice
exhibited decreased seizure severity compared to wild-type mice (Fig. 10B). Similarly, the
percentage of status epilepticus, defined as seizure scores remaining over 4 for at least 30
minutes, was lower in Ifnar! knockout mice than in wild-type mice (Fig. 10C). While the
mortality rate and incidence rate of seizures were comparable between wild-type and Ifnar!
knockout mice, Ifnarl knockout mice showed a tendency for earlier mortality during the onset
of seizures within 2 hours (Fig. 10D-F). To monitor the duration of seizure aftereffects, we
measured body weight daily for a week and found that weight loss was more severe in wild-
type mice (Fig. 10G). Therefore, we conclude that seizure severity is alleviated in Ifnarl

knockout mice, but they show higher susceptibility to mortality during the onset of seizures.
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Figure 10. Decreased seizure severity in Ifnarl knockout mice. (A) WT and Ifnar!”" mice were
administered kainic acid, and seizure scores were measured for 2 hours. (B) Seizure scores in WT

and Ifnarl” mice. (C) Percentage of status epilepticus. (D) Survival rate for 2 hours after KA

- A

injection in WT and Ifnari” mice. (E, F) Incidence rate and mortality rate in WT and Ifnar!” mice.

(G) Weight loss after KA injection in WT and Ifrar!”" mice.
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3.6. The absence of type I interferon signaling reduces neuronal

activity and microgliosis in the acute phase of seizures

We have previously confirmed the correlation between neuronal activity and behavioral
seizures. To investigate whether reduced neuronal activation is observed in Ifrar knockout mice,
we compared c-FOS expression in the brains of WT and Ifnar! knockout mice after KA
administration. While the PBS-injected groups rarely showed c-FOS expression in both WT and
Ifnarl knockout mice, Ifnar! knockout mice exhibited decreased pattern of c-FOS expression in
the hippocampal subregions CA1, CA3, and DG, as well as in the cortex compared to WT mice
within the KA-injected groups (Fig. 11).

To explore whether reduced neuronal activation is associated with microglial activity, we
compared the MFI of IBA1 and the number of microglia in the hippocampus of PBS- or KA-
injected mice between WT and Ifnarl knockout mice. Both WT and Ifrar! knockout mice
showed tendency of an increase in MFI and microglial cell count in the KA-injected groups.
However, KA-injected Ifnar! knockout mice showed a lower increase compared to WT mice in
the CA1 region (Fig. 12). These findings suggest that the reduced severity of seizures observed
in Ifnarl knockout mice may be linked to decreased neuronal activity, possibly mediated by

altered microglial activation.
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Figure 11. Decreased c-FOS expression with loss of type I interferon signaling following
Kkainic acid-induced seizures. (A) WT and Ifnarl”" mice were sacrificed 2 hours after seizure
induction and neuronal activation was compared between them. (B) Confocal images of c-FOS
and DAPI in the hippocampal subregions CA1, CA3, and DG, as well as in the cortex of WT and
Ifnarl”" mice. Scale bar, 100 um. (C) Quantification of MFI of ¢-FOS* signals normalized to
DAPL
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Figure 12. Altered microglial activation due to loss of type I interferon signaling following
kainic acid-induced seizures. (A) WT and Ifnarl” mice were sacrificed 2 hours after seizure
induction and microglial activation was compared between them. (B) Confocal images of IBA1 and
DAPI in the hippocampal subregions CA1 and CA3 of WT and [fiarI”" mice. Scale bar, 100 pm.
(C) Quantification of MFI of IBA1* signals normalized to DAPI. (D) Quantification of the number
of IBA1" cells in the images.
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3.7. There was no significant difference in neuronal death and gliosis
between WT and Ifnarl knockout mice during the late phase of

seizures

As observed in previous data, we found that type I IFN plays a role in the acute phase of
seizures. To investigate its effects on seizure phenotypes during the late phase, we compared
neuronal death and gliosis in WT and Ifrar! knockout mice. Interestingly, in contrast to the
differences observed in the acute phase, a meaningful difference in neuronal death and gliosis
was not detected 7 days after seizures. Cell death was rarely observed in either WT or Ifnarl
knockout mice, as analyzed by TUNEL assay (Fig. 13). Additionally, the number of microglia
and MFI of GFAP were not considerably different between WT and Ifnar! knockout mice (Fig.
14). When analyzing the morphology of microglia, we observed a tendency of increase in soma
volume under seizure conditions in both WT and Ifnarl knockout mice, implying microglial
activation. However, there was no significant difference in microgliosis between the KA-injected
groups of WT and Ifnarl knockout mice. Sholl analysis also revealed microgliosis in KA-
induced mice in both WT and Ifnarl knockout groups, but no difference was observed between
WT and /fnarl knockout mice (Fig. 15). Consequently, there was a negligible difference between
WT and Ifnarl knockout mice during the late phase of seizures, contrary to the observation of

type I IFN activation in the late phase of seizures but not in the acute phase of seizures.
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Figure 13. Absence of neuronal death in the late phase of seizures in both WT and Ifnarl”
mice. (A) WT and Ifnarl”" mice were sacrificed 7 days after seizures and neuronal death was
measured through a TUNEL assay. (B) Confocal images of TUNEL and DAPI in the hippocampus.
Scale bar, 100 pm. (C) Quantification of TUNEL" cells in CA1l and CA3. The images were
quantified and presented as the ratio of TUNEL" cells to the number of nuclei (DAPI).

32



WT/ Ifnar1+

£z

[kaae) -
i |
Harvest
B
CA1 CA3
IBA1 GFAP Merged IBA1 GFAP
[
=
% X
5
§ d
C
CA1 CA3
- 80 = 02 = ~100 o g 02
< 60 2 S 015 €75 s 0.15
S w0 % o1 3 so < 01
- w - w
= 20 Q o005 & 25 © o005
@ = = Y
0 s o0 0 = o
WT  Ifart+ WT  Ifnart+ WT  Ifnarf+ WT  Ifnart+

Figure 14. Comparable gliosis levels in WT and Ifnarl”~ mice post-seizures. (A) WT and Ifnarl
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images of IBA1, GFAP, and DAPI in the hippocampus. Scale bar, 100 um. (C) Quantification of the
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Figure 15. No notable difference in microglia morphology between WT and Ifnarl”” mice in
the late phase of seizures. (A) WT and Ifinarl” mice were sacrificed 7 days after seizures and
microglia morphology was observed through IBA1 imaging. (B) Representative images of microglia
morphology in CA1 and CA3. Scale bar, 10 um. (C) Quantification of soma volume and Sholl
analysis of microglia in CA1 and CA3.
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4. Discussion

Type I IFNs have been suggested as pivotal cytokines for CNS development and homeostasis.
Although their impacts have been reported in various CNS diseases, there have been few studies on
the relationship between seizures and type I IFN signaling. Recent studies have proposed that type
I IFN signaling might play a role in the pathogenesis of seizures. However, its specific role and
underlying mechanisms remain elusive. Here, we demonstrated that type I IFN signaling affects
seizures, particularly in their initiation phase.

Initially, we confirmed various seizure phenotypes in both the acute and late phases. During the
acute phase of seizures, neuronal activation primarily occurs in the hippocampus, and microglia
migrate near the hippocampal layers and become activated. Neuronal death and gliosis were also
observed during the late phase of seizures. Subsequently, we identified the activation of type I IFN
signaling exclusively in the late phase, contrasting its absence during the acute phase. Furthermore,
we conducted a comparative analysis of seizure phenotypes between WT and Ifnar! knockout mice.
Interestingly, Ifnarl knockout mice exhibited reduced seizure severity during the acute phase of
seizures. Moreover, in seizure-induced I/fnarl knockout mice, neuronal activation and microgliosis
appeared attenuated compared to their WT counterparts during the acute phase of seizures. However,
no significant differences were observed between WT and Ifnar! knockout mice during the late
phase of seizures.

There are two possible explanations for these altered phenotypes (Fig. 16). One possibility is that
since type I IFN signaling is essential during brain development, the absence of IFN signaling might
lead to altered neuronal excitability and aberrant microglia properties. This alteration could affect
the seizure threshold or the response of neurons in I/fnarl knockout mice to excess neurotransmitters.
The other possibility is that although type I IFNs are present in low doses in the CNS, they might
bind to IFNAR1 during seizures, potentially promoting neuronal activity and microgliosis. However,
this explanation does not account for the absence of detected type I IFN signaling activation during
the acute phase of seizures. It is conceivable that the activation of type I IFN signaling was not
sufficiently amplified to be detected during this phase. Therefore, to validate these hypotheses,
experiments involving intracerebroventricular injection of IFN-f or ruxolitinib, a JAK inhibitor,

before seizures could be conducted. By comparing the results with those of Ifnar! knockout
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experiments, we may gain insights into the role of type I IFN signaling in seizures. Therefore, further
study is warranted to ascertain which explanation is correct.

If the latter explanation is found to be reasonable, one possible mechanism of type I IFN signaling
influence on the seizures involves the mTOR pathway, a non-canonical pathway of type I IFN
signaling. mTOR is a serine/threonine protein kinase that forms mTOR complex 1 (mTORCI1) and
mTOR complex 2 (mMTORC2). The mTOR pathway regulates metabolism, cell growth, survival and
proliferation, and its dysregulation has been implicated in epilepsy. Tuberous sclerosis complex
(TSC), caused by pathogenic variants in the 7SC/ or TSC2 gene, results in mTOR pathway inhibition.
Consequently, many patients with TSC develop drug-resistant epilepsy>’. Furthermore, mTOR
inhibition has been effective in suppressing seizures, and mTOR overactivation in microglia itself
can induce spontaneous seizures®!33. Therefore, we speculate that type 1 IFN signaling activation
during seizure stimulates mMTORCI1 and mTORC?2 activation, exacerbating neuronal activation and
microgliosis. To investigate this, comparisons of mMTORC1 and mTORC?2 activation between WT
and Ifnar1 knockout under seizure conditions could be conducted. Additionally, in vitro experiments
with mixed glia could investigate mTOR activation following IFN stimulation. Furthermore,
experiments could be conducted in bone marrow-derived cells (BMDMs) or peritoneal macrophages
to determine if mTOR activation following IFN stimulation occurs exclusively in mixed glia.

Moreover, the specific cell types crucial for IFN signaling during seizures remain unidentified.
This could be investigated using cell type-specific knockout mice or AAV virus-induced cell type-
specific deletion.

Epilepsy is one of the most understudied neurological diseases, underscoring the importance of
identifying novel treatment targets. In this regard, our findings, demonstrating that Ifnar! knockout
mice exhibit attenuated seizure severity, are noteworthy and provide novel insights into disease

progression.
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5. Conclusion

Our study demonstrated that Ifnarl knockout mice showed reduced seizure severity compared to
WT mice following kainic acid injection. During the acute phase of seizures, Ifnarl knockout mice
exhibited reduced neuronal activity and microgliosis compared to WT mice. Despite IFN signaling
being present in the late phase of seizures but absent during the acute phase, WT and Ifnarl knockout
mice did not exhibit significant differences in phenotypes related to neuronal death and gliosis in
the late phase of seizures. These findings suggest that type I IFN may influence both neuronal
activation and microglial function. The altered seizure phenotypes observed in Ifnarl knockout mice
may result from abnormalities in CNS development, the absence of IFN signaling during seizures,
or both factors combined. Further studies are needed to elucidate these mechanisms and probe
specific cell types relevant to these IFN signaling. Consequently, our study suggests the potential
therapeutic utility of type I IFNs as a target for treating seizures and epilepsy.
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Abstract in Korean
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