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Epilepsy is one of the most common and oldest neurological disorders, characterized by periodic seizures that
affect millions globally. Despite its long history, its pathophysiology is not fully understood. Additionally, the
current treatment methods have their limitations. Finding a new alternative is necessary. Activated Protein C
(APC) has been proven to have neurological protection in other neurological disorders; however, there is no

study that focuses on the role of APC in seizures. We propose that APC’s protective effect could be associated
with seizures through inflammation and apoptosis regulation. The results demonstrated that APC’s pathway
proteins are involved in neuroprotection mechanisms in seizure-induced models by acting on certain inflam-
matory factors, such as NF-kB and apoptosis proteins.

1. Introduction

Epilepsy is a chronic neurological disorder, characterized by recur-
rent seizures. It is one of the most common neurological disorders,
affecting 50 million people around the world [1,2]. Many underlying
conditions, such as infection, metabolism disorder, genetic mutation,
neurodegenerative disorders, or brain injury, could cause epilepsy;
however, 50% of cases globally are of unknown origin [2,3]. This shows
how little this disease is understood and the current gap in knowledge.
Once a patient has been diagnosed with epilepsy, the first line of
treatment is an anticonvulsant drug to control the seizures. These drugs
either increase neuronal inhibition or reduce neuronal excitability by
acting on transporter, receptor, and ion channels [4,5]. Even though
most patients achieved remission, one-third of patients are still
pharmaco-resistant and have drug-refractory epilepsy, where the seizure
persists, leading to comorbid disorders [4-7]. Interestingly, epilepsy’s
drug target does not include inhibition of neuroinflammation or
neuronal cell death, even though both are thought to contribute to
epileptogenesis [4,8-10]. Thus, there is a critical need to better under-
stand the mechanism of the development of epilepsy and find a new,
more effective therapeutic approach targeting inflammation and
apoptosis.

Activated protein C (APC) has been a clinical target for drug

discovery and treatment of neurological disorders such as stroke or
Alzheimer’s disease due to its neuroprotective effect [11,12]. Protein C
(PC) pathways play an important role in blood coagulation [13]. The
zymogen PC is converted to its active form, APC, through its interaction
with the thrombin-thrombomodulin complex (thrombin-TM complex)
[13-15]. The amount of APC generated increases when the endothelial
protein C receptor (EPCR) presents PC to the thrombin-TM complex
[16]. PC-EPCR-thrombin-TM complexes are critical for APC function.
However, APC cytoprotective and neuroprotective effects required the
activation of protease-activated receptor 1 (PAR1) via noncanonical
cleavage at the Arg46 site of the receptor [11,16]. APC and its recom-
binant variant have been proven to have beneficial effects in the pre-
clinical rodent model of Alzheimer’s disease, stroke, sepsis, brain
trauma, and multiple sclerosis [17-21]. Whenever APC interacts with
PARLI, its neuroprotective effect involves the inhibition of inflammation
and apoptosis as well as promoting neurogenesis; however, the mech-
anism by which this occurs is not fully understood [11,15]. APC inhibits
inflammation and apoptosis, hallmarks contribute to epileptogenesis.
Here, we sought to study the association of APC in epilepsy patho-
physiology using knock-in mice strain carrying point mutations on EPCR
and PAR1 receptors, all associated with the APC pathway. We analyze
the role of APC through seizure-induced models and aim to provide a
mechanism as well as insight into epilepsy pathophysiology and po-
tential new therapeutic targets.
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Nonstandard abbreviations and acronyms

APC Activated protein C

PC Protein C
™ Thrombomodulin
EPCR Endothelial protein C receptor

PAR1 Protease-activated receptor 1
EEG Electroencephalography

ip. Intraperitoneal injection

RIP. Radioimmunoprecipitation assay
PVDF  Polyvinylidene fluoride

TBST Tris-buffered saline Tween 20

BSA Bovine Serum Albumin

p-NF-k Phosphorylated Nuclear factor kappa B
NF-kp  Nuclear factor kappa B

TNF-a  Tumor Necrosis Factor alpha

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
PFA Paraformaldehyde

PBST Phosphate-buffered saline Triton X-100
FJC Fluoro-Jade C

DAPI 4',6-diamidino-2-phenylindole

IBA1 Ionized calcium binding adaptor molecule 1

2. Materials and methods
2.1. Mice genotype

All animal experiments were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. The Institutional
Animal Care and Use Committee (IACUC) of the University of South
Florida approve each protocols prior testing. Several mice were used for
experiments. Male and female (12-18 months) C57BL/6J mice supplied
by Jackson Laboratory (used as a control group (WT)). Male and female
(12-18 months) knock-in EPCRRE#A/R84A \yhich lacks a PC binding site
to generate APC and therefore does not have circulating APC. These
mice were generated and provided by Pepler, Yu, Dwivedi et al., 2015
from the Department of Medical Sciences, McMaster University [16].
Male and female (12-18 months) PAR1RHUR4IQ 5nq pAR]RA6OUR46Q
knock-in mice. PARIFYR4Q que to their mutation, would prevent
cleavage at Arg41 by thrombin, and PAR1R#6@R46Q yould inhibit APC
cleavage at Arg46. These mice were generated and provided by Sinha,
Wang, Zhao et al., 2018 from the Scripps Research Institute [18].

2.2. Open field test

Before each test, mice were taken from their holding room and
allowed to acclimate to the testing room for 15 min prior to testing. All
behavioral experiments were performed during the light phase during
the daytime (8:00 a.m.-12:00 p.m.). Arena was cleaned with 70%
ethanol before use and between trials. General locomotor activity and
anxiety-like behavior were assessed using the open-field test. Mice were
individually placed into a Perspex open field arena (30 cm x 30 cm) and
allowed to freely explore for 15 min. The mice were tracked using a
computerized tracking system (ANY-Maze, Version 4.99 m), which
automatically recorded distance, average speed, time spent in the two
zones (outer perimeter; center zone), and time spent freezing.

2.3. Seizure induction, survival, and scoring

All mice were bred on-site. The adult mice were anesthetized with
2% isoflurane. The seizure was induced during the daytime (8:00 a.
m.-12:00 p.m.) mostly to control for diurnal variations. First, scopol-
amine methyl bromide (Sigma Aldrich catalog number; S85002) was
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injected (0.5 mg/ml) intraperitoneal injection (i.p.) dissolved in a 0.9%
saline solution. Then, 30 min later, pilocarpine hydrochloride (Sigma
Aldrich; P6503-SG) was injected (300 mg/kg; i.p.) and dissolved in 0.9%
saline solution prior. Midazolam (i.p.) was given to attenuate the sei-
zures an hour later. Mice were sacrificed at 1 h, 24 h, 48 h, and 72 h post-
seizure. Seizure severity was recorded and scored according to the
Racine Scale score [22]. The number of animals that survived the first
hour was recorded.

2.4. Electroencephalography (EEG)

Mice were anesthetized (2% isoflurane). The electrodes were surgi-
cally implanted in the skull. During the surgery, the body temperature
was maintained within the normal range with a heat pad. After an
incision, the bregma was located. To place screws on the skull, two
craniectomies were performed using a drill. The electrodes from Data
Sciences International (DSI) Harvard Bioscience were fixed in place with
dental cement. The EEG was recorded using Ponemah software from DSI
Harvard Bioscience. Mouse EEG data were analyzed and quantified
using NeuroScore software from DSI Harvard Bioscience. Seizures were
defined as having a high amplitude (>400 Hz baseline). NeuroScore
provides power frequency with Alpha (8-12 Hz), Beta (16-24 Hz), Delta
(0.5-4 Hz), Sigma (12-16 Hz), Theta (4-8 Hz), the number of spikes, and
spike trains.

2.5. Immunoblotting

The brain cortex and hippocampus were lysed in RIPA buffer (Mil-
lipore Sigma; R0278) mixed with phosphatase inhibitor and protease.
The supernatants were collected after centrifugation (15000 rpm, 15
min). After normalization, proteins were run on SDS-PAGE gels and
transferred to a polyvinylidene fluoride (PVDF) membrane. The mem-
brane was blocked in TBST (10X Tris-buffered saline (TBS), 0.1% Tween
20) with 5% Bovine Serum Albumin (BSA), and then incubated over-
night at 4 °C with the following primary antibodies: anti-p-NF-kf (Cell
Signaling Technology; 3033), anti-NF-kf (Cell Signaling Technology;
82428), anti-cleaved caspase 3 (Cell Signaling Technology; 96648S), anti-
caspase 12 (Cell Signaling Technology; 2202S), anti-TNF-a (Cell
Signaling Technology; 3707), anti-cleaved caspase 9 (Cell Signaling
Technology; 9509S), and secondary antibodies. GAPDH (Cell Signaling
Technology; 2118L) was used as a standard. Signals were detected with
SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo-
Fisher; 34096). The membranes were visualized using Image Lab (Bio-
Rad).

2.6. Immunofluorescence

Brain tissues were collected, and the cortex and hippocampus were
isolated. The tissues were fixed in 4% paraformaldehyde (PFA) for 24 h,
then gradually dehydrated in 10%, 20%, and 30% sucrose for 24 h each.
After sectioning, tissues were permeabilized and washed with PBST
(0.3% Triton X-100 in phosphate-buffered saline (PBS)). After blocking
in 10% donkey serum, tissues were incubated overnight at 4 °C with
anti-ionized calcium-binding adaptor molecule 1 (Ibal) (Invitrogen;
PA5-27436). The tissues were then washed in PBST and incubated with
the conjugated secondary antibody Alexa 594 (Invitrogen; A32740) for
1 h at room temperature. Fluoro-Jade C (FJC) is widely used to stain
degenerative mature neurons, including autophagic, necrotic, and
apoptosis neurons [23]. To stain for FJC (Biosensis; TR-100), the tissues
were then blocked in 0.006% potassium permanganate for 2 min, then
washed for 2 min in distilled water. The tissues were then incubated in
FJC staining for 10 min and then washed in distilled water. The stained
tissues were dry and mounted with a Vectashield® antifade mounting
medium with DAPI (Vector Laboratories, H-1200-10) and then observed
with a confocal microscope (Olympus FV1200).
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2.7. Statistical analysis

Behavioral tests were performed with automated tracking using
ANY-Maze, the number spikes, spike trains, and power band were pro-
vided by NeuroScores software. The relative intensity of the staining was
quantified using NIH Image J software. Racine score and survival were
done by the experimenter. Statistical comparisons were made with t-
tests, one-way ANOVAs, and two-way ANOVAs using GraphPad Prism
5.0 (GraphPad Software Inc., La Jolla, CA). An alpha set at 0.05 with a P-
value <0.05 is considered statistically significant.

3. Results
3.1. Abnormal behavior is reported in APC’s related knock-in mouse

Children diagnosed with epilepsy have a high comorbidity with
autism and anxiety [24]. A study has shown Kainic acid-induced status
epilepticus mouse models have impaired spatial and anxiety behavior
[25]. We hypothesize that EPCRRE4A/RE4A anq PARTRIOVRIGQ yy641d
exhibit more anxiety-like behavior than our control group under normal
conditions. These groups would be more likely to develop epileptic
seizures. Open-field tests assess locomotor activity and anxiety-like
behavior. We recorded the distance traveled and time spent on the
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perimeter of the arena (Fig. 1). We found a significant decrease in the
distance traveled by EPCRR8#A/R844 54 PAR1R46UR46Q ¢ompared to WT
C57BL/6J (Fig. 1B). However, there was no significant difference in the
time spent on the perimeter or the center of the arena among each mouse
group (Fig. 1B).

3.2. APC’s association to the spontaneity and severity of pilocarpine-
induced seizures

We hypothesize that the lack of APC and its binding site on the PAR1
receptor would cause an increase in seizure severity. We assessed seizure
susceptibility and severity in WT C57BL/6J, EPCRRS#/R844 p AR R46Q/
R46Q, and PAR1R41VR41Q (Fig. 2). During the 1 h after administration of
pilocarpine (Supplementary Fig. 1A), we reported an increase in mor-
tality in EPCRRE4A/R84Aand PARTRHOQRI6Q (5yypplementary Fig. 1B).
Next, we implanted electrodes (Fig. 2A) to record EEG activities
(Fig. 2B). We did not record a significant change in power band or spike
numbers among each group (Fig. 2C). Although there is an increase in
spike trains in PAR1R0UR#Q  there is no statistically significant be-
tween groups. Furthermore, there was an increase in the severity of the
seizure based on the Racine score (Fig. 2C).
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Fig. 1. Behavioral analysis in an Open Field Test. (A) Illustrative representation of travel pathway (purple) of WT C57BL/6J, EPCRRE#A/R84A  p AR RHQ/RIIQ
PAR1R46URIQ of 15 min recording in the open field test arena. The center is indicated by the smaller square and the larger square represents the perimeter. WT
C57BL/6J travel a significantly longer distance. (B) Compared to EPCRRE#/R844 pAR1R46Q/R46Q The difference in the time spent on the perimeter or the center are
not significant. Histograms bars indicate the mean + SEM; One way ANOVA, post hoc analysis by Tukey’s HSD (WT C57BL/6J: n = 16, EPCRRE#/R84A. 1 — o7,
PAR1RHQRAIQ. 1y — 90 PARIRYOURIQ 1y — 19), (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 2. EEG Recording and Seizure Severity. (A) Illustration of EEG electrode implantation in the mice’s upper felt and lower right of the scalp. (B) Representative
EEG recording of WT C57BL/6J, EPCRFS#4/R84A pAR1RHQR4IQ pAR]RI6QR46Q haseline and during scopolamine, pilocarpine and midazolam injection (i.p). (C)
Significant increase in the severity of the seizure compared to baseline but the difference in the power band, spikes number and spikes train between WT C57BL/6J,
EPCRRE4/R84A pARTRAIQRAIQ pAR]RI6Q/RI6Q gre not significant. Data provided by DSI Harvard Bioscience NeuroScore software. Histograms bars indicate the mean
+ SEM; Two-way ANOVA, post hoc analysis by Tukey’s HSD for power band and Racine score, One-way ANOVA for spikes numbers and spikes train.

3.3. Change in the level of apoptosis and inflammatory proteins 72-h post-seizure) to see a gradual change in protein expression. We
then conducted immunoblotting of each protein in the cortex and hip-

Due to the increased mortality in EPCRFS#/R8# and pAR]ROVR46Q pocampus regions (Fig. 3). In WT C57BL/6J, we see a decrease in
we hypothesize that changes in levels of apoptosis proteins such as p-NF—B in both the cortex and hippocampus regions, leading to change
cleaved caspase 3, caspase 12, and cleaved caspase 9, and inflammatory in p-NF- kB/NF-kB expression (Fig. 3A&B). We also recorded an in-
proteins such as NF-kB and TNF-a could be recorded. The protein ex- crease in caspase 12, cleaved caspase 9, only in the cortex region, and
pressions were recorded under normal conditions (1-h, 24-h, 48-h, and TNF-a expression, but no change in cleaved caspase 3 (data not shown).
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Fig. 3. Immunoblotting of inflammatory protein. Protein expression of inflammatory proteins p-NF—«B and NF-kB in the cortex (A) and hippocampus (B) region
of the brain under control or seizure conditions of WT C57BL/6J, EPCRRE#A/R84A pAR]RHVRIIQ PAR]RAOURI6Q

However, we cannot conclude this statistically due to the low number of
replicates. In EPCRRE#/R84A pARIRIGURIGQ 5nd PARIRHYRHQ e
reported an increase in p-NF—«B at 1-h post-seizure, then a decrease at
24 h and an increase at 48- and 72-h post-seizure (Fig. 3). Interestingly,
we report a low level of p-NF—«B expression in the hippocampus region
in EPCRR&#/ R84A, PAR1R460/R46Q, and no expression in PAR1R# Q/R41Q,
compared to our control. We also reported that even under normal
conditions, EPCRRE#/R84A  pARIRIQURI6Q  anq  pARIRHYRHUQ
expressed a low level of p-NF—«B compared to our control group
(Fig. 3A&B).

Again, cleaved caspase 3 was not expressed in the cortex or hippo-
campus regions of EPCRR8#A/R84A pARIR4OURIGQ ang pARIRHYR4IQ
(data not shown). Cleaved caspase 9 was only shown in the PARIRHY
R41Q cortex, like in our control group, and the hippocampus (data not
shown). Caspase 12 expression was low, in EPCRR8#/R844 . op not
expressed in PAR1R46UR46Q and pARIRHIQR4IQ iy hoth tested regions
(data not shown). TNF-a expression was low or not detected in the
PARIRHURAIQ (orex, hippocampus region, and PAR1RA6QURI6Q (orex
region (data not shown).

3.4. Presence of inflammatory markers and degenerative neurons

To further investigate inflammatory and apoptosis mechanisms in
our seizure-induced model, we stained for IBA1, the marker for acti-
vated microglia, and the FJC marker for degenerative neurons (Fig. 4).
We look at the hippocampus and cortex regions of the brain. We hy-
pothesize that the greater change in cell population would be more
noticeable between normal conditions and 72-h post-seizure. We did not
report any statistical change in staining intensity among each group in
the hippocampus and cortex (Fig. 4B). However, we reported an in-
crease in IBA1 in the WT C57BL/6J cortex region and in the PAR1R#1¥/
R41Q hippocampus region, although it was not statistically significant
(Fig. 4B).

4. Discussion

Epilepsy is the most common serious neurological disorder, affecting
millions [26]. Although it is one of the oldest neurological disorders, its
mechanisms are not fully understood [27]. Plus, pharmaco-resistant has
been reported in a few patients [28]. It is necessary to have a better
understanding of epilepsy pathophysiology and find alternative treat-
ment targets. APC and its recombinant variant have proven to have
beneficial effects in the preclinical rodent model of Alzheimer’s disease,
stroke, sepsis, brain trauma, and multiple sclerosis [17-21]. We were
interested in understanding the role of APC in seizure-induced models,
with a focus on inflammation and apoptosis mechanisms. We first hy-
pothesize that APC is associated with impaired anxiety-like behavior, a
phenotype reported in epileptic patients and mouse models [24,29]. We
did not report any anxiety-like behavior in our groups of mice since their
time spent on the perimeter was not significantly different. However, we
reported a significant difference in locomotion in EPCRR#4/R844 apnq
PAR1R6QUR46Q compared to WT C57BL/6J, suggesting they could have
motor impairments. For instance, neurodevelopmental disorders such as
impaired motor skills could lead to the development of seizures [30].
The fact that EPCRRE#/RE#  and  pARIRYOURIQ  exhibited
locomotion-impaired behavior suggests APC and its binding receptor
PAR1 could play a role in motor nerves or neurons. However, further
investigation into this parameter is required. To investigate, seizure
susceptibility and severity, we recorded EEG activity. Although we re-
ported many EPCRFE#/RE4A and PARIRFOVRIQ mice that did not sur-
vive pilocarpine injection, their brain activity recording did not
significantly differ. This suggests animal mortality might not be associ-
ated with brain activity; further investigation is required. Next, we
investigate inflammatory and apoptosis mechanisms and their associa-
tion with APC in a seizure-induced model. Interestingly, we saw a
change in NF-xB among each group. This shows APC activity acts on
NF-xB during seizure induction in the brain. APC seems to also alter
cleaved caspase 12, and cleaved caspase 9, TNF-q, as shown in our
illustration; however, larger sample sizes and further investigation are
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Fig. 4. Immunofluorescence of degenerative neuron and microglia activity. (A) Representative staining of DAPI (blue), FJC (green), and IBA1 (red) in the
cortex and hippocampus under control or 72-h post-seizure of WT C57BL/6J, EPCRRE#/R84A pARIRHQRIIQ pARIRICQURISQ Geale bars are 50 pm. (B) Relative
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Web version of this article.)
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required.

Plus, the number of activated microglia, signs of neuronal inflam-
mation, and degenerative neurons undergoing apoptosis or necrosis
were not significant among each group. This suggests that at the cellular
level, there were not many changes 72-h post-seizure. Changes in cell
activity could be more noticeable after 72 h. Further investigation and
an increased sample size for these parameters are required. This study
presents major limitations to take into consideration. The sample sizes in
the EEG, immunoblotting, and immunofluorescence are low, which
could affect their significance. Plus, the drug used to induce seizures acts
on the muscarinic receptors present in all major organs. It is adminis-
tered intraperitoneally, which means it can act on organs other than the
brain. Future work will be to conduct local injections and increase the
sample size.

Inflammation and apoptosis are parameters reported in epilepsy
[31]. In addition, APC acts on this parameter in different neurological
disorders, including Alzheimer’s disease, stroke, and brain trauma
[17-21]. However, this activity has not been significantly reported in
our seizure-induced model. Based on our findings, the next logical step
will be to confirm our findings and determine if other organs, such as the
heart, could be associated with the phenotype we reported. If proven
beneficial, this could provide a better understanding of the role of APC
in seizures and could be a new treatment target for epilepsy.
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