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Acute brain insults trigger diverse cellular and signaling responses and often
precipitate epilepsy. The cellular, molecular and signaling events relevant to the
emergence of the epileptic brain, however, remain poorly understood. These
multiplex structural and functional alterations tend also to be opposing - some
homeostatic and reparative while others disruptive; some associated with
growth and proliferation while others, with cell death. To differentiate
pathological from protective consequences, we compared seizure-induced
changes in gene expression hours and days following kainic acid (KA)-induced
status epilepticus (SE) in postnatal day (P) 30 and P15 rats by capitalizing on age-
dependent differential physiologic responses to KA-SE; only mature rats, not
immature rats, have been shown to develop spontaneous recurrent seizures
after KA-SE. To correlate gene expression profiles in epileptic rats with epilepsy
patients and demonstrate the clinical relevance of our findings, we performed
gene analysis on four patient samples obtained from temporal lobectomy and
compared to four control brains from NICHD Brain Bank. Pro-inflammatory
gene expressions were at higher magnitudes and more sustained in P30. The
inflammatory response was driven by the cytokines IL-1, IL-6, and IL-18 in the
acute period up to 72 h and by IL-18 in the subacute period through the 10-day
time point. In addition, a panoply of other immune system genes was
upregulated, including chemokines, glia markers and adhesion molecules.
Genes associated with the mitogen activated protein kinase (MAPK)
pathways comprised the largest functional group identified. Through the
integration of multiple ontological databases, we analyzed genes belonging
to 13 separate pathways linked to Classical MAPK ERK, as well as stress activated
protein kinases (SAPKs) p38 and JNK. Interestingly, genes belonging to the
Classical MAPK pathways were mostly transiently activated within the first 24 h,
while genes in the SAPK pathways had divergent time courses of expression,
showing sustained activation only in P30. Genes in P30 also had different
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regulatory functions than in P15: P30 animals showed marked increases in
positive regulators of transcription, of signaling pathways as well as of MAPKKK
cascades. Many of the same inflammation-related genes as in epileptic rats
were significantly upregulated in human hippocampus, higher than in lateral
temporal neocortex. They included glia-associated genes, cytokines,
chemokines and adhesion molecules and MAPK pathway genes. Uniquely
expressed in human hippocampus were adaptive immune system genes
including immune receptors CDs and MHC Il HLAs. In the brain, many
immune molecules have additional roles in synaptic plasticity and the
promotion of neurite outgrowth. We propose that persistent changes in
inflammatory gene expression after SE leads not only to structural damage
but also to aberrant synaptogenesis that may lead to epileptogenesis.
Furthermore, the sustained pattern of inflammatory genes upregulated in
the epileptic mature brain was distinct from that of the immature brain that
show transient changes and are resistant to cell death and neuropathologic
changes. Our data suggest that the epileptogenic process may be a result of
failed cellular signaling mechanisms, where insults overwhelm the system
beyond a homeostatic threshold.

KEYWORDS

epileptogenesis, inflammation, gene expression, microarray, status epilepticus, MAPK,

glia
1 Introduction

Epileptogenesis is a theoretical construct whereby concerted
cascades of molecular, cellular and network changes precipitate
spontaneous recurrent seizures, or epilepsy. Etiology is known
for roughly half of diagnosed epilepsies; these symptomatic or
acquired epilepsies are often triggered by brain injury (Hauser
and Hesdorffer, 1990; Hauser, 1997; Engel, 2006). Up to 53% of
patients who experience severe traumatic brain injury (TBI) and
between 2% and 5% of patients who experience ischemic stroke
will develop epilepsy (Salazar et al., 1985; Menon and Shorvon,
2009). Additionally, epilepsy develops in up to 43% of patients
who experience refractory status epilepticus (SE), a prolonged
seizure lasting over 30 min (Hesdorffer et al., 1998). Once
seizures begin, epilepsy can worsen over time and are
frequently accompanied by declining cognitive function (Engel
and International League Against Epilepsy, 2001; Briellmann
et al., 2002; Sayin et al., 2004; Thompson and Duncan, 2005;
Engel, 2006).

Mesial temporal lobe epilepsy (MTLE) is the most common
type of focal epilepsy and is often resistant to currently available
pharmacotherapy (Loscher, 2002). One of the primary identified
risk factors for developing MTLE in adulthood is prolonged
febrile seizures in childhood (Baulac et al., 2004). The pathologic
process that occurs between the initial insult and the
development of frank epilepsy is of great interest in designing
therapeutic strategies to prevent epileptogenesis.

A number of hippocampal changes have been proposed to
lead to epileptogenesis. One of the classic neuropathologic
changes is mossy fiber sprouting from dentate granule cells
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(Blumcke et al, 1999). Many of these fibers display an
aberrant growth pattern that leads them back into the inner
molecular layer of the dentate gyrus instead of the CA3 area of
the hippocampus, forming recurrent excitatory loops (Tauck and
Nadler, 1985; Sutula et al., 1989; Babb et al., 1991). MTLE also
displays a specific pattern of neuronal loss in the hippocampal
subfields and a dense gliosis that has led to the description of this
pathologic pattern as hippocampal sclerosis (Blumcke et al.,
2007). In animal models, excitatory interneurons in the
dentate gyrus seem to be particularly vulnerable to cell death
(Sloviter, 1987). These neurons normally project onto inhibitory
interneurons and their loss may therefore lead to decreased
inhibition. Furthermore, seizure activity in animal models
leads to increased mitotic activity, producing new dentate
granule cells which may become abnormally integrated into
neuronal circuit (Parent et al., 1997; Scharfman et al., 2000).
On a molecular level, there are also changes in the expression and
components of different receptors, such as y-aminobutyric acid
A (GABAA) (Brooks-Kayal et al., 1998).

The systemic administration of kainic acid (KA), a glutamate
agonist, is frequently used in animal models of MTLE. KA leads
to prolonged seizures, status epilepticus, and to the generation of
spontaneous seizures after a latent period. These seizures
originate from the hippocampus in a similar manner to
MTLE (Tremblay et al, 1984). Seizure activity has been
shown to alter the expression of a variety of genes for
neurotransmitters, ion channels, receptors, transcription
factors, intracellular messengers, inflammatory mediators, and
neurotrophic factors (Jamali et al., 2006). These changes in gene
expression may lead to the pathologic phenomena observed in
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MTLE. In order to link neuronal activity during seizures with the
long-term changes which lead to epilepsy, focus has been
primarily on the mechanisms of synaptic plasticity and
inflammation.

An increasing amount of evidence indicates that seizures
result in activation of the inflammatory responses (Oprica et al.,
2003; Vezzani and Granata, 2005). Recent work implicates innate
as well as adaptive immunity in the generation of this
inflammatory responses (Ravizza et al,, 2008). Seizures cause
marked glial activation similar to that proposed to contribute to
the neuronal damage observed in Alzheimer’s disease (Mrak and
Griffin, 2005). The neuroinflammation seen in response to
seizures may result in cell death as well as more subtle
changes that lead to epileptogenesis. The KA model of MTLE
elicits multi-faceted immune responses. KA-induced status
epilepticus (KA-SE) causes prolonged astrocyte activation and
a microglial activation of shorter duration (Somera-Molina et al.,
2007). A strong pattern of astrogliosis has also been classically
demonstrated in human MTLE, while animal models show a
variety of functional changes in astrocytes (Binder and
Steinhauser, 2006). Seizures seems to affect the expression of a
wide variety of inflammatory cytokines, particularly IL-1f,
chemokines, adhesion molecules, extracellular proteinases,
complement components, immune receptors, heat shock
proteins, and other immune regulatory molecules (De Simoni
et al., 2000; van Gassen et al., 2008).

Reflecting the wide range of functional and anatomical
changes observed during epileptogenesis, numerous studies
examining the gene expression profiles in epilepsy and its
models have previously identified an overwhelming array of
transcriptional changes (Jamali et al, 2006; Lukasiuk et al,
2006; Wang et al., 2010; Dixit et al., 2016; Pfisterer et al,
2020). Alongside mechanisms of inflammation and synaptic
plasticity, some of these studies have drawn attention to
mitogen activated protein kinase (MAPK) activity and MAPK
signaling pathways (Okamoto et al., 2010; Hansen et al., 2014;
Dixit et al., 2016; Salman et al., 2017; Kalozoumi et al., 2018; Fu
et al., 2020; Bencurova et al,, 2021). These ubiquitous and highly
conserved molecules have evolved to transduce environmental
and developmental signals into a wide range of programmed and
adaptive cellular responses (Zhang et al., 2002; Arthur and Ley,
2013; Peti and Page, 2013). As MAPK pathways transduce
extracellular signals into cellular modifications by means of
transcriptional (Whitmarsh, 2007), translational (Kelleher
et al., 2004) and epigenetic control (Suganuma and Workman,
2012), misregulation could ostensibly underlie maladaptive
cellular responses observed during epileptogenesis.

Our first goal was to identify main categories of genes and
their important constituents that contribute to the inflammatory
responses in an experimental model of MTLE. By comparing the
gene expression profile in tissue samples of human brain
removed for intractable MTLE with that of the KA rat model
of the disease, we aimed to demonstrate a similar pathologic
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process and highlight the relevance of animal data to human
disease. Second, we aimed to elucidate the temporal pattern of
immune gene expression following KA-SE in rats at P15 and P30.
While both P15 and P30 animals experience acute SE in response
to KA injection, only the P30 animals develop spontaneous
recurrent seizures. P15 animals show no cell death and no
spontaneous recurrent seizures while P30 animals develop
chronic epileptic state (Albala et al., 1984; Stafstrom et al.,
1992; Williams et al., 2009; Mlsna & Koh, 2013). Studying the
age-dependent changes following KA-SE, therefore, offers a
strategy for understanding pathogenesis of epilepsy. By
comparing time and age-dependent gene expression in
P15 and P30 rats, we sought to differentiate pathological from
protective consequences of KA-SE and gain insight into the
process of epileptogenesis. Third, we investigated the time
course for the expression of various functional groups of
the
implications for pathogenesis of epilepsy. Additionally, we

genes concentrating on pathway interactions and
confirmed the validity of microarray gene profiling results by
real-time (quantitative) reverse transcriptase polymerase chain
reaction (QRT-PCR) and immunohistochemistry and assessed
the translational significance of our findings through microarray
analysis and qRT-PCR of hippocampal tissue collected from

patients diagnosed with MTLE.

2 Materials and methods
2.1 Seizure induction

Intraperitoneal (IP) injections of KA dissolved in phosphate-
buffered saline (PBS) were administered to P15 (3 mg/kg) and
P30 (10 mg/kg) Long-Evans male rats (Wilson et al., 2005). Age-
specific doses of KA have been determined previously to result
in <25% mortality while inducing acute seizures in >60% of
animals. Control littermates received equal IP volume of PBS.
Only animals with nearly continuous seizures for more than
30 min (KA-SE) were included in the study. P15 is considered
roughly equivalent to human infancy/early childhood (Romijn
et al., 1991; Avishai-Eliner et al., 2002; Haut et al., 2004; Baek
et al.,, 2016). Likewise, P30 animals were chosen because their
response to KA injection is adult-like with neuronal injury and
the occurrence of spontaneous seizures. However, P30 might be
more accurately considered pubescence rather than adulthood
(Nitecka et al., 1984; Stafstrom et al., 1992).

2.2 Selection of patients and controls

From our database of surgical pathology samples, we
identified four patients who received surgical treatment for
MTLE between January 2006 and February 2008 at Children’s
Memorial Hospital and Northwestern Memorial Hospital in
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TABLE 1 Clinical information of temporal lobe epilepsy cases.

Patient ID Tissue analyzed Sex Age at operation
(years)

Al4 Neocortex F 9

Al6 Neocortex, Hipp F 68

A17 Neocortex, Hipp M 39

A21 Neocortex, Hipp M 34

1D, identification; Hipp, hippocampus.

TABLE 2 Clinical information of control cases.

Patient ID Age at death (years) Sex

Cl 15 F

C2 13 M

C3 8 M

C4 32 F

1D, identification; MV A, motor vehicle accident.

Chicago (Table 1). These patients all had intractable seizures
despite best medical therapy. Seizure semiology consisted of focal
impaired awareness seizures and bilateral secondarily generalized
tonic-clonic seizures. The diagnosis of MTLE was confirmed by
neuropathology and all patients received a full pre-operative
workup including magnetic resonance imaging (MRI),
(EEG) or video EEG, and

neuropsychiatry testing. Tissue samples of the hippocampus

electroencephalogram

and temporal lobe neocortex were extracted from the anterior
temporal lobectomy surgical specimens. The sample from one
patient did not contain enough hippocampal tissue for qRT-PCR,
leaving only three hippocampal tissues.

The control group was selected based on cause of death and
post-mortem interval (Table 2). The cause of death in all cases
was an acute, non-infectious, extracranial process. In order to
ensure good ribonucleic acid (RNA) quality, we used tissue only
from subjects with post-mortem intervals less than 10 h. Four
control tissue samples were obtained from the National Institute
of Child Health and Human Development (NICHD) Brain and
Tissue Bank for Developmental Disorders at the University of
Maryland, Baltimore. Tissues were collected and prepared
according to the protocols described on the NICHD Brain
and Tissue Bank website.

2.3 Hippocampal dissection and
preparation of RNA

Rats were sacrificed at 1, 6, 24, 72, and 240 h after seizure
induction (n = 12/time point per age group). Animals were
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Age of seizure History of Family history
onset (years) febrile seizures of epilepsy

7 Yes No

42 Yes Yes—2 children

7 No No

1.5 No Yes—Maternal uncle

Cause of death Post-mortem interval (hours)

Chest injuries—MVA
Asphyxia
Cardiac arrythmia

(S~ S BN}

Seroquel/alcohol intoxication

deeply anesthetized with isoflurane, decapitated, and the brains
were removed. Both hippocampi from each animal were rapidly
dissected, frozen in isopentane cooled with dry ice, and stored at
(0.15-0.2 g) were
homogenized in Trizol reagent® (Invitrogen, Carlsbad, CA,
United States) using a glass homogenizer (Wheaton
Industries, Millville, NJ, United States), and total RNA was

-80°C. Individual hippocampal tissues

isolated following the manufacturer’s protocol. RNA
concentration and purity was determined
spectrophotometrically by Gene QuantPro’ (Amersham

United States). For
microarray analysis, equimolar quantities of RNAs were

Biosciences GE, Piscataway, NJ,
pooled from four animals for each sample. Individual RNA
sample for qRT-PCR was treated with RNase-free DNase I
(Roche Diagnostics, Indianapolis, IN, United States) for
20 min at room temperature, followed by inactivation for
10 min at 75°C. All of the RNA samples for microarray and
qRT-PCR were further purified using RNA Easy Kit (Qiagen,
Valencia, CA, United States), according to the manufacturer’s
instructions, in order to remove any remaining genomic DNA
and salts.

Human samples were collected intra-operatively. The
hippocampus and temporal neocortex were immediately
dissected and frozen in isopentane cooled with dry ice.
RNA was extracted and prepared using the same technique
described above with the sole difference that RNA for
microarray studies consisted of samples from individual
patients rather than pooled RNA from several animals. For
each MTLE patient, temporal neocortex and hippocampal
samples were processed separately.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.969364

Erisken et al.

2.4 Microarray analysis

For the rat microarray experiments, we used the RG34A
high-density oligonucleotide Affymetrix Genechip arrays.
Three independent hybridizations were performed per
condition: Control, KA; 1, 6, 24, 72, and 240 h; P15, P30,
total of 60 profiles. Preparation of cRNA, array hybridization,
and scanning were performed by Microarray Consortium
(NINDS/NIMH) at TGEN (Phoenix, AZ).
Microarray Suite (v. 5.0) was used for probe-level analysis.

Affymetrix

The analysis relies on the interpretation of probe set
hybridization performance (pairs of 16 perfect match and
mismatch 25-mer oligonucleotides per probe set) as a measure
of whether
background and specific to the gene of interest. A signal

signal intensities are significantly above
value is produced that represents the relative level of
expression of a transcript. Additionally, the detection
algorithm uses probe pair intensities and assigns a present,
marginal, or absent call, after comparing with a predefined
threshold.

We included in our data analysis only those probe sets
that were present in at least two out of three samples in either
control or KA. In each time point, the selected genes
>4,000 out of 8,799. This threshold

effectively eliminated genes with low precision or those

are stringent
with expression levels too close to the background. We
used GeneSpring (v. 5.03) for normalizing data, selecting
genes for fold change and performing statistical group
comparison between control and KA to generate the p
value. We also used Significance Analysis of Microarrays
(SAM v. 1.21, Stanford University) for additional statistical
analysis, which generates a q value that reflects the false
discovery rate (Storey and Tibshirani, 2003). Select genes are
considered significant if p < 0.05 and g < 0.05 in at least one
time point.

For the human microarray experiments, we used the
Human Genome U133 Plus 2.0 Array. For each patient,
individual hybridizations were performed for each tissue
type, Three
hippocampal MTLE tissues, four temporal cortex MTLE

hippocampus and temporal neocortex.
tissues, and four control neocortical tissues were analyzed.
The preparation of cRNA, array hybridization, and scanning
were performed by the Microarray Consortium at TGEN as
described above.

The same probe-level analysis was applied to human
data. However, due to the fact that human arrays contain
more probe sets and that more sensitive algorithm was used
for detecting lower signal intensities, we included in our data
analysis only those probe sets that were present in all
samples. Still, more than 20,000 probe sets (out of 54,675)
passed the criteria in each comparison against control. The
genes were selected both by fold change (1.5) and by t-test

(p < 0.05).
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2.5 Real time reverse transcriptase
polymerase chain reaction

qRT-PCR was used for validation of both rat and human
The
84 inflammatory factors and MAPK related genes [including
MAPK kinase (MAPKK) and MAP kinase kinase (MKK)], five
housekeeping genes, three positive controls, and three reverse
transcription  controls the
RT2Profiler™PCRArray  (SuperArray Corp.,
Frederick, MD, United States). In addition to genes related to
the MAPK signaling pathway, this array profiles the expression of

microarray  results. levels of gene expression of

were  measured  using

Bioscience

transcription factors, Raf regulating proteins, MEK kinase 1
(MEKKI1) interacting proteins, cell cycle proteins regulated by
the extracellular-signal regulated kinase (ERK) 1/2 pathway, and
genes whose expression is induced by MAPK.

RT2Profiler "PCRArray is a qRT-PCR based and performed
in a 96-well plate. The RNA samples from animals and patients
were placed into individual RT2Profiler ™PCRArrays. First, 1 pug
of each RNA sample was converted to first strand cDNAs using
the RT2 First Strand Kit following the manufacturer’s user
manual. The ¢cDNA was added to the RT2 qPCR Master
Mixes containing SYBR Green. The mixtures were aliquoted
into 96-well plate containing pretreated gene specific primer sets.
The PCR reactions were performed using ABI Prism
7,500  system City, CA,
United States) with the following parameters; cycle 1
(1 repeat), 10 min at 95°C; and cycle 2 (40 repeats), 15s at
95°C and followed by 1 min at 60°C, and the data were collected
at 60°C.

The cycle threshold values (CT) for genes of interest were

(Applied Biosystems, Foster

first normalized to that of housekeeping genes, B-actin and/or
GAPDH, in the same sample and expressed as percentage of
controls. This normalized Ct (ACt) was used to compare control
vs. treated samples (AACt), which is then expressed as fold
change of gene amplification. The Student’s t-test (unpaired)
was used with the standard significance level of p < 0.05. Analysis
was performed using GraphPad Prism 4 (GraphPad Software,
LaJolla, CA, United States).

2.6 Database integration and classification
of genes

Several gene ontology databases were used to investigate the

functional importance of differentially expressed genes.
Functional analysis was performed in Mathematica 6.0.1 and
IL,
United States) using pattern matching capabilities and nine
online databases: Affymetrix NetAffxTM at www.affymetrix.

com/analysis/index.affx (Liu et al.,, 2003), GeneCards—human

Mathematica 7.0.0 (Wolfram Research, Champaign,

only at www.genecards.org (Safran et al.,, 2002; Stelzer et al.,
2008), NCBI Entrez Gene at http://www.ncbinlm.nih.gov/gene/
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(Maglott et al., 2005), KEGG pathway at http://www.genome.jp/
kegg/pathway.html (Kanehisa et al., 2002), Gene Ontology at
http://www.geneontology.org/ (Ashburner et al., 2000), AmiGO
at http://amigo.geneontology.org/cgi-bin/amigo/go.cgi, the Rat
Genome Database at http://rgd.mcw.edu/ (Twigger et al., 2007),
Panther at http://www.pantherdb.org/ (Thomas et al., 2003), and
the Pathway Interactions Database at http://pid.nci.nih.gov/
(Schaefer et al., 2009).

After retrieving the database information, Mathematica was
used to create a composite functional and pathway-related
database for significantly expressed genes and their aliases.
Human gene aliases and homologues were identified primarily
using GeneCards and secondarily using the Rat Genome
Database and NCBI Entrez Gene. Mathematica’s pattern
matching capabilities were then used to identify functional
and pathway groupings of the genes involved.

The composite database was created with code that searched
through various database files by gene name and alias and
all
gene across databases. Important functional and pathway

integrated unique ontological descriptions for each

ontologies were identified by two consecutive methods:
first,
identified and the occurrence of each ontological term in

consistently ~reappearing ontological terms were
the composite database was then counted. Functional and
pathway-related gene groupings were then created with
code that searched through the ontological descriptions by
user-defined key words (i.e. “inflammation,” “inflammatory
response”).

The gene expression data analyzed through GeneSpring and
SAM was then transferred into Mathematica. Mathematica then
reorganized the data by group (P15, P30, Controls), gene name,
time-point of expression, and functionality. Programming code
also generated line graphs and tables to reflect the data. Line
graphs of gene expression levels were fitted using second order

interpolation for ease of visualization.

2.7 Pathway analysis

Initial results and data analysis pointed to a significant role of
MAPKs in KA-SE. Consequently, pathways involving MAPK
genes were analyzed from several perspectives. MAPK pathways
have been described as continuously variable switches dependent
on various factors with multiple upstream and downstream
pathways feeding into the primary MAPKs: ERK, p38 and Jun
N-terminal kinase (JNK). A single gene may be implicated in
multiple pathways, therefore one association may not be more
“correct” than the other. We picked our pathways in the spirit of
“modular biology” (Hartwell et al., 1999; Bruggeman et al., 2002;
Ingolia and Murray, 2007), still acknowledging that canonical
representations of discrete and linear signaling transduction
systems may not be suitable models, especially in response to
highly deleterious stimuli.
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We analyzed MAPK related cascades into 13 component
pathways: ERK, Growth Factor Signaling, Ras/Rab, p38, Rho/
Rac/Cdc42, JNK, p53, TGF-f, TNF-a, JAK/STAT, Wnt, NF-
kB, and PI3K/AKT. Although genes differentially expressed
in P15 or P30 were annotated with numerous pathways, only
pathways with uniquely expressed genes were selected. Each
gene was assigned a pathway set—i.e., according to the
databases, a gene was associated with the regulation and/or
transduction of one or more of the 13 component pathways.
Single-pathway associated genes were organized and
analyzed separately from multiple-pathway associated
genes. Genes classified as transcription factors and/or co-
factors or transcriptional regulators were analyzed as well.
Finally, genes associated with regulation of pathways,
MAPKKKs,

identified and analyzed.

phosphatase, and kinase activity were

2.8 Immunohistochemistry

Immunohistochemistry was performed on horizontal
sections of rat brain using antibodies to CD74 or Hsp70
(DAKO, Glostrup, Denmark). Sections were mounted on
premium microscope slides (Fisher Scientific, Pittsburgh, PA),
fixed in paraformaldehyde and incubated with anti-CD74 or
anti-Hsp70 at 4°C overnight, followed by a biotinylated
secondary anti-IgG, using a previously published method
(Koh et al., 1999). The sections were then treated with HRP-
conjugated streptavidin. Specimens were then examined under
light microscopy.

3 Results

3.1 Higher magnitude and longer duration
of gene expression in response to KA-SE
at P30

A total of 517 genes were differentially expressed (>2-fold
change, p < 0.05, q > 0.05 or <0.5-fold change, p < 0.05, q > 0.05)
in P15 (n=198) and P30 (n = 454) hippocampi at 1, 6, 24, 72 and
240 h after seizure induction compared to PBS injected control
littermates (Figure 1A). More genes were differentially expressed
at higher magnitudes in P30 compared P15 (Figure 1B);
135 genes were commonly expressed in P15 and P30
(Figure 1C). Differential gene expression remained below 50-
fold change in P15 while it exceeded 100-fold in P30. By 72 h,
only three genes (S100a4, Ccnc, Kcna4) were above baseline in
P15, while marked gene upregulation persisted in P30 (n = 48,
72 h; n = 43, 240 h) throughout the 10 days. At each time point,
more genes were upregulated in P30 (n =57,1 h;n=155,6 h;n=
196,24 h; n=48,72 h; n=43,240 h) than P15 (n=31,1 h; n =99,
6h;n=9224h;n=3,72h).
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Time-and age-dependent gene regulation in rat hippocampus after KA-SE. (A) Venn Diagrams of all differentially expressed genes (fold

change > 2, p < 0.05, g < 0.05). While majority of genes (135/198, 68%) in P15 are also expressed in P30, many genes (319/454, 70%) are expressed
only in P30. (B) Log-linear plots of differential gene expression (fold change) of all significant genes 1-240 h after KA. Data points are indicated by
black circles. Lines, each representing a single gene, were fitted using second order interpolation for ease of visualization. (C) Log-linear plots of

differential gene expression of common genes between P15 and P30.

Although many genes were upregulated at only a single time
point in both age groups (n = 118, P15; n = 186, P30), more genes
were upregulated for a longer time in P30 compared to P15. In
P15, only five genes have extended time-courses of upregulation:
Ania-2, Ania-4, Bdnf and Nptx2 were upregulated 1-24 h, and
S100a4 was upregulated at 24 and 72 h. In P30, 41 genes were
upregulated for an extended time (3 or more time points) and
28 genes were upregulated at both 24 and 72 h. Remarkably,
Mt2a, Hspbl, Lgals3, Lox, and Spp1 are all upregulated 6-240 h.

A similar pattern was observed in downregulated genes (n =
31, P15; n =137, P30). In P15, downregulation took place only at
6 (n=6) and 24 h (n = 25), while downregulation in P30 occurred
at1,6,24,and240h (n=4,1h;n=71,6 h;n=71,24h; n = 2,
240 h). In P15, all genes were downregulated for only a single
time point. For P30 animals, nine genes (Adrald, Dbp, Dcn,
Gucyla, Hnmt, Htr5b, Kit, Neurodl, Pklb) were downregulated
at 6 and 24 h.

3.2 Microarray findings of inflammatory
response

Figure 2A compares fold change in expression between the

microarray and quantitative RT-PCR results among a few
representative genes in rats at P30. The relative expression
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levels between the various genes are preserved between
microarray and RT-PCR. Similarly, Figure 2B compares fold
changes in expression for a selected group of genes between the
same two methods of amplification. Gene expression is shown for
both temporal neocortex and hippocampal tissues. Fold changes
were often higher in the qRT-PCR than in microarray, likely
reflecting a greater linear dynamic range afforded by qRT-PCR.
Marked differences in fold change between microarray and RT-
PCR may also be due to sampling differences. Each value in
microarray represents an average of 12 animals (pooled RNAs
from four animals, three independent hybridizations) whereas
only an individual sample was run in qRT-PCR (RNA samples
were not pooled).

Figure 2C shows all genes significantly upregulated in the
P30 animals at 10 days after KA-SE. A large proportion of
upregulated genes at this time point are inflammatory in
nature and many of these are expressed at high levels,
highlighting the importance of the immune response in the
brain’s response to seizures.

In order to compare the seizure-induced inflammatory
response in P15 with that of P30, all inflammatory genes were
graphed over time (Figure 2D). Many more genes are
upregulated to significant levels in P30 compared to P15.
Furthermore, P30 also shows more prolonged and higher
levels of expression of inflammatory genes.
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Time- and age-dependent expression of inflammatory genes after KA-SE: gRT-PCR validation and human data correlation. (A) Fold change in
expression in select inflammatory genes: comparison between the microarray and gRT-PCR results in rats at P30. (B) Fold change in expression in
select inflammatory genes: comparison between the microarray and quantitative RT-PCR results in human. T, temporal lobe; H, hippocampus. (C)
Inflammatory genes comprised a significant proportion of persistently upregulated genes at 240 h after KA-SE in P30. Red dots represent
inflammatory genes. Green dots represent non-inflammatory genes. (D) Summary graph of the time course of fold change in inflammatory genes.
Note the inflammatory genes remain significantly elevated at 240 h only in P30 rats.

3.3 Time and age dependent regulation of
inflammatory markers

3.3.1 Microglial and astrocyte activation

To understand the differential pattern of activation
among different CNS cell types, we focused our attention
to cell-specific markers (Figure 3A). GFAP and vimentin are
intermediate filaments that have traditionally been used to
investigate astrocyte activation (Eng and Ghirnikar, 1994).
The S100 group of proteins bind calcium and are involved in
a large number of cellular functions. S100B is classically used
as an astrocyte marker but S100a4 has been found to be
involved in cellular migration and is upregulated specifically
in white matter astrocytes after CNS injury (Kozlova and
Lukanidin, 2002). We found that astrocyte activation in
P30 rats peaked at 24h after KA-SE and remained
elevated through the 10-day time point. In contrast,
P15 rats have lower levels of astrocyte activation at all
time points and the upregulation of astrocyte markers was
largely complete by 72 h.
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Aif-1 is a marker of microglial activation, which is
upregulated in response to CNS injury (Schwab et al., 2001).
Osteopontin (Spp-1) is secreted by a subpopulation of activated
microglia in response to a variety of insults, including stroke and
systemic KA administration (Ellison et al., 1998; Kim et al., 2002).
In the P15 animals, Spp-1 expression is only significantly
upregulated at the 24 h time point, while Aif-1 is not
significantly upregulated at any time point. the
P30 animals, Spp-1 upregulation peaks at 24 h after KA-SE
but is significantly upregulated from 6 to 240 h. Aif-1
upregulation in P30 animals is delayed, with increased

In

expression only at 72 and 240 h.

3.3.2 Cytokines and eicosanoid pathways
Cytokine genes are significantly elevated only in the
P30 animals (Figure 3B). IL-1B and IL-6 gene expression are
increased at 6 h after KA-SE. The IL-18 gene is upregulated in a
biphasic manner, with significant increase at 24 and 240 h after
KA-SE. Lipopolysaccharide-induced TNF factor, LITAF, is a
transcription factor for TNF-a. It is upregulated to modest
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levels at 24 h. The TNF receptor type 1 and the TGF- receptor
type 1 are also upregulated to modest levels in the P30 animals at
24 h after KA-SE.

Eicosanoid production begins with the conversion of
phospholipids or diacylglycerol into arachidonic acid by
A2. COX-2 the
conversion of arachidonic acid into an intermediate, which

Phospholipase Downstream, catalyzes
results in the production of Prostacyclin, Thromboxane
A2 and a variety of prostaglandins. We saw upregulation of
PLA2G4A, a cytosolic phospholipase A2 isozyme, at 6 and 24 h

only in P30 rats. However, COX2 is upregulated in both P15 and
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P30 animals. In the P15 group, COX2 expression is increased
1 and 6 h after KA-SE while in the P30 group, COX2 expression
is of higher intensity and longer duration, peaking at 1 h but
persisting through 24 h.

3.3.3 Chemokines

There was a dramatic upregulation of chemokine expression
in both P15 and P30 (Figure 3C). In P15 rats, Ccl2 is only
significantly upregulated at the 6 and 24 h time points, peaking at
6 h. However, in P30 rats it is upregulated at all but 240 h,
peaking at 24 h. Cxcl10, Ccl3 and Ccl4 are upregulated in the
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FIGURE 4

Genes significantly upregulated in the hippocampus and lateral temporal neocortex of patients with MTLE. Inflammatory genes were classified
into 10 groups: microglia and astrocyte markers, Cytokines, Chemokines, Eicsanoid Pathway, Complement, Proteases, Immune Receptors, Adhesion
Molecules, Annexins and heat shock proteins (HSP). *Genes also upregulated in the rat KA model of MTLE. Reproduced with the permission from the

author (SK), J Child Neurology 2018. vol 33 (1) 64-72.

P30 animals at 6 h after KA-SE. The product of the gene
Scg2 is a neuropeptide which can be modified to produce
secretoneurin. Scg2 is upregulated only at 6 h after KA-SE in
P15 animals, while in P30 animals Scg2 is upregulated at both
1 and 6 h.

3.3.4 Adhesion molecules

The tetraspanins are a large family of scaffolding membrane
proteins that function in cell adhesion, motility, activation, and
proliferation (Figure 3D). This group includes CD9, CD37,
CD53, and CD63. In P15 rats, the tetraspanins CD9, CD53,
and CD63 are upregulated at 24 h. P30 animals also show an
increase in the expression of CD9 and CD62 at 24 h after KA-SE
followed by a late upregulation of CD37 and CD53 at 72 and
240 h after KA-SE.

Cadherin 22, an adhesion molecule which is primarily
expressed in brain tissue, is only upregulated in the P30 group
at 24 h. Celsr3 is a seven-pass transmembrane cadherin primarily
involved in neuron-neuron adhesion and the inhibition of
neurite outgrowth (Shima et al,, 2007). This molecule, along
with integrin a7, show an interesting pattern of expression. They
are upregulated at 24 h in P15 animals while downregulated at
6 h after KA-SE in the P30 group.

Other adhesion molecules are also known to function in
leukocyte recruitment and extravasation. ICAM-1 is transiently
expressed in the P15 group only at 6 h. However, in the
P30 group, ICAM-1 showed a prolonged upregulation, reaching
significance at 6 and 24h. CD44 expression is increased to
significant levels in both P15 and P30 animals at the 6 and 24 h
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time points but it reaches much higher levels of expression in
P30 animals at 24 h after KA-SE.

3.4 Mesial temporal lobe epilepsy in
humans

Several genes were significantly upregulated in the
hippocampus and lateral temporal neocortex of patients
with MTLE (Figure 4). Many of the same genes are
upregulated in the KA-SE rat model of MTLE and
hippocampal tissue from patients with MTLE. With the
exception of HSPs, the human hippocampus data generally
includes a larger number of significantly upregulated genes
than the rats within each category. A particularly glaring
the
upregulation of a large number of genes involved in the

difference between our human and rat data is
activation of the adaptive immune system only in MTLE
patients. This includes immune receptors such as CD4,
CD22, CD38, CD58, CD69, CD84, CD86, CD99, CD109,
and CDI162. Of note, only HLA-DRA is graphed as a
member of the MHC II group of gene but we also find
significant upregulation of HLA-DQA1/2, HLA-DPAI,
HLA-DPBI1, HLA-G, HLA-DOA, HLA-C, HLA-DMB, HLA-
DRB1/3/4, HLA-DMA, HLA-B, and HLA-A. A smaller subset
of genes from each category is also upregulated in the lateral
temporal neocortex in addition to the hippocampus. In all
these cases, expression in the neocortex was lower than in the
hippocampus.
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genes associated with MAPK signaling in P15 and P30 animals across all time points. Significantly expressed genes are more numerous in P30 than in
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with mitochondrial processes (3/7, P15; 6/21, P30) and glial activation/differentiation (3/8, P15; 5/14, P30). (C) Venn Diagrams of differentially
expressed genes belonging to MAPK Signaling (fold change > 2, p < 0.05, q < 0.05). While majority (70.5%) of genes in P15 are also expressed in P30,
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Data points are indicated by black circles. Lines, each representing a single gene, were fitted using second order interpolation for ease of
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3.5 Functional distribution of differentially
expressed genes and MAPK signaling
pathway: The most abundant functional
groups

After database integration (see Section 2.6), we performed an
inclusive ontological survey of all differentially expressed genes in
both age groups across all 5 times points (Figure 5A). MAPK
signaling (n = 61, P15; n = 122, P30), comprising a total of
140 differentially expressed genes, was the largest functional
group identified. The groups

differentially expressed are associated with inflammation,

next largest of genes

immune responses (n = 57, P15; n = 108, P30), and cell cycle
and proliferation (n = 57, P15; n = 109, P30). Genes related to
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transcription (n = 54, P15; n = 88, P30), synaptic events (n = 33,
P15; n = 84, P30), calcium signaling (n = 34, P15; n = 90, P30) and
apoptosis (n = 35, P15; n = 69, P30), were also differentially
expressed in both P15 and P30 animals. Although none of these
groups are as large in MAPK, they have all been previously
implicated as potential epileptogenic alterations (Pitkanen et al.,
2007; Pitkanen et al., 2009).

We next investigated the overlap between MAPK signaling
and putative epileptogenic events such as inflammation,
neuronal activity, and glial activation. Within functionally
relevant genes, we identified those associated with MAPK
signaling (Figure 5B). Although all groups identified are
present in both P15 and P30, P30 differentially expressed
across all functional groups.

more genes Many genes
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associated with each process are also involved in MAPK
signaling.

Figure 5C summarizes the number of genes associated with
MAPK signaling in P15 and P30 animals across all time points.
Again, more genes were differentially expressed at higher
magnitudes for longer time courses after KA in P30 compared to
P15 (Figure 5D). All MAPK genes returned to baseline by 72 h in
P15 while they remained upregulated (n = 13, 72 h; n = 10, 240 h) in
P30. MAPK genes differentially expressed in both age groups (n =
43) were expressed at higher magnitudes over longer time courses in
P30 (Figure 5E). Notable examples included: Ccl2 (peak = 47.2 fc,
6 h), Timpl (peak = 30.6 fc, 24 h), Spp1 (peak = 7.8 fc, 24 h), and
Hspbl (peak = 40.4 fc, 24 h) were all upregulated only at 6 and 24 h
in P15 animals. In P30, however, Ccl2 (peak = 74.0 fc, 24 h) and
Timpl (peak = 71.4 fc, 24 h) were upregulated 1-72h, and Sppl
(peak = 31.0fc, 24h) and Hspbl (peak = 41.3fc, 24h) were
upregulated 6-240h. Similarly, Ret (2.88fc, 6h) and Cd74
(10.85 fc, 24 h) were both upregulated at single time points in
P15, while in P30, Ret (peak = 5.68 fc, 6 h) was upregulated at 6,
24 and 240 h and Cd74 (peak = 45.6 fc, 240 h) was upregulated at
24 and 240 h.

The age-dependent nature of our study introduced a risk that
our results were confounded by developmental differences. To
account for this possibility, we compared the gene expression
profiles of P30 controls (treated with PBS instead of KA) with
P15 controls (see Section 2.4). 117 genes were differentially
expressed between age groups (fold change >2, p < 0.05, q <
0.05) 1-24 h after PBS injection; 35 of these genes were also
differentially expressed in either P15 or P30 at 1, 6, 24, 72 or
240 h after KA-SE (data not shown). Amongst the 117 genes
differentially expressed between PBS injected P15 and P30,
23 were associated with MAPK signaling. Only 9 of the
23 MAPK genes differentially expressed between P15 and
P30 controls were also differentially expressed in response to
KA-SE in either P15 or P30. This is in stark contrast to the
140 genes differentially expressed in P15 or P30 after KA-SE.

To investigate how baseline differences in gene expression may
affect gene expression after seizure induction, we examined the
relative abundance of mRNA for these 9 genes in P15 and
P30 controls and compared them to seizure-induced changes in
expression in P15 and P30 (Table 3). Changes in gene expression in
response to seizure were diverse in both age groups and independent
of baseline differences in relative mRNA signal. This suggested that
differences in changes observed in MAPK gene expression profiles
between P15 and P30 (after KA-SE) were age-dependent differences
in seizure response rather than an artifact of development.

3.6 Pathway-based distribution of
differentially expressed MAPK genes

Genes are annotated in online databases by pathways as well
as functions such as “apoptosis.” Annotations include both
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pathways (e.g. “p53 signaling pathway”) as well as regulatory
schemes (e.g. “positive regulation of I-kB kinase/NF-«kB
cascade”).

Many pathways were associated with the differentially
expressed genes found in our study. For simplicity, we
reduced MAPK signaling networks into 13 pathways: ERK,
Growth Factor Signaling, Ras/Rab, p38, Rho/Cdc42/Rac, JNK,
p53, TGF-B, TNF-a, JAK/STAT, Wnt, NF-«B, and PI3K/AKT.
These 13 were chosen according to a single criterion: each
pathway contained least one unique gene differentially
expressed in P15 or P30 after KA-SE (see Section 2.7).
Reduction of MAPK signaling into 13 component pathways
excluded 6 genes which were not annotated with any specific
pathway in the databases. 5 of these genes were differentially
expressed in P15 and 5 were differentially expressed in P30.
Although these 6 genes were expressed differently in P15 and
P30, additional inclusion of these genes (data not shown) did not
affect the overall patterns of the data presented below.

A total of 134 genes in P15 (n = 56) or P30 (n = 117) are
annotated with the 13 pathways, and 80 of these genes (n = 33,
P15; n = 69, P30) are annotated with only a single pathway. Even
though single-pathway annotated genes constitute the majority
of the genes expressed in P15 and P30, the majority of genes
annotated within a given pathway (in P15 and P30) are annotated
with multiple pathways (Table 4).

Although cellular signaling pathways are traditionally
characterized as discrete and separate, the vast amount of
crosstalk among them makes separation into causal
relationships difficult. Whether crosstalk between pathways is
the rule or the exception still remains unclear. Furthermore, an
emerging idea of signaling pathways comprising a network,
which together is responsible for cellular decisions, is starting
to eclipse the prior understanding of discrete, linear, and separate
pathways. Against this backdrop, we examined different kinds of
associations and considered single-pathway annotated and

multiple-pathway annotated genes separately.

3.7 Single-pathway associated genes

The most studied MAPK families are ERK, p38 and JNK
(Morrison, 2012). While these MAPKs respond to a variety of
stimuli and there is a considerable amount of crosstalk between
them (Shen et al.,, 2003; Fey et al., 2012), they initiate exquisitely
specific cellular responses and have traditionally been split
between the classical (the first discovered) MAPK ERK and
the stress activated protein kinases (SAPKs), p38 and JNK.
With regard to epileptogenesis, ERK has been associated with
synaptic remodeling and plasticity while p38 and JNK tend to be
associated with immune and inflammatory responses (Gautam
et al, 2021). It should be noted that these delineations are
oversimplifications and cellular responses may often involve
concerted action across interacting pathways (Liu, 2011;
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TABLE 3 Relative baselines of mRNA signal and qualitative changes in gene expression amongst MAPK genes differentially expressed between P15 and
P30 controls and differentially expressed in P15 or P30 after kainic acid induced status epilepticus (KA-SE).

Gene Phosphate-buffered saline
Relative mRNA signal
Bdnf P15 > P30
Hmgcr P15 > P30
Gadd45a P15 > P30
Prkaa2 P15 > P30
Fkbplb P15 > P30
Cat P15 > P30
Camk2a P30 > P15
Itprl P30 > P15
Pdk1 P30 > P15

Kainic acid

P15 P30
Upregulated Upregulated
Upregulated Upregulated
Upregulated Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated

RNA, ribonucleic acid; MAPK, mitogen-activated protein kinase; BDNF, brain-derived neurotrophic factor; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; GADD45A, growth
arrest and DNA damage inducible o; PRKAA2, protein kinase AMP-activated catalytic subunit a2; FKBP1B, FKBP prolyl isomerase 1B; CAT, catalase; CAMK2A, calcium/calmodulin
dependent protein kinase Ila; ITPR1, inositol 1,4,5-trisphosphate receptor type 1; PDK1, pyruvate dehydrogenase kinases 1; P, postnatal.

TABLE 4 Thirteen representative pathways for differentially expressed genes in P15 and P30 after KA-SE.

Pathway P15 P30
All genes Single pathway All genes Single pathway

ERK 1/2 9 3 14 5
Growth Factor 18 9 25 9
Ras/Rab 10 3 19 5
P38 12 1 19 5
Rho/Cdc42/Rac 4 0 11 4
JNK 8 0 16 3
P53 12 3 25 5
TGF-p 17 3 23 6
TNE-a 0 0 8 4
NE-kB 13 5 20 8
Wt 6 2 22 5
JAK/STAT 5 3 10 5
PI3K/AKT 5 1 13 5

P, postnatal; ERK, extracellular signal-regulated kinase; JNK, Jun NH,-terminal kinase; TGF-p, transforming growth factor-B; TNF-a, tumor necrosis factor a; NF-kB, Nuclear factor kappa
B; JAK/STAT, janus kinase-signal transducer and activator of transcription; PI3K, phosphoinositide 3-kinases.

Kyriakis and Avruch, 2012; Gautam et al., 2021). Stress related
pathways had a different distribution in P15: there were no TNF-
a annotated genes and almost no single-pathway annotated genes
for p38, JNK, and Rho/Cdc42/Rac (Table 4). To investigate this
further, we grouped the single-pathway annotated genes based on
their MAPK families: Classical (ERK1/2, Growth Factor, Ras/
Rab), SAPK (p38, Rho/Cdc42/Rac, JNK, p53, TGF-f, TNF-a),
and Other (NF-xB, Wnt, JAK/STAT, PI3K/AKT).

There were more single-pathway annotated genes within the
Classical (n = 15) or Other (n = 11) families than SAPK (n=7) in
P15 animals. This was in contrast to P30, where more SAPK
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genes (n = 27) were expressed than either Classical (n = 19) or
Other (n = 23) families. Among genes differentially expressed in
both P15 and P30, there were less SAPK (n = 4) genes
differentially than Classical (n = 11) or Other (n = 7).

Figure 6 plots the single-pathway annotated gene expression
profiles of P15 (left column) and P30 (right column) by Classical,
SAPK, and Other family groupings. To discriminate between
1 and 6h, time is presented in log scale. Genes differentially
expressed in both age groups are traced in gray, while genes solely
in P15 are traced in blue and in P30 traced in red. More genes
were differentially expressed at more time points with higher
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FIGURE 6

Log-Log plots of differential gene expression (fold change) of
single-pathway associated genes amongst Classical, SAPK and
Other family groupings. Data points are indicated by black circles.
Lines, each representing a single gene, were fitted using

second order interpolation for ease of visualization. Genes
differentially expressed in both P15 (left column) and P30 (right
column) are indicated in gray; Genes differentially expressed only
in P15 are blue and only in P30 are red.

magnitudes in P30 than P15 across all three family groupings.
This difference was most striking amongst Other families. In
P15 animals, Classical (Cyr62, Bdnf, Rasl11b) and SAPK (Ptgs2)
began to be activated 1 h after KA-SE and all genes returned to
baseline by 72 h, while Other genes were differentially expressed
at 6 and 24 h alone.

Classical, SAPK and Other were all differentially expressed
1-240 h in P30 animals. Most Classical genes were upregulated
within 24h (n=5,1h;n =9, 6 h; n = 7, 24 h) and most SAPK
genes were upregulated 24 h and beyond (n = 15, 24 h; n = 7,
72h; n = 5, 240h). Additionally, most Classical genes
upregulated within 24 h in P30 were also upregulated in P15,
while most SAPK genes upregulated at 24 h and beyond in
P30 were not differentially expressed in P15. To investigate
what kinds of interactions may be accompanying the
overactivation of single-pathway annotated genes in SAPK
and Other groupings in P30, we turned our attention to
multiple-pathway annotated genes.
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Pathway array plots for multiple-pathway annotated genes

plot the number of genes annotated with any two pathways. (A)
General label for all plots. Pathways are arranged (1 = ERK1/2...
13 = PI3K/AKT) by Classical, SAPK and Other families, and

boxes are drawn to indicate pathways are in the same family (intra-
family v. inter-family). Upregulated genes are filled in on the upper
triangle in a shade of orange, and downregulated genes are filled in
on the lower triangle in a shade of blue. (B) Pathway array plots for
(4 or less)—pathway annotated genes differentially expressed at 1,
6 and 24 hiin P15 and P30 animals. (C) Pathway array plots for (5 or
more)—pathway annotated genes differentially expressed at 1,6
and 24 h in P15 and P30 animals.
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3.8 Multiple-pathway annotated genes

Forty one percent of both P15 (n = 23/56) and P30 (n = 48/
117) pathway-annotated genes were associated with a variable
number (2-7) of multiple pathways. For example, NF-kBI,
upregulated in P15 (2.15fc, 6h), is annotated with both
“TGF-B signaling pathway” and “NF-xB cascade.” Fos,
upregulated in both P15 (6.87fc, 1h; 16.8fc, 6h) and P30
(29.1fc, 1 h; 24.8fc, 6 h; 5.82 fc, 24 h), is annotated with four
different pathways: “activated by p38 MAPK signaling,”
“activated by classical MAPK signaling” (also known as ERK),
“TGF-p signaling pathway,” and growth factor signaling (“nerve
growth factor pathway (NGF)” and “PDGEF signaling pathway,”
“PDGFR-a signaling pathway”).

In both age groups, multiple-pathway annotated genes were
downregulated only 6 (1 = 1, P15; n = 5, P30) and 24 h (n = 2,
P15; n = 5, P30), and upregulated 1 (n = 7, P15; n = 11, P30), 6
(n=15,P15; n =25, P30) and 24 (n = 7, P15; n = 21, P30) hours
after KA-SE. Only Ccl2 (5.31 fc, 72 h) and Sppl (7.37 fc, 72 h;
5.56 fc, 240 h) were differentially expressed after 24 h in P30
(plots not shown). All downregulated genes in P15 and 9 out
of 10 downregulated genes in P30 are annotated with only
2 pathways.

To use pathway annotations as a window into possible
pathway interactions, we devised pathway array plots
(Figure 7A). These display the number of upregulated (upper
triangle) and downregulated (lower triangle) genes annotated
with any two pathways (1 = ERK1/2... 13 = PI3K/AKT). Since
the array plot is two-dimensional, a single gene associated with
2 pathways fills in 1 square, 3 pathways fill in 3 squares,
4 pathways fills in 6 squares, and n pathways fills in n choose
2 squares. Due to the large number of squares filled in for a single
gene annotated with 5, 6 or 7 pathways (n = 7, P15; n = 10, P30)
compared to genes annotated with 2 (n = 10, P15; n = 23, P30), 3
(n=2,P15;n=28,P30) or 4 (n=4, P15; n =7, P30) pathways, we
looked at them separately (Figures 7B,C).

Differences between P15 and P30 are clearer amongst genes
annotated with 4 or less pathways (Figure 7B). Particularly, in
P30 animals, downregulation of genes annotated with multiple
pathways at 6 h was followed by increased upregulation at 24 h.
At 1h, P15 and P30 pathway plots are comparable. At 6 h, the
major difference between the age groups is that downregulated
genes in P30 (Dact2_predicted, Kit, Mtch2_predicted, Plcb4,
Ralbpl, RGD1565616_predicted) are annotated with pathways
spanning Classical, SAPK and Other families; in contrast, the
number of downregulated genes spanning more than 1 pathway
is limited to one coordinate for P15. By 24 h, P15 pathway array
plot is sparser for upregulated genes compared to P15 6h.
Downregulated genes (Agt, Inha) are still in the Classical and
SAPK region. This is in contrast to P30, where downregulated
genes (Agt, Faim2, Kit, Plcbl, Prkec) continue to span all three
families. Although upregulated genes in the array plot are sparser
within the SAPK box, they are denser for the Other regions.
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Within the first 24 h, all 5, 6, or 7-pathway annotated genes were
upregulated in both age groups. Pathway array plots of P15 and
P30 are both dense and comparable: at 1 h, only TNF-a, JAK/
STAT and PI3K/AKT have no annotations, and by 24 h, only
TNF-a has no annotations (Figure 7C).

3.9 Regulation of pathways—Kinases and
phosphatases

Next, we were interested in how the MAPK pathways may be
regulated differently between P15 and P30 animals. As
mentioned earlier (Section 2.4), pathway annotations will
sometimes include regulatory schemes. We isolated genes
annotated to regulate the 13 pathways (e.g. “regulation of Wnt

» <«

receptor signaling pathway,” “regulation of Ras protein signal
transduction”), and separated those explicitly annotated as
“positive” or “negative” (e.g. “negative regulation of JNK
cascade”) regulators. Genes annotated as both positive and
negative regulators of the same pathway were not included as
“positive” or “negative” regulators and, instead, were grouped as
“general” regulatory genes (Figure 8A).

Nearly a third of all pathway-annotated genes in both P15
(n =18/56) and P30 (n = 39/119) were regulatory. Most of these
regulatory genes only regulated a single pathway (n = 16, P15; n =
35, P30), even amongst multiple-pathway associated genes. Like
the expression patterns for previous groupings, genes annotated
as regulating pathways were more numerous and expressed for
longer time courses with higher magnitudes in P30 animals. The
robust gene induction occurs within 72 h, while a few genes
persist at 240 h. This expression pattern is especially evident
amongst genes classified as positively regulating a pathway. In
P15 animals, positive regulators were upregulated only at 6 h
(Cited2, 6.57 fc; Hmox1, 2.43 fc; Jak2, 5.23 fc; Ret, 2.88 fc; Sgk,
2.62fc) and 24h (Cd74, 10.85fc; Tbkl, 2.41 fc), while in
P30 animals, positive regulators were upregulated throughout
all 10 days of the study. In addition, all genes upregulated in
P15 at 6 h were also upregulated in P30, and remained so for
longer time courses. For example, Hmox1 is upregulated at 6
(10.3 fc) and 24 h (7.26 fc), and Ret is upregulated at 6 (2.99 fc),
24 (5.68 fc) and 240 h (2.12 fc) after KA-SE.

Rgs4 (2.11 fc, 6 h), which negatively regulates ERK signaling,
was the only negative regulator differentially expressed in
P15 and the only such negative regulator upregulated in P30
(3.83 fc, 1 h; 6.69 fc, 6 h). Interestingly, this earlier activation of a
negative regulator of ERK in P30 (compared to P15) precedes
later activation at 240 h of positive regulators of ERK, Ret
(2.12 fc) and Cd74 (45.6 fc).

Additionally, we found four genes (n = 2, P15; n = 4, P30),
which regulate multiple pathways (Figure 8B): Agt (“positive
regulation of p38” and “positive regulation of classical MAPK”),
Scg2 (“negative regulation of JNK cascade” and “positive
regulation of TGF-B receptor signaling pathway”), IL-1p
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FIGURE 8

Log-Log plots of differential gene expression (fold change). Lines, each representing a single gene, were fitted using second order interpolation

for ease of visualization. (A) Log-Log plots of differential gene expression (fold change) of genes regulating pathways. Most genes differentially
expressed in P15 (left) and P30 (right) only regulate a single pathway, even amongst multiple-pathway annotated genes. (B) Log-Log plots of
differential gene expression (fold change) of genes regulating pathways. Only four genes differentially expressed in P15 or P30 were annotated

as regulating multiple pathways. (C) Log-Log plots of differential gene expression (fold change) of phosphatases and kinases in P15 (left) and P30
(right). (D) Log-Log plots of differential gene expression (fold change) of positive regulators of phosphatases and kinases.
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(“positive regulation of p38 MAPK cascade” and “positive
regulation of JNK cascade”) and Nup62 (“regulation of Ras
protein signal transduction,” “positive regulation of epidermal

»

growth factor receptor signaling pathway,” “positive regulation of
i-kB kinase/NF-kB cascade”). Of the genes regulating multiple
pathways, those differentially expressed in both P15 and
P30 were expressed at lower levels than those that were only
expressed in P15 or P30.

We were surprised to find that dual specificity protein
phosphatases (Dusps), which are key inactivators of MAPK
cascades, were not included as negative regulators of any of
our pathways. To pursue the question of how phosphatases and
kinases may be expressed and regulated differently among all
MAPK signaling genes (n = 140), we isolated genes involved with
phosphatase and kinase activity (Figures 8C,D). Within these
genes, we found that 1) some were regulators of kinase and
phosphatase activity and 2) some were associated specifically
with MAPKKK cascades. All of the MAPKKK associated
phosphatases were dual specificity protein phosphatases
(Duspl, P15; Duspl, Dusp5 and Dusp6, P30).

Although most differentially expressed genes coding for
phosphatases and kinases were not associated with
MAPKKKs, we see an interesting temporal relationship in
both age groups (Figure 8C): Dusps are activated before
MAPKKK-related kinases (Ret and Mapkl4, P15; Ret,
Mapkapk3, Map3k12, P30) and other phosphatases. Similar to
what we saw in the array plots and within our pathway regulators,
increased Dusp activation earlier in P30 is followed by increased
MAPKKK-related kinase activation later (Ret).

The greatest difference between P15 and P30 is across the
non-MAPKKK kinases. These kinases are activated earlier and
span 1-240 h in P30 but are restricted to 6 and 24 h in P15.
However, when we look at the regulators of kinases and
phosphatases, we see that the most striking difference between
P15 and P30 is across the positive regulators of MAPKKK-

annotated kinases (Figure 8D).

3.10 Verification

We verified our microarray data in several ways. First, we
performed qRT-PCR. Second, we stained for proteins
(HSP70 and CD74) coded by two highly expressed genes in
P30. Lastly, we performed microarray analysis on tissue collected
from hippocampi
intractable MTLE.

of human patients with medically

3.10.1 Real time reverse transcriptase
polymerase chain reaction verifies microarray
data for P30 at 24 h

Out of the 84 genes present in the Superarray qRT-PCR
array, 61 were also present in the Affymetrix Microarray.
Nineteen out of these 61 genes were significantly regulated in
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P30 microarray data at 24 h (p < 0.05, q < 0.05). 15 out of these
19 genes also showed a similar trend in the qRT-PCR data, and
7 of these reached statistical significance, 5 of which were over 2-
fold change (Figure 9A).

An additional 16 genes showed statistical significance in our
qRT-PCR data, which were not present in our microarray. These
included cyclins (Ccnal, Ccna2, Cenbl, Ccnb2) and cyclin
dependent kinase and inhibitors (Cdk2, Cdknla, Cdkn2c).
Also, we saw MAP2Ks, their activators (Map2klipl, Map2k2,
Map2ké6) and Map3k4. Furthermore, ERK5 showed differential
expression at 24 h, suggesting that the fourth prototypical MAPK
pathway is also differentially regulated after seizures. Finally,
there were Stratifin (which activates MMP1 through p38 and
c-fos), Smad4 (which is involved in TGF-f signaling),
Rplpl and E2fI.

3.10.2 Immunohistochemistry

Hsp70 immunohistochemistry in the rat hippocampus
paralleled expression profiles of Hsp 70 in microarray
analysis. No difference in Hsp 70 immunoreactive cells are
noted between KA and PBS controls in P15 animals, whereas
Hsp 70 immunoreactive cells are clearly visible only 24 h after
KA-SE in P30 animals (Figure 9B). There appears to be
developmental upregulation of Hsp 70 at P15 with subsequent
downregulation of Hsp gene expression at P30. Thus, there was
no significant changes in Hsp 70 gene expression after KA-SE in
P15 at any time point sampled, while Hsp70 (Hspala, Hspalb)
was differentially expressed in P30 animals at 1 (28.5fc), 6
(129.6 fc), and 24 (54.8 fc) hours after KA-SE. It is worth
noting that Hsp70 was one of the most upregulated genes,
likely reflecting gene induction, at all 3 time points sampled
in P30 animals.

We stained for CD74 in P15 and P30 animals at both 24 and
240 h after PBS or KA injection. Immunohistochemistry for
CD74 also paralleled changes seen in microarray. 24 h after
KA-SE, but not in PBS controls, P15 hippocampi showed
staining for CD74. There were some CD74 immunoreactive
cells in P30 hippocampi in PBS controls and there appeared
KA-SE 9C). No
immunoreactive cells were found 240 h (10 days) after KA-SE

more staining in animals  (Figure
and PBS in P15 animals (P25 at the time of sacrifice). In contrast,
P30 animals injected with KA showed considerable
CD74 staining 240 h after KA-SE (Figure 9D). Although only
the hippocampi are pictured in Figure 9, we saw marked
increases in CD74 staining throughout all cortical areas 240 h
after KA-SE in P30 animals. CD74 is differentially expressed in
P15 (10.85 fc) exclusively 24 h after KA-SE. CD74 is slightly
upregulated at 24 h (2.84 fc) but it is one of the most highly

upregulated genes 240 h after KA-SE in P30 animals (45.6 fc).
3.10.3 Human microarray data on MAPK pathway

Microarray analysis of transcriptional regulation in the
hippocampus of human patients diagnosed with temporal lobe
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FIGURE 9
Verification of MAPK pathway genes found in animal experiments. (A) gRT-PCR verification of microarray data of some differentially expressed
MAPK pathway genes 24 h after KA-SE in P30 animals. (B) Hippocampal sections stained for Hsp70. High magnification (x20) view of CAl subfield
24 h after KA-SE at P15 and P30 [(i) P15 PBS; (ii) P15 KA; (iii) P30 PBS; (iv) P30 KA. Notice robust Hsp 70 immunoreactivity in P15, undetectable in
control P30, and induction by KA-SE at 24 h in P30. (C) Hippocampal sections stained for CD74 24 h after KA-SE [(i) P15 PBS; (ii) P15 KA; (iii)
P30 PBS; (iv) P30 KA. (D) Hippocampal sections stained for CD74 240 h after KA-SE [(i) P15 PBS; (i) P15 KA; (iii) P30 PBS; (iv)P30 KA.
CD74 immunoreactive cells are most notable in P30 240 h after KA-SE. (E) MAPK pathway genes found in microarray analysis of hippocampus from
patients with MTLE superimposed on MAPK pathway genes found in rats after KA-SE. Human genes: open square = single-pathway associated gene;
star = multiple-pathway associated gene. Rat genes: filled circle = single-pathway associated gene; filled triangle = multiple-pathway associated
gene.
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epilepsy showed several similar changes in expression of the
MAPK associated pathways analyzed in rats (Figure 9E). Several
common genes were differentially regulated in both human and
rat, with overlap between Classical, SAPK, JAK/STAT, NF-KB,
and WNT groupings. The Classical and MAPK groupings
showed the most notable changes. Most of the genes
differentially regulated (particularly >5-fold change) belonged
to either Classical or SAPK groupings. NF-kB, JAK/STAT, and
WNT also showed changes, with NF-kB showing the highest
proportion of upregulated genes among those differentially
expressed. Notably, all pathways were both up and down
regulated.

4 Discussion

Our first goal was to elucidate the multifaceted immune
responses induced by seizures in KA-SE rat models of MTLE and
in patients treated surgically for intractable MTLE. We found
many common proinflammatory genes upregulated in both rat
and human tissue. Some significant differences exist likely
because we are comparing temporally discrete gene
expressions changes after KA-SE in rats with chronic changes
in the MTLE patients who have been exposed to recurrent
seizures over many years. It should also be noted that our
human control tissues were neocortical tissue while the
experimental tissues consist of epileptogenic hippocampal
tissue and lateral temporal neocortex. Many of the same genes
were upregulated in neocortex and the
but to a

hippocampus, lending support to the idea that many of the

the temporal

hippocampus higher level in epileptogenic
same inflammatory processes occur in both areas after
exposure to chronic seizures. Similarly, higher, and sustained
levels of inflammatory genes were expressed in P30 rat
hippocampi while lower and transient inflammatory responses
were noted in P15 rat hippocampi. Temporal pattern of changes
in immune gene regulation provided important information.
Acute early changes were activity-regulated transcription
(IEGs) of

modulating signaling cascade, pathways and protein networks

factors and immediate-early genes capable
downstream. These transcriptional changes in inflammatory
genes in the mature brain (twice more compared to the
immature brain) initiate genomic responses that may underlie
long-term modification of neuronal physiology. Thus, prolonged
seizure activity is translated via gene expression regulation into
lasting cellular changes underlying epileptogenic process.

the

responses

dual

long-term

Many immune molecules in brain have

functions—acute inflammatory and
modulation of synaptic activity. The nonspecific inflammatory
damage and the more specific modulation of synaptic strengths
both have potential to increase cortical excitability. This process
seems to be driven primarily by glial cells. The activation of

microglia and astrocytes in response to seizure activity is well
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documented in rats (Shapiro et al., 2008) and gliosis is one of the
classic neuropathologic findings in human MTLE. We confirm
that glial activation persists over 10 days after status epilepticus in
mature rats (Somera-Molina et al,, 2007), and demonstrate a
similar robust glial activation in both the hippocampi and the
lateral temporal neocortex of MTLE patients. We saw
persistently high levels of GFAP, Vimentin, and S100B,
(astrocyte markers) as well as marked upregulation of both
osteopontin and Aif-1, the markers of microglial activation.

IL-1p has been considered the main mediator of innate
immune system activation in response to seizures. IL-1p and
its receptor are found in neurons, astrocytes, and microglia. Both
activated microglia and astrocytes produce IL-1p within hours of
seizures, but prolonged production is maintained by astrocytes
(Ravizza et al,, 2008). In addition to IL-1B, we identified several
other cytokines that may propagate the cycle of glial activation.
Cytokine upregulation in rats peaked between 6 and 24 h after
KA-SE correlating with the peak of glial activation. It is
interesting to note that IL-18 expression increased again at
the 10-day time point in P30 rats, likely a result of continued
microglial activation. IL-1p and IL-18 were also upregulated in
the human hippocampus while IL-6 expression was only
increased in rats. IL-1f is the only cytokine also upregulated
in the lateral temporal neocortex, highlighting its central role in
epilepsy. IL-18 is a cytokine of the IL-1P family which is
expressed by microglia after KA-induced excitotoxic damage
(Jeon et al., 2008). IL-6 is produced by a variety of cells but
astrocytes are the dominant source. It has both protective and
damaging action including neuroprotection from glutamate
toxicity and induction of neurotrophic, inflammatory, and
other immune molecules (Van Wagoner and Benveniste,
1999). TNF-a functions in synaptic scaling in addition to
promoting inflammation (Stellwagen and Malenka, 2006). It is
produced by glia in response to changes in synaptic activity and is
necessary for increasing synaptic strength by stimulating cell-
surface expression and clustering of AMPA receptors. LITAF is a
transcription factor that positively regulates the NF-«kB pathway
and increases expression of TNF-a. LITAF and TNF-a were
upregulated in both rats and human tissue.

The of
microglia, monocytes, and other immune cells also plays a

chemokine-mediated recruitment astrocytes,
central role in the inflammatory response to seizures. We
demonstrated extremely high levels of chemokine expression,
which generally peaked at 6 h after KA-SE in rats, with the
exception of Ccl2, was complete by 24 h. These genes seem to
play important roles in the innate as well as the adaptive
immunity. The alpha chemokines include Cxcl10, IL-8, and
Cxcl2. Cxcll0 was only upregulated in rats while IL-8, and
Cxcl2 were only upregulated in our human tissue. Cxcl10 is
produced by a variety of cell types, including neurons (Klein
et al., 2005), astrocytes, and microglia (Ren et al., 1998). In
addition to its functions in the chemotaxis of T-lymphocytes,
natural killer cells, and monocytes, Cxcll0 causes astrocyte
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chemotaxis when upregulated in response to cortical ischemia
(Wangetal., 1998). The other two significantly upregulated alpha
chemokines in human tissue, IL-8 and Cxcl2, function primarily
to stimulate neutrophil chemotaxis and extravasation (Zhang
et al.,, 2001). The beta chemokines, which include Ccl2, Ccl3, and
Ccl4, are produced by astrocytes and microglia. They work to
increase the migratory response of microglia and monocytes
(Peterson et al., 1997). When Ccl2 is overexpressed in the CNS of
transgenic mice, it also seems to recruit peripheral monocytes
and T lymphocytes (Bennett et al., 2003). To summarize, rats
exposed to status epilepticus primarily upregulate the beta
chemokines, which function in the chemotaxis of monocytes,
microglia, and lymphocytes. However, CXCL10 also shows a
modest upregulation. Human hippocampal tissue showed the
upregulation of both alpha and beta chemokines, including
chemokines with activity on neutrophils and astrocytes. Some
of these genes were also upregulated in the lateral temporal
neocortex. The broader chemokine profile of the human tissues
may be due to continued seizure-induced damage over long
periods of time.

Secretoneurin is produced by endoproteolytic processing of
Secretogranin II and is found in a variety of neuroendocrine
tissues. Its functions include promoting the chemotaxis and
extravasation of neutrophils and monocytes (Kahler et al,
2002). In addition, secretoneurin is a chemoattractant protein
for endothelial cells, promotes angiogenesis, and stimulates
neurite growth in cerebellar granule cells (Fischer-Colbrie
et al, 2005). It is also upregulated in the cortical tissue of
mice in response to experimentally induced ischemia and
seems to have neuroprotective properties (Shyu et al, 2008).
Secretogranin II was upregulated in our rat hippocampal tissue
with a similar temporal profile as the chemokines.

COX-2 is the rate-limiting enzyme in the production of
thromboxane A2 and a variety of prostaglandins. It is one of
the key molecules bridging synaptic plasticity and inflammation.
A variety of studies have found that COX-2 is expressed at high
levels in the normal cortex and hippocampus but also
upregulated in response to synaptic activity and seizures
(Yang and Chen, 2008). The expression of COX-2 is regulated
by NMDA receptor-dependent synaptic activity (Yamagata et al.,
1993) and its function is necessary for the induction of long-term
potentiation in hippocampal dentate granule cells (Chen et al.,
2002). We demonstrate high levels of COX-2 expression in
human and rats acutely after seizures. In the human tissue,
there was significant upregulation in both hippocampal tissue
and the temporal neocortex. The COX-2 produced by cortical
tissue in response to seizure activity may induce subsequent
inflammatory responses, which in turn may cause increased
cortical excitability and further inflammation. Different forms
of Phospholipase A2, which also function in promoting
inflammation through the eicosanoid pathway, were also
upregulated in both the human and rats but their function in
the CNS has not been thoroughly investigated.
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A wide variety of adhesion molecules were upregulated in
both our human and rat tissue. These seem to fall broadly into
two categories, those that affect neurite outgrowth and those that
have more general immune functions. CD44 binds hyaluronan
and is thought to be involved in a variety of inflammatory
processes (Pure and Cuff, 2001). It is ubiquitously expressed
on leukocytes as well as parenchymal cells and functions in
leukocyte recruitment, cell-matrix interactions, cell migration,
and induction of inflammatory gene expression. In addition to
these roles in immunity, CD44 also functions in axonal
pathfinding during development (Lin and Chan, 2003) and
high levels of expression have been correlated to mossy fiber
sprouting after status epilepticus in mice (Borges et al., 2004).
Inhibition of CD44 activity seems to inhibit mossy fiber
sprouting in organotypic hippocampal slices exposed to
kainite (Bausch, 2006). CD44 was strongly upregulated in the
rat hippocampus, peaking at 24 h after KA-SE, a similar time
course to mossy fiber sprouting. It was also upregulated in the
human TLE hippocampus and temporal lobe neocortex. Celsr
proteins are neuron-neuron adhesion molecules that also
function in axonal pathfinding during development (Tissir
et al, 2005). Gene silencing experiments demonstrate that
Celsr3 inhibits neurite outgrowth, while Celsr2 stimulates it
(Shima et al,, 2007). In adult rats, Celsr3 is one of the few
molecules to be significantly downregulated in the period up to
24h after KA-SE, suggesting the therapeutic potential of
Celsr3 in preventing the formation of aberrant synaptic
called TAG-1, is
immunoglobulin superfamily member expressed by neurons,

connections. Contactin 2, also an
which promotes neurite outgrowth (Furley et al., 1990). It is
anchored onto the neuronal membrane, and also secreted into
the extracellular space where it may function as a substrate
adhesion molecule. Expression of Contactin 2 was only
significantly increased in the human MTLE patients. The
tetraspanins, a group of cell-surface adhesion molecules,
have a multitude of roles in cell motility, integrin-
dependent cell adhesion, cell proliferation, apoptosis, tumor
metastasis, and in organizing cell surface signal transducing
complexes, or microdomains (Hemler, 2005). Leukocytes
contain up to 20 different tetraspanins, which interact with
a variety of immune molecules, including CD4, CD8, Fc
receptors, MHC I, and MHC II molecules (Tarrant et al,
2003). The tetraspanins upregulated in rat, CD9, CD37, CD53,
and CD63 are found T-cells,

macrophages, and granulocytes. These molecules showed an

in B-cells, monocytes/
interesting pattern of expression. CD37 and CD53 are
upregulated primarily at the late 72 h and 240 h time
while the other peaked at 24h,
suggesting a multiphasic immune response. Our human

points tetraspanins
MTLE data also demonstrates upregulation of CD9 and
CD53 in addition to Tetraspanins 6, 8, and 15. This group
of molecules may also contribute the tissue-leukocyte
interactions that lead to immune system activation.
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Other adhesion molecules found to be expressed in rats and
human function in leukocyte extravasation. They tend to be
upregulated in response to inflammatory cytokines and are found
either on leukocyte membranes or endothelial surfaces. These
include L-selectin, ICAM-1, and the integrins. Recent studies
demonstrate that molecules such as ICAM-1, VCAM-1, and
selectins are upregulated in response to seizure activity and
that disruption of their interactions with leukocyte receptors
such as integrins prevents BBB breakdown and leukocyte
extravasation (Fabene et al., 2008). Further highlighting the
therapeutic potential of disrupting the inflammatory response
to seizures, disruption of leukocyte extravasation led to decreased
frequency of seizures after pilocarpine-induced SE. A number of
receptors that function in the adaptive immune system were also
upregulated in our experiments. This may suggest a breakdown
in the BBB and infiltration of peripheral leukocytes. Indeed,
chronic expression of IL-1p in the mouse brain leads to blood
brain barrier breakdown, expression of CCL-2, and a dramatic
infiltration of neutrophils, T-cells, macrophages, and dendritic
cells (Shaftel et al., 2007; Xu et al, 2018). Chronic IL-1P
expression leads to neutrophil infiltration of the hippocampus
persisting up to 1 year due to activation of the CXCR2 receptor.
Histopathologic examination of surgical specimens from
children with intractable epilepsy also shows BBB disruption
due to an angiopathy of capillaries and arterioles (Hildebrandt
et al., 2008).

Another important goal of our research was to delineate
some of the differences in status epilepticus-induced gene
expression changes between mature and immature rats.
P15 rats have increased seizure susceptibility in response to
electrical stimulation (Moshe and Albala, 1983). Similarly,
systemic injections of KA causes more severe seizures and a
higher rate of death in immature rats but they are paradoxically
less susceptible to the development of convulsions later in life
(Okada et al., 1984). Furthermore, immature rats are much more
resistant to neuronal death, mossy fiber sprouting, and the
synaptic reorganization that alters the electrophysiological
properties of the hippocampus (Haas et al., 2001). Our data
showed a peak in expression of both astrocyte and microglial
markers at 24 h after KA-SE in mature as well as immature rats.
However, the upregulation of these markers in immature rats was
largely terminated by 72 h, whereas the mature rats have higher
peak expression levels and upregulation is significantly
prolonged, lasting through the 240 h time point. We propose
that temporal expression difference may be responsible for the
increased damage and epileptogenesis seen in mature animals.
We also observed a dramatic discrepancy between cytokine,
chemokine, complement, and protease expression between
these groups. The increased seizure susceptibility seen in
immature animals may be due to active synaptogenesis and
synaptic plasticity in young nervous system, but seizures
without the prolonged inflammatory responses do not seem to
produce the long-term changes seen in mature animals.
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MAPK signaling comprised the largest functional grouping
for genes differentially expressed in P30 and for genes
differentially expressed in P15 (Figure 5A). These genes were
also associated with other processes (e.g., inflammation, synaptic
plasticity) previously observed to change during the latent period,
suggesting that differential regulation of MAPK signaling may
underlie such functional alterations in older animals (Figure 5B).
Using online databases, we found that MAPK genes differentially
expressed in response to seizures in P15 or P30 fell into
numerous canonical signaling schemes, which we reduced to
13 component pathways (Growth Factor, Ras/Rab, ERK, p38,
JNK, Rho/Rac/Cdc42, TGF-B, TNF-a, NF-kB, Wnt, JAK/STAT,
PI3K/AKT) based on the criterion that each pathway contained a
unique gene. After this simplification, most genes expressed in
P30 or P15 were associated with only a single pathway. However,
most genes within any given pathway were still associated with
multiple pathways, suggesting that genes differentially expressed
in response to seizures (P15) and during the latent period (P30)
can participate in multiple canonical signaling cascades. This
may allow such genes to act as central regulatory hubs, whose
dysregulation can have propagating effects across the signal
transduction network. Compared to P15, P30 animals also
showed marked increases in genes participating in positive
regulation at multiple levels of signal transduction: at the level
of pathways (Figures 8A,B), at the level of transcription (Figure 6)
and at the level of MAPKKK cascades (Figure 8D). Additionally,
increases in downregulation at P30 precede increases in
of
(Figure 7B), and increases in negative regulation of ERK

upregulation multiple-pathway ~ annotated  genes
signaling precede increases in positive regulation of ERK
signaling (Figures 8A,B). This is consistent with the idea that
transcriptional feedback into MAPK signaling during the latent
period produces a positive feed-forward loop, as we see drastic
increases in positive regulation coupled with negative regulatory
elements precipitating positive regulation.

Another striking difference between the age groups was
unmasked by splitting up our pathway related genes based on
MAPK family groupings (i.e,, SAPK and Classical). We found
that most of the genes in both P30 and P15 animals that belonged
exclusively to one of the Classical pathways (ERK, Ras/Rab,
Growth Factor) were commonly expressed across age groups
and expressed within the first 24 h (Figure 6). At around 24 h,
genes belonging exclusively to one of the SAPK pathways (p38,
JNK, Rho/Rac/Cdc42, TGF-f, TNF-a), on the other hand, act
differently between the age groups. Particularly, we saw genes
exclusively expressed in P30 animals were upregulated and
remained upregulated for the entire sampled period of
10 days. This, coupled with the late and persistent activation
of genes which serve as glial markers and glial activators (5§1004a,
Ccl2, Sppl, Aif-1), may suggest a network disturbance spanning
multiple signaling schemes across multiple cell types, which
together propagate a persistent over-activation of transcription
in epileptic P30 animals.
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Our data support that chronic epileptic state and
spontaneous recurrent seizures after KA-SE emerge from a
systemic disruption of signal transduction networks across
multiple canonical pathways. At the level of transcription, our
data suggests this disturbance is propagated by over activation in
the direction of feed-forward loops onto MAPK signaling
pathways. Studies looking at phosphorylation of p38, JNK and
ERK signaling have described different time courses of
expression from each other as well as across cell types and
hippocampal regions (Gass, 1999; Mielke et al, 1999; Jeon
et al., 2000; Berkeley et al., 2002; Brisman et al., 2002; Ferrer
et al., 2002; Choi et al., 2003; Kim S. H. et al., 2004; Kim S. W.
et al,, 2004; Jiang et al., 2005; Houser et al., 2008). However, the
results of these experiments have been inconsistent across
different models of epilepsy, and even in the same model.
Though attributed to methodological differences, this may
suggest that seizure-induced directional changes in the
regulation of MAPK pathways are not consistently
predictable. It is plausible that widespread dysregulation
with

nonlinear properties may rely more on changes in network

across dynamically modular networks emergent
dynamics, and less on specific genes or species. We propose
that chronic spontaneous recurrent seizures after KA-SE
result from a systemic disruption of signal transduction
networks across multiple pathways affecting multiple cell
types.

MAPK pathways are composed of several different families
with different signaling motifs and crosstalk between pathways
which can activate or deactivate each other in a context
dependent manner (Shen et al., 2003; Aksamitiene et al., 2012;
Fey et al., 2012). All of our 13 pathways have previously been
linked to various models of epilepsy, and the potential
crosstalk between them has been discussed elsewhere
(Gautam et al,, 2021). Though the role of interaction and
crosstalk between pathways still are not well understood,
studies suggest that under non-pathological conditions one
way of gaining signal specificity and maintaining robustness
in signaling transduction systems is through molecular
species acting to mutually inhibit one another (Natarajan
et al., 2006; McClean et al., 2007), and that most potential
interactions between molecules are not realized, limiting
cellular responses to discrete subsets of ligands and
pathways to enhance specific cellular functions (Hsueh
et al,, 2009). Our data suggests that in P30 animals, the
crosstalk between pathways as well as the pathways
themselves are overactivated. Particularly, in comparison
to P15 animals, P30 animals have sustained overactivation
and further expression of genes specific to P30 across all
pathway families (Figures 6-8). We propose sustained
of
especially those in our SAPK grouping, may be recruiting

overactivation multiple  crosstalking  pathways,

instead of inhibiting crosstalking species. This “leakage,”
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instead of maintaining signal specificity, results in a

diverse array of cellular responses, culminating in
epileptogenesis.

Single-cell transcriptomics have identified cell-specific
changes related to plasticity and inflammation, particularly in
interneuron and glial populations (Pfisterer et al., 2020; Kumar
et al,, 2022). Potential central regulators explaining glial genes
expressed during epileptogenesis are directly upstream and
regulate several MAPK pathways (Kalozoumi et al, 2018).
Interestingly, reports of MAPK related changes in the
extracellular matrix (Han et al, 2019) may also suggest that
signaling  transduction  networks  perturbed  during
epileptogenesis operate across cells, especially in neuron-glial
interactions. For example, microglia in the dentate gyrus, shortly
after SE, have increased IGF-1 expression, mediated by CREB
(Choi et al,, 2008) and likely MAPK signaling (Labandeira-
Garcia et al, 2017; Wu et al, 2018). Two days post SE,
reactive microglia near the subgranular zone (SGZ) drop IGF-
1 to drive cellular proliferation via ERK in the SGZ (Choi et al.,
2008).

There are limitations when comparing gene expression
profiles in an acute rat model to human epileptic brains.
While we emphasized the commonality between rat and
human data, showing that the same inflammatory genes are
persistently upregulated in P30 hippocampi and human epileptic
tissue, distinct classes of genes uniquely expressed in rats or
humans are noteworthy. Heat shock proteins were uniquely
upregulated in rats during the first 24h after KA-SE.
Conversely, adaptive immune system activation is noted only
in human tissue. These differences reflect acute reactive changes
in gene expression in the rat KA-SE model compared to the
chronic epileptic state in humans. The body responds to
recurrent seizures over time: breakdown of blood brain barrier
occurs and immune cells from periphery infiltrate into the brain
in chronic epilepsy (Xu et al.,, 2018). Given this limitation of
comparing an acute epileptogenic insult model (KA-SE) to
chronic epilepsy, it is remarkable to see many inflammation-
related genes and the same MAPK pathway genes altered in
parallel in both rats and humans. Our findings thus provide
clinical relevance and credence to our preclinical time-course
gene expression profiling.

In summary, we demonstrated significant changes in
hippocampal gene expression in MAPK signaling pathways
after prolonged seizures and identified potential role of
dysregulated SAPK and p38 MAPK in pathogenesis unique to
P30. We also demonstrated significantly higher levels of
the
hippocampus compared to the lateral temporal neocortex of
patients with MTLE. Age- and time-dependent differential
after KA-SE further

demonstrated that chronic, persistent and active inflammation

inflammatory gene upregulation in epileptogenic

regulation of inflammatory genes

occur only in epileptic P30 animals while transient inflammation
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is observed in P15 animals that show no cell death and no
spontaneous recurrent seizures. This observation suggests a
of
epileptogenesis. Under normal physiologic conditions, the

critical role chronic active neuroinflammation in
immune system likely subserves many of the functions
necessary for proper synaptic scaling and so must be
responsive to synaptic activity. When appropriately activated
and deactivated, inflammation benefits the host defense response
by removing damaged cells and promoting repair and recovery.
However, prolonged seizures appear to inappropriately activate
the immune system leading to sustained, out of control
inflammation. This uncontrolled inflammation can exacerbate
neuronal injury and cause immediate damage to the brain and
long-term changes in brain structure by stimulating neurite
outgrowth and the formation of aberrant synapses, thus

promoting epileptogenic process.

Data availability statement

The datasets generated for this study are available upon
request to the corresponding author.

The datasets are also available at the Microarray Consortium
(https://www.ncbi.nlm.nih.gov/), accession numbers GSE1834
and GSE1831, and at TGEN (Phoenix, AZ).

Ethics statement

The studies involving human participants were reviewed and
approved by the Northwestern University, Feinberg School of
Medicine. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin. The
animal study was reviewed and approved by the Northwestern
University, Feinberg School of Medicine.

References

Aksamitiene, E., Kiyatkin, A., and Kholodenko, B. N. (2012). Cross-talk between
mitogenic Ras/MAPK and survival PI3K/Akt pathways: a fine balance. Biochem.
Soc. Trans. 40, 139-146. doi:10.1042/BST20110609

Albala, B. J., Moshe, S. L., and Okada, R. (1984). Kainic-acid-induced
seizures: a developmental study. Brain Res. 315, 139-148. doi:10.1016/0165-
3806(84)90085-3

Arthur, J. S, and Ley, S. C. (2013). Mitogen-activated protein kinases in innate
immunity. Nat. Rev. Immunol. 13, 679-692. doi:10.1038/nri3495

Ashburner, M., Ball, C. A, Blake, J. A, Botstein, D., Butler, H., Cherry, J. M., et al.
(2000). Gene ontology: tool for the unification of biology. The gene ontology
Consortium. Nat. Genet. 25, 25-29. doi:10.1038/75556

Avishai-Eliner, S., Brunson, K. L., Sandman, C. A., and Baram, T. Z. (2002). Stressed-
out, or in (utero)? Trends Neurosci. 25, 518-524. doi:10.1016/s0166-2236(02)02241-5

Babb, T. L., Kupfer, W. R,, Pretorius, J. K., Crandall, P. H., and Levesque, M. F.
(1991). Synaptic reorganization by mossy fibers in human epileptic fascia dentata.
Neuroscience 42, 351-363. doi:10.1016/0306-4522(91)90380-7

Baek, H,, Yi, M. H,, Pandit, S., Park, J. B., Kwon, H. H., Zhang, E,, et al. (2016).
Altered expression of KCC2 in GABAergic interneuron contributes prenatal stress-

Frontiers in Cell and Developmental Biology

23

10.3389/fcell.2022.969364

Author contributions

SK conceived and designed the study. GN and SE drafted the
manuscript. JK performed breakpoints verification. GN, SE, and HC
participated in the data analysis. SE, GN, HC, JK, and SK reviewed
and edited the manuscript and contributed to the discussions. GN
and SK participated in clinical data collection. SK supervised the
study. All authors reviewed and approved this submission.

Acknowledgments

We thank Ms. Minjung Kim for her technical support.

Funding

This study was supported by NIH/NINDS ROINS073768.

Conflict of interest

The 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.

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.

induced epileptic spasms in infant rat. Neurochem. Int. 97, 57-64. doi:10.1016/j.
neuint.2016.05.006

Baulac, S., Gourfinkel-An, I, Nabbout, R., Huberfeld, G., Serratosa, J., Leguern, E.,
et al. (2004). Fever, genes, and epilepsy. Lancet. Neurol. 3, 421-430. doi:10.1016/
S1474-4422(04)00808-7

Bausch, S. B. (2006). Potential roles for hyaluronan and CD44 in kainic acid-
induced mossy fiber sprouting in organotypic hippocampal slice cultures.
Neuroscience 143, 339-350. doi:10.1016/j.neuroscience.2006.07.037

Bencurova, P., Baloun, J., Hynst, J., Oppelt, J., Kubova, H., Pospisilova, S., et al.
(2021). Dynamic miRNA changes during the process of epileptogenesis in an
infantile and adult-onset model. Sci. Rep. 11, 9649. doi:10.1038/s41598-021-
89084-9

Bennett, J. L., Elhofy, A., Canto, M. C,, Tani, M., Ransohoff, R. M., and Karpus, W.
J. (2003). CCL2 transgene expression in the central nervous system directs diffuse
infiltration of CD45(high)CD11b(+) monocytes and enhanced Theiler’s murine
encephalomyelitis virus-induced demyelinating disease. J. Neurovirol. 9, 623-636.
doi:10.1080/13550280390247551

Berkeley, J. L., Decker, M. J., and Levey, A. 1. (2002). The role of muscarinic
acetylcholine receptor-mediated activation of extracellular signal-regulated kinase

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1042/BST20110609
https://doi.org/10.1016/0165-3806(84)90085-3
https://doi.org/10.1016/0165-3806(84)90085-3
https://doi.org/10.1038/nri3495
https://doi.org/10.1038/75556
https://doi.org/10.1016/s0166-2236(02)02241-5
https://doi.org/10.1016/0306-4522(91)90380-7
https://doi.org/10.1016/j.neuint.2016.05.006
https://doi.org/10.1016/j.neuint.2016.05.006
https://doi.org/10.1016/S1474-4422(04)00808-7
https://doi.org/10.1016/S1474-4422(04)00808-7
https://doi.org/10.1016/j.neuroscience.2006.07.037
https://doi.org/10.1038/s41598-021-89084-9
https://doi.org/10.1038/s41598-021-89084-9
https://doi.org/10.1080/13550280390247551
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.969364

Erisken et al.

1/2 in pilocarpine-induced seizures. J. Neurochem. 82, 192-201. doi:10.1046/j.1471-
4159.2002.00977.x

Binder, D. K., and Steinhauser, C. (2006). Functional changes in astroglial cells in
epilepsy. Glia 54, 358-368. doi:10.1002/glia.20394

Blumcke, 1., Zuschratter, W., Schewe, J. C., Suter, B., Lie, A. A., Riederer, B. M.,
et al. (1999). Cellular pathology of hilar neurons in Ammon’s horn sclerosis.
J. Comp. Neurol. 414, 437-453. doi:10.1002/(sici)1096-9861(19991129)414:4<437::
aid-cne2>3.0.co;2-3

Blumcke, L, Pauli, E., Clusmann, H., Schramm, J., Becker, A., Elger, C,, et al.
(2007). A new clinico-pathological classification system for mesial temporal
sclerosis. Acta Neuropathol. 113, 235-244. doi:10.1007/s00401-006-0187-0

Borges, K., Mcdermott, D. L., and Dingledine, R. (2004). Reciprocal changes
of CD44 and GAP-43 expression in the dentate gyrus inner molecular layer
after status epilepticus in mice. Exp. Neurol. 188, 1-10. doi:10.1016/j.
expneurol.2004.03.019

Briellmann, R. S., Berkovic, S. F., Syngeniotis, A., King, M. A., and Jackson, G. D.
(2002). Seizure-associated hippocampal volume loss: A longitudinal magnetic
resonance study of temporal lobe epilepsy. Ann. Neurol. 51, 641-644. doi:10.
1002/ana.10171

Brisman, J. L., Rees Cosgrove, G., and Cole, A. J. (2002). Phosphorylation of P42/
P44 MAP kinase and DNA fragmentation in the rat perforant pathway stimulation
model of limbic epilepsy. Brain Res. 933, 50-59. doi:10.1016/s0006-8993(02)
02304-1

Brooks-Kayal, A. R., Shumate, M. D., Jin, H., Rikhter, T. Y., and Coulter, D.
A. (1998). Selective changes in single cell GABA(A) receptor subunit
expression and function in temporal lobe epilepsy. Nat. Med. 4, 1166-1172.
doi:10.1038/2661

Bruggeman, F. J., Westerhoff, H. V., Hoek, J. B., and Kholodenko, B. N. (2002).
Modular response analysis of cellular regulatory networks. J. Theor. Biol. 218,
507-520. doi:10.1016/50022-5193(02)93096-1

Chen, C., Magee, J. C., and Bazan, N. G. (2002). Cyclooxygenase-2 regulates
prostaglandin E2 signaling in hippocampal long-term synaptic plasticity.
J. Neurophysiol. 87, 2851-2857. doi:10.1152/jn.2002.87.6.2851

Choi, J. S., Kim, S. Y., Park, H. ], Cha, J. H,, Choi, Y. S., Kang, J. E., et al. (2003).
Upregulation of gp130 and differential activation of STAT and p42/44 MAPK in the
rat hippocampus following kainic acid-induced seizures. Brain Res. Mol. Brain Res.
119, 10-18. doi:10.1016/j.molbrainres.2003.08.010

Choi, Y. S, Cho, H. Y., Hoyt, K. R., Naegele, J. R., and Obrietan, K. (2008). IGF-1
receptor-mediated ERK/MAPK signaling couples status epilepticus to progenitor
cell proliferation in the subgranular layer of the dentate gyrus. Glia 56, 791-800.
doi:10.1002/glia.20653

De Simoni, M. G., Perego, C., Ravizza, T., Moneta, D., Conti, M., Marchesi, F.,
et al. (2000). Inflammatory cytokines and related genes are induced in the rat
hippocampus by limbic status epilepticus. Eur. J. Neurosci. 12, 2623-2633. doi:10.
1046/j.1460-9568.2000.00140.x

Dixit, A. B., Banerjee, J., Srivastava, A., Tripathi, M., Sarkar, C., Kakkar, A., et al.
(2016). RNA-seq analysis of hippocampal tissues reveals novel candidate genes for
drug refractory epilepsy in patients with MTLE-HS. Genomics 107, 178-188. doi:10.
1016/j.ygeno.2016.04.001

Ellison, J. A., Velier, J. J., Spera, P., Jonak, Z. L., Wang, X., Barone, F. C,, et al.
(1998). Osteopontin and its integrin receptor alpha(v)beta3 are upregulated during
formation of the glial scar after focal stroke. Stroke 29, 1698-1706. discussion 1707.
doi:10.1161/01.str.29.8.1698

Eng, L. F,, and Ghirnikar, R. S. (1994). GFAP and astrogliosis. Brain Pathol. 4,
229-237. doi:10.1111/j.1750-3639.1994.tb00838.x

Engel, J., Jr.International League Against Epilepsy ILAE (2001). A proposed
diagnostic scheme for people with epileptic seizures and with epilepsy: report of the
ILAE task force on classification and terminology. Epilepsia 42, 796-803. doi:10.
1046/j.1528-1157.2001.10401.x

Engel, J. J. (2006). Report of the ILAE classification core group. Epilepsia 47,
1558-1568. doi:10.1111/j.1528-1167.2006.00215.x

Fabene, P. F., Navarro Mora, G., Martinello, M., Rossi, B., Merigo, F., Ottoboni, L.,
etal. (2008). A role for leukocyte-endothelial adhesion mechanisms in epilepsy. Nat.
Med. 14, 1377-1383. doi:10.1038/nm.1878

Ferrer, I, Blanco, R., Carmona, M., Puig, B., Dominguez, I, and Vinals, F. (2002).
Active, phosphorylation-dependent MAP kinases, MAPK/ERK, SAPK/JNK and
p38, and specific transcription factor substrates are differentially expressed
following systemic administration of kainic acid to the adult rat. Acta
Neuropathol. 103, 391-407. doi:10.1007/s00401-001-0481-9

Fey, D., Croucher, D. R, Kolch, W., and Kholodenko, B. N. (2012). Crosstalk and
signaling switches in mitogen-activated protein kinase cascades. Front. Physiol. 3,
355. doi:10.3389/fphys.2012.00355

Frontiers in Cell and Developmental Biology

10.3389/fcell.2022.969364

Fischer-Colbrie, R., Kirchmair, R., Kahler, C. M., Wiedermann, C. J., and Saria, A.
(2005). Secretoneurin: A new player in angiogenesis and chemotaxis linking nerves,
blood vessels and the immune system. Curr. Protein Pept. Sci. 6, 373-385. doi:10.
2174/1389203054546334

Fu, Y., Wy, Z,, Guo, Z.,, Chen, L., Ma, Y., Wang, Z,, et al. (2020). Systems-level
analysis identifies key regulators driving epileptogenesis in temporal lobe epilepsy.
Genomics 112, 1768-1780. doi:10.1016/j.ygeno.2019.09.020

Furley, A.J., Morton, S. B., Manalo, D., Karagogeos, D., Dodd, J., and Jessell, T. M.
(1990). The axonal glycoprotein TAG-1 is an immunoglobulin superfamily member
with neurite outgrowth-promoting activity. Cell 61, 157-170. doi:10.1016/0092-
8674(90)90223-2

Gass, P. (1999). Expression of inducible transcription factors after experimental
limbic seizures. Adv. Neurol. 81, 347-355.

Gautam, V., Rawat, K., Sandhu, A., Kumari, P., Singh, N, and Saha, L. (2021). An
insight into crosstalk among multiple signaling pathways contributing to
epileptogenesis. Eur. J. Pharmacol. 910, 174469. doi:10.1016/j.ejphar.2021.174469

Haas, K. Z., Sperber, E. F., Opanashuk, L. A., Stanton, P. K., and Moshe, S. L.
(2001). Resistance of immature hippocampus to morphologic and physiologic
alterations following status epilepticus or kindling. Hippocampus 11, 615-625.
doi:10.1002/hipo.1076

Han, C. L, Zhao, X. M,, Liu, Y. P, Wang, K. L., Chen, N,, Hu, W, et al. (2019).
Gene expression profiling of two epilepsy models reveals the ECM/integrin
signaling pathway is involved in epiletogenesis. Neuroscience 396, 187-199.
doi:10.1016/j.neuroscience.2018.10.021

Hansen, K. F., Sakamoto, K., Pelz, C., Impey, S., and Obrietan, K. (2014). Profiling
status epilepticus-induced changes in hippocampal RNA expression using high-
throughput RNA sequencing. Sci. Rep. 4, 6930. doi:10.1038/srep06930

Hartwell, L. H., Hopfield, J. J., Leibler, S., and Murray, A. W. (1999). From
molecular to modular cell biology. Nature 402, C47-C52. doi:10.1038/35011540

Hauser, W. A., and Hesdorffer, D. C. (1990). Epilepsy : frequency, causes, and
consequences. New York, NY: Demos.

Hauser, W. A. (1997). “Incidence and prevalence,” in Epilepsy: a comprehensive
textbook. Editors J. J. Engel and T. Pedley (Philadelphia: Lippincott-Raven), 47-57.

Haut, S. R, Veliskova, J., and Moshe, S. L. (2004). Susceptibility of immature and
adult brains to seizure effects. Lancet. Neurol. 3, 608-617. doi:10.1016/S1474-
4422(04)00881-6

Hemler, M. E. (2005). Tetraspanin functions and associated microdomains. Nat.
Rev. Mol. Cell Biol. 6, 801-811. doi:10.1038/nrm1736

Hesdorffer, D. C., Logroscino, G., Cascino, G., Annegers, J. F., and Hauser, W. A.
(1998). Risk of unprovoked seizure after acute symptomatic seizure: effect of status
epilepticus. Ann. Neurol. 44, 908-912. doi:10.1002/ana.410440609

Hildebrandt, M., Amann, K., Schroder, R., Pieper, T., Kolodziejczyk, D.,
Holthausen, H., et al. (2008). White matter angiopathy is common in pediatric
patients with intractable focal epilepsies. Epilepsia 49, 804-815. doi:10.1111/j.1528-
1167.2007.01514.x

Houser, C. R., Huang, C. S., and Peng, Z. (2008). Dynamic seizure-related
changes in extracellular signal-regulated kinase activation in a mouse model of
temporal lobe epilepsy. Neuroscience 156, 222-237. doi:10.1016/j.neuroscience.
2008.07.010

Hsueh, R. C,, Natarajan, M., Fraser, L, Pond, B., Liu, J., Mumby, S., et al. (2009).
Deciphering signaling outcomes from a system of complex networks. Sci. Signal. 2,
ra22. doi:10.1126/scisignal.2000054

Ingolia, N. T., and Murray, A. W. (2007). Positive-feedback loops as a flexible
biological module. Curr. Biol. 17, 668-677. doi:10.1016/j.cub.2007.03.016

Jamali, S., Bartolomei, F., Robaglia-Schlupp, A., Massacrier, A., Peragut, J. C,,
Regis, J., et al. (2006). Large-scale expression study of human mesial temporal lobe
epilepsy: evidence for dysregulation of the neurotransmission and complement
systems in the entorhinal cortex. Brain. 129, 625-641. doi:10.1093/brain/awl001

Jeon, S. H., Kim, Y. S., Bae, C. D., and Park, J. B. (2000). Activation of JNK and
p38 in rat hippocampus after kainic acid induced seizure. Exp. Mol. Med. 32,
227-230. doi:10.1038/emm.2000.37

Jeon, G. S, Park, S. K., Park, S. W., Kim, D. W., Chung, C. K,, and Cho, S. S.
(2008). Glial expression of interleukin-18 and its receptor after excitotoxic damage
in the mouse hippocampus. Neurochem. Res. 33, 179-184. doi:10.1007/s11064-007-
9434-6

Jiang, W., Van Cleemput, J., Sheerin, A. H.,, Ji, S. P., Zhang, Y., Saucier, D. M.,
et al. (2005). Involvement of extracellular regulated kinase and p38 kinase in
hippocampal seizure tolerance. J. Neurosci. Res. 81, 581-588. doi:10.1002/jnr.
20566

Kahler, C. M., Kaufmann, G., Kahler, S. T., and Wiedermann, C. J. (2002). The
neuropeptide secretoneurin stimulates adhesion of human monocytes to arterial

frontiersin.org


https://doi.org/10.1046/j.1471-4159.2002.00977.x
https://doi.org/10.1046/j.1471-4159.2002.00977.x
https://doi.org/10.1002/glia.20394
https://doi.org/10.1002/(sici)1096-9861(19991129)414:4<437::aid-cne2>3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(19991129)414:4<437::aid-cne2>3.0.co;2-3
https://doi.org/10.1007/s00401-006-0187-0
https://doi.org/10.1016/j.expneurol.2004.03.019
https://doi.org/10.1016/j.expneurol.2004.03.019
https://doi.org/10.1002/ana.10171
https://doi.org/10.1002/ana.10171
https://doi.org/10.1016/s0006-8993(02)02304-1
https://doi.org/10.1016/s0006-8993(02)02304-1
https://doi.org/10.1038/2661
https://doi.org/10.1016/s0022-5193(02)93096-1
https://doi.org/10.1152/jn.2002.87.6.2851
https://doi.org/10.1016/j.molbrainres.2003.08.010
https://doi.org/10.1002/glia.20653
https://doi.org/10.1046/j.1460-9568.2000.00140.x
https://doi.org/10.1046/j.1460-9568.2000.00140.x
https://doi.org/10.1016/j.ygeno.2016.04.001
https://doi.org/10.1016/j.ygeno.2016.04.001
https://doi.org/10.1161/01.str.29.8.1698
https://doi.org/10.1111/j.1750-3639.1994.tb00838.x
https://doi.org/10.1046/j.1528-1157.2001.10401.x
https://doi.org/10.1046/j.1528-1157.2001.10401.x
https://doi.org/10.1111/j.1528-1167.2006.00215.x
https://doi.org/10.1038/nm.1878
https://doi.org/10.1007/s00401-001-0481-9
https://doi.org/10.3389/fphys.2012.00355
https://doi.org/10.2174/1389203054546334
https://doi.org/10.2174/1389203054546334
https://doi.org/10.1016/j.ygeno.2019.09.020
https://doi.org/10.1016/0092-8674(90)90223-2
https://doi.org/10.1016/0092-8674(90)90223-2
https://doi.org/10.1016/j.ejphar.2021.174469
https://doi.org/10.1002/hipo.1076
https://doi.org/10.1016/j.neuroscience.2018.10.021
https://doi.org/10.1038/srep06930
https://doi.org/10.1038/35011540
https://doi.org/10.1016/S1474-4422(04)00881-6
https://doi.org/10.1016/S1474-4422(04)00881-6
https://doi.org/10.1038/nrm1736
https://doi.org/10.1002/ana.410440609
https://doi.org/10.1111/j.1528-1167.2007.01514.x
https://doi.org/10.1111/j.1528-1167.2007.01514.x
https://doi.org/10.1016/j.neuroscience.2008.07.010
https://doi.org/10.1016/j.neuroscience.2008.07.010
https://doi.org/10.1126/scisignal.2000054
https://doi.org/10.1016/j.cub.2007.03.016
https://doi.org/10.1093/brain/awl001
https://doi.org/10.1038/emm.2000.37
https://doi.org/10.1007/s11064-007-9434-6
https://doi.org/10.1007/s11064-007-9434-6
https://doi.org/10.1002/jnr.20566
https://doi.org/10.1002/jnr.20566
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.969364

Erisken et al.

and venous endothelial cells in vitro. Regul. Pept. 110, 65-73. doi:10.1016/s0167-
0115(02)00161-1

Kalozoumi, G., Kel-Margoulis, O., Vafiadaki, E., Greenberg, D., Bernard, H,,
Soreq, H., et al. (2018). Glial responses during epileptogenesis in Mus musculus
point to potential therapeutic targets. PLoS One 13, €0201742. doi:10.1371/journal.
pone.0201742

Kanehisa, M., Goto, S., Kawashima, S., and Akihiro, N. (2002). The KEGG
databases at GenomeNet. Nucleic Acids Res. 30, 42-46. doi:10.1093/nar/30.1.42

Kelleher, R. J., 3rd, Govindarajan, A., Jung, H. Y., Kang, H., and Tonegawa, S.
(2004). Translational control by MAPK signaling in long-term synaptic plasticity
and memory. Cell 116, 467-479. doi:10.1016/s0092-8674(04)00115-1

Kim, S. Y., Choi, Y. S., Choi, J. S., Cha, J. H., Kim, O. N., Lee, S. B., et al. (2002).
Osteopontin in kainic acid-induced microglial reactions in the rat brain. Mol. Cells
13, 429-435.

Kim, S. H., Smith, C. J., and Van Eldik, L. J. (2004a). Importance of MAPK
pathways for microglial pro-inflammatory cytokine IL-1 beta production.
Neurobiol. Aging 25, 431-439. doi:10.1016/S0197-4580(03)00126-X

Kim, S. W., Yu, Y. M., Piao, C. S., Kim, J. B., and Lee, J. K. (2004b). Inhibition of
delayed induction of p38 mitogen-activated protein kinase attenuates kainic acid-
induced neuronal loss in the hippocampus. Brain Res. 1007, 188-191. doi:10.1016/j.
brainres.2004.02.009

Klein, R. S., Lin, E., Zhang, B., Luster, A. D., Tollett, J., Samuel, M. A, et al.
(2005). Neuronal CXCL10 directs CD8+ T-cell recruitment and control of
West Nile virus encephalitis. J. Virol. 79, 11457-11466. doi:10.1128/JV1.79.17.
11457-11466.2005

Koh, S., Storey, T. W., Santos, T. C., Mian, A. Y., and Cole, A. J. (1999). Early-life
seizures in rats increase susceptibility to seizure-induced brain injury in adulthood.
Neurology 53, 915-921. doi:10.1212/wnl.53.5.915

Kozlova, E. N., and Lukanidin, E. (2002). Mts1 protein expression in the central
nervous system after injury. Glia 37, 337-348. doi:10.1002/glia.10045

Kumar, P., Lim, A, Hazirah, S.N., Chua, C.]. H., Ngoh, A., Poh, S. L., et al. (2022).
Single-cell transcriptomics and surface epitope detection in human brain epileptic
lesions identifies pro-inflammatory signaling. Nat. Neurosci. 25, 956-966. doi:10.
1038/541593-022-01095-5

Kyriakis, J. M., and Avruch, J. (2012). Mammalian MAPK signal transduction
pathways activated by stress and inflammation: a 10-year update. Physiol. Rev. 92,
689-737. doi:10.1152/physrev.00028.2011

Labandeira-Garcia, J. L., Costa-Besada, M. A., Labandeira, C. M., Villar-Cheda,
B, and Rodriguez-Perez, A. 1. (2017). Insulin-like growth factor-1 and
neuroinflammation. Front. Aging Neurosci. 9, 365. doi:10.3389/fnagi.2017.00365

Lin, L., and Chan, S. O. (2003). Perturbation of CD44 function affects chiasmatic
routing of retinal axons in brain slice preparations of the mouse retinofugal
pathway. Eur. J. Neurosci. 17, 2299-2312. doi:10.1046/j.1460-9568.2003.02686.x

Liu, G, Loraine, A., Shigeta, R,, Cline, M., Cheng, J., Valmeekam, V., et al. (2003).
NetAffx: Affymetrix probesets and annotations. Nucleic Acids Res. 31, 82-86. doi:10.
1093/nar/gkgl21

Liu, J. S. (2011). Molecular genetics of neuronal migration disorders. Curr.
Neurol. Neurosci. Rep. 11, 171-178. doi:10.1007/s11910-010-0176-5

Loscher, W. (2002). Animal models of drug-resistant epilepsy. Novartis Found.
Symp. 243, 149-159. discussion 159-166, 180-145.

Lukasiuk, K., Dabrowski, M., Adach, A. and Pitkanen, A. (2006).
Epileptogenesis-related genes revisited. Prog. Brain Res. 158, 223-241. doi:10.
1016/S0079-6123(06)58011-2

Maglott, D., Ostell, J., Pruitt, K. D., and Tatusova, T. (2005). Entrez gene: gene-
centered information at NCBI. Nucleic Acids Res. 33, D54-D58. doi:10.1093/nar/
gki031

McClean, M. N., Mody, A., Broach, J. R,, and Ramanathan, S. (2007). Cross-talk
and decision making in MAP kinase pathways. Nat. Genet. 39, 409-414. doi:10.
1038/ng1957

Menon, B., and Shorvon, S. D. (2009). Ischaemic stroke in adults and epilepsy.
Epilepsy Res. 87, 1-11. doi:10.1016/j.eplepsyres.2009.08.007

Mielke, K., Brecht, S., Dorst, A., and Herdegen, T. (1999). Activity and expression
of JNKI, p38 and ERK kinases, c-Jun N-terminal phosphorylation, and c-jun
promoter binding in the adult rat brain following kainate-induced seizures.
Neuroscience 91, 471-483. doi:10.1016/s0306-4522(98)00667-8

Mlsna, L. M., and Koh, S. (2013). Maturation-dependent behavioral deficits and
cell injury in developing animals during the subacute postictal period. Epilepsy
Behav. 29, 190-197. doi:10.1016/j.yebeh.2013.07.018

Morrison, D. K. (2012). MAP kinase pathways. Cold Spring Harb. Perspect. Biol. 4,
a011254. doi:10.1101/cshperspect.a011254

Frontiers in Cell and Developmental Biology

10.3389/fcell.2022.969364

Moshe, S. L., and Albala, B. J. (1983). Maturational changes in postictal
refractoriness and seizure susceptibility in developing rats. Ann. Neurol. 13,
552-557. doi:10.1002/ana.410130514

Mrak, R. E., and Griffin, W. S. (2005). Glia and their cytokines in progression of
neurodegeneration. Neurobiol. Aging 26, 349-354. doi:10.1016/j.neurobiolaging.
2004.05.010

Natarajan, M., Lin, K. M., Hsueh, R. C,, Sternweis, P. C., and Ranganathan, R.
(2006). A global analysis of cross-talk in a mammalian cellular signalling network.
Nat. Cell Biol. 8, 571-580. doi:10.1038/ncb1418

Nitecka, L., Tremblay, E., Charton, G., Bouillot, J. P., Berger, M. L., and Ben-Ari,
Y. (1984). Maturation of kainic acid seizure-brain damage syndrome in the rat. II.
Histopathological sequelae. Neuroscience 13, 1073-1094. doi:10.1016/0306-
4522(84)90289-6

Okada, R., Moshe, S. L., and Albala, B. J. (1984). Infantile status epilepticus and
future seizure susceptibility in the rat. Brain Res. 317, 177-183. doi:10.1016/0165-
3806(84)90095-6

Okamoto, O. K., Janjoppi, L., Bonone, F. M., Pansani, A. P., Da Silva, A. V,,
Scorza, F. A, et al. (2010). Whole transcriptome analysis of the hippocampus:
toward a molecular portrait of epileptogenesis. BMC Genomics 11,230. doi:10.1186/
1471-2164-11-230

Oprica, M., Eriksson, C., and Schultzberg, M. (2003). Inflammatory mechanisms
associated with brain damage induced by kainic acid with special reference to the
interleukin-1 system. J. Cell. Mol. Med. 7, 127-140. doi:10.1111/j.1582-4934.2003.
tb00211.x

Parent, J. M., Yu, T. W., Leibowitz, R. T., Geschwind, D. H., Sloviter, R. S., and
Lowenstein, D. H. (1997). Dentate granule cell neurogenesis is increased by seizures
and contributes to aberrant network reorganization in the adult rat hippocampus.
J. Neurosci. 17, 3727-3738. doi:10.1523/jneurosci.17-10-03727.1997

Peterson, P. K., Hu, S., Salak-Johnson, J., Molitor, T. W., and Chao, C. C. (1997).
Differential production of and migratory response to beta chemokines by human
microglia and astrocytes. . Infect. Dis. 175, 478-481. doi:10.1093/infdis/175.2.478

Peti, W., and Page, R. (2013). Molecular basis of MAP kinase regulation. Protein
Sci. 22, 1698-1710. doi:10.1002/pro.2374

Pfisterer, U., Petukhov, V., Demharter, S., Meichsner, J., Thompson, J. J., Batiuk,
M. Y, et al. (2020). Author Correction: Identification of epilepsy-associated
neuronal subtypes and gene expression underlying epileptogenesis. Nat.
Commun. 11, 5988. doi:10.1038/s41467-020-19869-5

Pitkanen, A., Kharatishvili, I., Karhunen, H., Lukasiuk, K., Immonen, R,
Nairismagi, J., et al. (2007). Epileptogenesis in experimental models. Epilepsia
48, 13-20. doi:10.1111/j.1528-1167.2007.01063.x

Pitkanen, A., Immonen, R. J., Grohn, O. H., and Kharatishvili, I. (2009). From
traumatic brain injury to posttraumatic epilepsy: what animal models tell us about
the process and treatment options. Epilepsia 50, 21-29. doi:10.1111/j.1528-1167.
2008.02007.x

Pure, E., and Cuff, C. A. (2001). A crucial role for CD44 in inflammation. Trends
Mol. Med. 7, 213-221. doi:10.1016/s1471-4914(01)01963-3

Ravizza, T., Gagliardi, B., Noe, F., Boer, K., Aronica, E., and Vezzani, A. (2008).
Innate and adaptive immunity during epileptogenesis and spontaneous seizures:
evidence from experimental models and human temporal lobe epilepsy. Neurobiol.
Dis. 29, 142-160. doi:10.1016/j.nbd.2007.08.012

Ren, L. Q., Gourmala, N., Boddeke, H. W., and Gebicke-Haerter, P. J. (1998).
Lipopolysaccharide-induced expression of IP-10 mRNA in rat brain and in cultured
rat astrocytes and microglia. Brain Res. Mol. Brain Res. 59, 256-263. doi:10.1016/
50169-328x(98)00170-3

Romijn, H.J., Hofman, M. A., and Gramsbergen, A. (1991). At what age is the
developing cerebral cortex of the rat comparable to that of the full-term
newborn human baby? Early Hum. Dev. 26, 61-67. doi:10.1016/0378-
3782(91)90044-4

Safran, M., Solomon, I, Shmueli, O., Lapidot, M., Shen-Orr, S., Adato, A, et al.
(2002). GeneCards 2002: towards a complete, object-oriented, human gene
compendium. Bioinformatics 18, 1542-1543. doi:10.1093/bioinformatics/18.11.
1542

Salazar, A., Jabbari, B., Vance, S., Grafman, J., Amin, D., and Dillon, J. (1985).
Epilepsy after penetrating head injury. I. Clinical correlates: A report of the vietnam
head injury study. Neurology 35, 1406-1414. doi:10.1212/wnl.35.10.1406

Salman, M. M., Sheilabi, M. A., Bhattacharyya, D., Kitchen, P., Conner, A. C,, Bill,
R. M, et al. (2017). Transcriptome analysis suggests a role for the differential
expression of cerebral aquaporins and the MAPK signalling pathway in human
temporal lobe epilepsy. Eur. J. Neurosci. 46, 2121-2132. doi:10.1111/ejn.13652

Sayin, U., Sutula, T. P., and Stafstrom, C. E. (2004). Seizures in the developing
brain cause adverse long-term effects on spatial learning and anxiety. Epilepsia 45,
1539-1548. doi:10.1111/j.0013-9580.2004.54903.x

frontiersin.org


https://doi.org/10.1016/s0167-0115(02)00161-1
https://doi.org/10.1016/s0167-0115(02)00161-1
https://doi.org/10.1371/journal.pone.0201742
https://doi.org/10.1371/journal.pone.0201742
https://doi.org/10.1093/nar/30.1.42
https://doi.org/10.1016/s0092-8674(04)00115-1
https://doi.org/10.1016/S0197-4580(03)00126-X
https://doi.org/10.1016/j.brainres.2004.02.009
https://doi.org/10.1016/j.brainres.2004.02.009
https://doi.org/10.1128/JVI.79.17.11457-11466.2005
https://doi.org/10.1128/JVI.79.17.11457-11466.2005
https://doi.org/10.1212/wnl.53.5.915
https://doi.org/10.1002/glia.10045
https://doi.org/10.1038/s41593-022-01095-5
https://doi.org/10.1038/s41593-022-01095-5
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.3389/fnagi.2017.00365
https://doi.org/10.1046/j.1460-9568.2003.02686.x
https://doi.org/10.1093/nar/gkg121
https://doi.org/10.1093/nar/gkg121
https://doi.org/10.1007/s11910-010-0176-5
https://doi.org/10.1016/S0079-6123(06)58011-2
https://doi.org/10.1016/S0079-6123(06)58011-2
https://doi.org/10.1093/nar/gki031
https://doi.org/10.1093/nar/gki031
https://doi.org/10.1038/ng1957
https://doi.org/10.1038/ng1957
https://doi.org/10.1016/j.eplepsyres.2009.08.007
https://doi.org/10.1016/s0306-4522(98)00667-8
https://doi.org/10.1016/j.yebeh.2013.07.018
https://doi.org/10.1101/cshperspect.a011254
https://doi.org/10.1002/ana.410130514
https://doi.org/10.1016/j.neurobiolaging.2004.05.010
https://doi.org/10.1016/j.neurobiolaging.2004.05.010
https://doi.org/10.1038/ncb1418
https://doi.org/10.1016/0306-4522(84)90289-6
https://doi.org/10.1016/0306-4522(84)90289-6
https://doi.org/10.1016/0165-3806(84)90095-6
https://doi.org/10.1016/0165-3806(84)90095-6
https://doi.org/10.1186/1471-2164-11-230
https://doi.org/10.1186/1471-2164-11-230
https://doi.org/10.1111/j.1582-4934.2003.tb00211.x
https://doi.org/10.1111/j.1582-4934.2003.tb00211.x
https://doi.org/10.1523/jneurosci.17-10-03727.1997
https://doi.org/10.1093/infdis/175.2.478
https://doi.org/10.1002/pro.2374
https://doi.org/10.1038/s41467-020-19869-5
https://doi.org/10.1111/j.1528-1167.2007.01063.x
https://doi.org/10.1111/j.1528-1167.2008.02007.x
https://doi.org/10.1111/j.1528-1167.2008.02007.x
https://doi.org/10.1016/s1471-4914(01)01963-3
https://doi.org/10.1016/j.nbd.2007.08.012
https://doi.org/10.1016/s0169-328x(98)00170-3
https://doi.org/10.1016/s0169-328x(98)00170-3
https://doi.org/10.1016/0378-3782(91)90044-4
https://doi.org/10.1016/0378-3782(91)90044-4
https://doi.org/10.1093/bioinformatics/18.11.1542
https://doi.org/10.1093/bioinformatics/18.11.1542
https://doi.org/10.1212/wnl.35.10.1406
https://doi.org/10.1111/ejn.13652
https://doi.org/10.1111/j.0013-9580.2004.54903.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.969364

Erisken et al.

Schaefer, C. F.,, Anthony, K., Krupa, S., Buchoff, J., Day, M., Hannay, T, et al.
(2009). PID: the pathway interaction database. Nucleic Acids Res. 37, D674-D679.
doi:10.1093/nar/gkn653

Scharfman, H. E., Goodman, J. H., and Sollas, A. L. (2000). Granule-like neurons
at the hilar/CA3 border after status epilepticus and their synchrony with area
CA3 pyramidal cells: functional implications of seizure-induced neurogenesis.
J. Neurosci. 20, 6144-6158. doi:10.1523/jneurosci.20-16-06144.2000

Schwab, J. M., Frei, E., Klusman, I, Schnell, L., Schwab, M. E., and Schluesener, H.
J. (2001). AIF-1 expression defines a proliferating and alert microglial/macrophage
phenotype following spinal cord injury in rats. . Neuroimmunol. 119, 214-222.
doi:10.1016/s0165-5728(01)00375-7

Shaftel, S. S., Carlson, T. J., Olschowka, J. A., Kyrkanides, S., Matousek, S. B., and
O’banion, M. K. (2007). Chronic interleukin-1beta expression in mouse brain leads
to leukocyte infiltration and neutrophil-independent blood brain barrier
permeability without overt neurodegeneration. J. Neurosci. 27, 9301-9309.
doi:10.1523/JNEUROSCI.1418-07.2007

Shapiro, L. A., Wang, L., and Ribak, C. E. (2008). Rapid astrocyte and microglial
activation following pilocarpine-induced seizures in rats. Epilepsia 49, 33-41.
doi:10.1111/j.1528-1167.2008.01491.x

Shen, Y. H,, Godlewski, J., Zhu, J., Sathyanarayana, P., Leaner, V., Birrer, M. J.,
et al. (2003). Cross-talk between JNK/SAPK and ERK/MAPK pathways: sustained
activation of JNK blocks ERK activation by mitogenic factors. J. Biol. Chem. 278,
26715-26721. doi:10.1074/jbc.M303264200

Shima, Y., Kawaguchi, S. Y., Kosaka, K., Nakayama, M., Hoshino, M., Nabeshima,
Y., et al. (2007). Opposing roles in neurite growth control by two seven-pass
transmembrane cadherins. Nat. Neurosci. 10, 963-969. doi:10.1038/nn1933

Shyu, W. C, Lin, S. Z., Chiang, M. F., Chen, D. C,, Su, C. Y., Wang, H. ], et al.
(2008). Secretoneurin promotes neuroprotection and neuronal plasticity via the
Jak2/Stat3 pathway in murine models of stroke. J. Clin. Invest. 118, 133-148. doi:10.
1172/JCI32723

Sloviter, R. S. (1987). Decreased hippocampal inhibition and a selective loss of
interneurons in experimental epilepsy. Science 235, 73-76. doi:10.1126/science.
2879352

Somera-Molina, K. C., Robin, B., Somera, C. A., Anderson, C., Stine, C., Koh, S.,
et al. (2007). Glial activation links early-life seizures and long-term neurologic
dysfunction: evidence using a small molecule inhibitor of proinflammatory cytokine
upregulation. Epilepsia 48, 1785-1800. doi:10.1111/j.1528-1167.2007.01135.x

Stafstrom, C. E., Thompson, J. L., and Holmes, G. L. (1992). Kainic acid seizures
in the developing brain: status epilepticus and spontaneous recurrent seizures.
Brain Res. Dev. Brain Res. 65, 227-236. doi:10.1016/0165-3806(92)90184-x

Stellwagen, D., and Malenka, R. C. (2006). Synaptic scaling mediated by glial
TNF-alpha. Nature 440, 1054-1059. doi:10.1038/nature04671

Stelzer, G., Harel, A., Rosen, N., Shmoish, M., Iny Stein, T., Sirota, A., et al. (2008).
“GeneCards: One stop site for human gene research,” in 5th Congress of the
Federation of the Israel Societies for Experimental Biology.

Storey, J. D., and Tibshirani, R. (2003). Statistical significance for genomewide
studies. Proc. Natl. Acad. Sci. U. S. A. 100, 9440-9445. d0i:10.1073/pnas.1530509100

Suganuma, T., and Workman, J. L. (2012). MAP kinases and histone
modification. J. Mol. Cell Biol. 4, 348-350. doi:10.1093/jmcb/mjs043

Sutula, T., Cascino, G., Cavazos, J., Parada, I, and Ramirez, L. (1989). Mossy fiber
synaptic reorganization in the epileptic human temporal lobe. Ann. Neurol. 26,
321-330. doi:10.1002/ana.410260303

Tarrant, J. M., Robb, L., Van Spriel, A. B., and Wright, M. D. (2003). Tetraspanins:
Molecular organisers of the leukocyte surface. Trends Immunol. 24,610-617. doi:10.
1016/j.it.2003.09.011

Tauck, D. L., and Nadler, J. V. (1985). Evidence of functional mossy fiber
sprouting in hippocampal formation of kainic acid-treated rats. J. Neurosci. 5,
1016-1022. doi:10.1523/jneurosci.05-04-01016.1985

Thomas, P. D., Campbell, M. J., Kejariwal, A., Mi, H., Karlak, B., Daverman, R.,
et al. (2003). PANTHER: A library of protein families and subfamilies indexed by
function. Genome Res. 13, 2129-2141. doi:10.1101/gr.772403

Frontiers in Cell and Developmental Biology

26

10.3389/fcell.2022.969364

Thompson, P. J., and Duncan, J. S. (2005). Cognitive decline in severe intractable
epilepsy. Epilepsia 46, 1780-1787. doi:10.1111/j.1528-1167.2005.00279.x

Tissir, F., Bar, L, Jossin, Y., De Backer, O., and Goffinet, A. M. (2005).
Protocadherin Celsr3 is crucial in axonal tract development. Nat. Neurosci. 8,
451-457. doi:10.1038/nn1428

Tremblay, E., Nitecka, L., Berger, M. L., and Ben-Ari, Y. (1984). Maturation of
kainic acid seizure-brain damage syndrome in the rat. I. Clinical, electrographic and
metabolic observations. Neuroscience 13, 1051-1072. doi:10.1016/0306-4522(84)
90288-4

Twigger, S. N., Shimoyama, M., Bmmberg, S., Kwitek, A. E., and Jacob, H. JRGD
Team (2007). The Rat Genome Database, update 2007--easing the path from
disease to data and back again. Nucleic Acids Res. 35, D658-D662. doi:10.1093/nar/
gkl98s

van Gassen, K. L., De Wit, M., Koerkamp, M. J., Rensen, M. G., Van Rijen, P. C,,
Holstege, F. C., et al. (2008). Possible role of the innate immunity in temporal lobe
epilepsy. Epilepsia 49, 1055-1065. doi:10.1111/j.1528-1167.2007.01470.x

Van Wagoner, N. J., and Benveniste, E. N. (1999). Interleukin-6 expression and
regulation in astrocytes. J. Neuroimmunol. 100, 124-139. doi:10.1016/s0165-
5728(99)00187-3

Vezzani, A. and Granata, T. (2005). Brain inflammation in epilepsy:
experimental and clinical evidence. Epilepsia 46, 1724-1743. doi:10.1111/j.1528-
1167.2005.00298.x

Wang, X,, Ellison, J. A., Siren, A. L., Lysko, P. G, Yue, T. L., Barone, F. C,, et al.
(1998). Prolonged expression of interferon-inducible protein-10 in ischemic cortex
after permanent occlusion of the middle cerebral artery in rat. J. Neurochem. 71,
1194-1204. doi:10.1046/j.1471-4159.1998.71031194.x

Wang, Y. Y., Smith, P., Murphy, M., and Cook, M. (2010). Global expression
profiling in epileptogenesis: does it add to the confusion? Brain Pathol. 20, 1-16.
doi:10.1111/j.1750-3639.2008.00254.x

Whitmarsh, A. J. (2007). Regulation of gene transcription by mitogen-activated
protein kinase signaling pathways. Biochim. Biophys. Acta 1773, 1285-1298. doi:10.
1016/j.bbamcr.2006.11.011

Williams, P. A., White, A. M., Clark, S., Ferraro, D. J., Swiercz, W, Staley, K. J.,
et al. (2009). Development of spontaneous recurrent seizures after kainate-induced
status epilepticus. J. Neurosci. 29, 2103-2112. doi:10.1523/J]NEUROSCI.0980-08.
2009

Wilson, D. N., Chung, H., Elliott, R. C., Bremer, E., George, D., and Koh, S.
(2005). Microarray analysis of postictal transcriptional regulation of neuropeptides.
J. Mol. Neurosci. 25, 285-298. doi:10.1385/JMN:25:3:285

Wu, H. Y., Tang, X. Q,, Liu, H., Mao, X. F., and Wang, Y. X. (2018). Both classic
Gs-cAMP/PKA/CREB and alternative Gs-cAMP/PKA/p383/CREB signal pathways
mediate  exenatide-stimulated ~ expression of M2 microglial markers.
J. Neuroimmunol. 316, 17-22. doi:10.1016/j.jneuroim.2017.12.005

Xu, D., Robinson, A. P., Ishii, T., Duncan, D. S., Alden, T. D., Goings, G. E., et al.
(2018). Peripherally derived T regulatory and y§ T cells have opposing roles in the
pathogenesis of intractable pediatric epilepsy. J. Exp. Med. 215, 1169-1186. doi:10.
1084/jem.20171285

Yamagata, K., Andreasson, K. I, Kaufmann, W. E., Barnes, C. A., and Worley, P.
F. (1993). Expression of a mitogen-inducible cyclooxygenase in brain neurons:
regulation by synaptic activity and glucocorticoids. Neuron 11, 371-386. doi:10.
1016/0896-6273(93)90192-t

Yang, H., and Chen, C. (2008). Cyclooxygenase-2 in synaptic signaling. Curr.
Pharm. Des. 14, 1443-1451. doi:10.2174/138161208784480144

Zhang, X. W., Liu, Q., Wang, Y., and Thorlacius, H. (2001). CXC
chemokines, MIP-2 and KC, induce P-selectin-dependent neutrophil rolling
and extravascular migration in vivo. Br. J. Pharmacol. 133, 413-421. doi:10.
1038/5.bjp.0704087

Zhang, X., Cui, S. S., Wallace, A. E., Hannesson, D. K., Schmued, L. C,,
Saucier, D. M., et al. (2002). Relations between brain pathology and temporal
lobe epilepsy. J. Neurosci. 22, 6052-6061. doi:10.1523/JNEUROSCI.22-14-
06052.2002

frontiersin.org


https://doi.org/10.1093/nar/gkn653
https://doi.org/10.1523/jneurosci.20-16-06144.2000
https://doi.org/10.1016/s0165-5728(01)00375-7
https://doi.org/10.1523/JNEUROSCI.1418-07.2007
https://doi.org/10.1111/j.1528-1167.2008.01491.x
https://doi.org/10.1074/jbc.M303264200
https://doi.org/10.1038/nn1933
https://doi.org/10.1172/JCI32723
https://doi.org/10.1172/JCI32723
https://doi.org/10.1126/science.2879352
https://doi.org/10.1126/science.2879352
https://doi.org/10.1111/j.1528-1167.2007.01135.x
https://doi.org/10.1016/0165-3806(92)90184-x
https://doi.org/10.1038/nature04671
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1093/jmcb/mjs043
https://doi.org/10.1002/ana.410260303
https://doi.org/10.1016/j.it.2003.09.011
https://doi.org/10.1016/j.it.2003.09.011
https://doi.org/10.1523/jneurosci.05-04-01016.1985
https://doi.org/10.1101/gr.772403
https://doi.org/10.1111/j.1528-1167.2005.00279.x
https://doi.org/10.1038/nn1428
https://doi.org/10.1016/0306-4522(84)90288-4
https://doi.org/10.1016/0306-4522(84)90288-4
https://doi.org/10.1093/nar/gkl988
https://doi.org/10.1093/nar/gkl988
https://doi.org/10.1111/j.1528-1167.2007.01470.x
https://doi.org/10.1016/s0165-5728(99)00187-3
https://doi.org/10.1016/s0165-5728(99)00187-3
https://doi.org/10.1111/j.1528-1167.2005.00298.x
https://doi.org/10.1111/j.1528-1167.2005.00298.x
https://doi.org/10.1046/j.1471-4159.1998.71031194.x
https://doi.org/10.1111/j.1750-3639.2008.00254.x
https://doi.org/10.1016/j.bbamcr.2006.11.011
https://doi.org/10.1016/j.bbamcr.2006.11.011
https://doi.org/10.1523/JNEUROSCI.0980-08.2009
https://doi.org/10.1523/JNEUROSCI.0980-08.2009
https://doi.org/10.1385/JMN:25:3:285
https://doi.org/10.1016/j.jneuroim.2017.12.005
https://doi.org/10.1084/jem.20171285
https://doi.org/10.1084/jem.20171285
https://doi.org/10.1016/0896-6273(93)90192-t
https://doi.org/10.1016/0896-6273(93)90192-t
https://doi.org/10.2174/138161208784480144
https://doi.org/10.1038/sj.bjp.0704087
https://doi.org/10.1038/sj.bjp.0704087
https://doi.org/10.1523/JNEUROSCI.22-14-06052.2002
https://doi.org/10.1523/JNEUROSCI.22-14-06052.2002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.969364

	Time and age dependent regulation of neuroinflammation in a rat model of mesial temporal lobe epilepsy: Correlation with hu ...
	1 Introduction
	2 Materials and methods
	2.1 Seizure induction
	2.2 Selection of patients and controls
	2.3 Hippocampal dissection and preparation of RNA
	2.4 Microarray analysis
	2.5 Real time reverse transcriptase polymerase chain reaction
	2.6 Database integration and classification of genes
	2.7 Pathway analysis
	2.8 Immunohistochemistry

	3 Results
	3.1 Higher magnitude and longer duration of gene expression in response to KA-SE at P30
	3.2 Microarray findings of inflammatory response
	3.3 Time and age dependent regulation of inflammatory markers
	3.3.1 Microglial and astrocyte activation
	3.3.2 Cytokines and eicosanoid pathways
	3.3.3 Chemokines
	3.3.4 Adhesion molecules

	3.4 Mesial temporal lobe epilepsy in humans
	3.5 Functional distribution of differentially expressed genes and MAPK signaling pathway: The most abundant functional groups
	3.6 Pathway-based distribution of differentially expressed MAPK genes
	3.7 Single-pathway associated genes
	3.8 Multiple-pathway annotated genes
	3.9 Regulation of pathways—Kinases and phosphatases
	3.10 Verification
	3.10.1 Real time reverse transcriptase polymerase chain reaction verifies microarray data for P30 at 24 h
	3.10.2 Immunohistochemistry
	3.10.3 Human microarray data on MAPK pathway


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Funding
	Conflict of interest
	Publisher’s note
	References


