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ABSTRACT

Genetic animal models of epilepsy are an important tool for further understanding the basic cellular mechanisms
underlying epileptogenesis and for developing novel antiepileptic drugs. We conducted a comparative study of
gene expression in the inferior colliculus, a nucleus that triggers audiogenic seizures, using two animal models,
the Wistar audiogenic rat (WAR) and the genetic audiogenic seizure hamster (GASH:Sal). For this purpose,
both models were exposed to high intensity auditory stimulation, and 60 min later, the inferior colliculi were col-
lected. As controls, intact Wistar rats and Syrian hamsters were subjected to stimulation and tissue preparation
protocols identical to those performed on the experimental animals. Ribonucleic acid was isolated, and microar-
ray analysis comparing the stimulated Wistar and WAR rats showed that the genomic profile of these animals
displayed significant (fold change, |FC| > 2.0 and p < 0.05) upregulation of 38 genes and downregulation of 47
genes. Comparison of gene expression profiles between stimulated control hamsters and stimulated GASH:Sal re-
vealed the upregulation of 10 genes and the downregulation of 5 genes.

Among the common genes that were altered in both models, we identified the zinc finger immediate-early
growth response gene Egr3. The Egr3 protein is a transcription factor that is induced by distinct stress-elicited fac-
tors. Based on immunohistochemistry, this protein was expressed in the cochlear nucleus complex, the inferior
colliculus, and the hippocampus of both animal models as well as in lymphoma tumors of the GASH:Sal. Our re-
sults support that the overexpression of the Egr3 gene in both models might contribute to neuronal viability and
development of lymphoma in response to stress associated with audiogenic seizures.

This article is part of a Special Issue entitled "Genetic and Reflex Epilepsies, Audiogenic Seizures and Strains:
From Experimental Models to the Clinic".
© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Some in vivo models represent the natural association between
genetic predisposition and external events that trigger seizures [7].

Epilepsy is a complex neurological disorder in terms of both its etiol-
ogy and its cognitive, behavioral, electrophysiological, molecular, and
cellular pathology [1-3]. Although enormous progress has been made
in understanding the etiology of epilepsy, the current knowledge is
very limited. The complexity of this neurological disorder requires
intense interdisciplinary research. Thus, at the moment, a variety of
models are available for exploring different aspects of epilepsy such as
in silico [4], in vivo [5], and in vitro [6].
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Among the most used and well-characterized in vivo genetic models
of epilepsy are audiogenic seizures, which are triggered by high intensi-
ty acoustic stimulation. The substantial characterization of their neural
substrates, as well as their behavioral, cellular, and molecular alter-
ations, combined with pharmacologically- or electrically-induced sei-
zures, potentiates their usefulness in the elucidation of epileptogenesis
and preclinical development of new antiepileptic drugs [8,9].

The present study focused on two animal strains that are categorized
as audiogenic seizure models, the Wistar audiogenic rat (WAR) and the
genetic audiogenic seizure hamster (GASH:Sal).

The WAR is a genetically selected strain susceptible to audiogenic
seizures that was inbred at the School of Medicine of Ribeirdo Preto
(Brazil) beginning in 1990. This strain is a model of audiogenic idiopathic
epilepsy that develops tonic-clonic generalized seizures [10,11].
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The GASH:Sal, a hamster strain developed at the University of
Salamanca, exhibits genetic audiogenic epilepsy similar to human
tonic-clonic seizures [12]. The GASH:Sal shows an autosomal recessive
inheritance for susceptibility to audiogenic seizures, which manifests
more severely in young animals; the seizure severity progressively de-
clines with age [13].

Similar to other animal models of audiogenic seizures [ 14-16], those
with brainstem origin occur as a result of intense auditory stimulation
[13,17]. Activation of auditory pathways is crucial for expression of the
audiogenic seizure phenotype, and the inferior colliculus, in the audito-
ry midbrain, plays a key role in its initiation [15,16]. Thus, bilateral le-
sions in the central nucleus of the IC permanently block audiogenic
seizures [14,18-20], and lesions in the dorsal and external cortices of
the IC partially attenuate the audiogenic seizures [14,21].

To find common molecular processes between these two models of
audiogenic seizures, we have conducted a comparative analysis of the
profiles of gene expression in the inferior colliculus (IC), a nucleus that
triggers audiogenic seizures. Of all the possible comparisons, we have
selected stimulated controls for comparison with the stimulated audio-
genic strains, either GASH:Sal or WAR, to avoid bias related to sound-
induced gene expression. Some of the deregulated genes detected via
microarray analysis were validated by quantitative reverse transcrip-
tion real-time PCR (RT-qPCR).

The present study might contribute toward understanding basic
mechanisms associating genetic predisposition to epilepsy, early gene
expression after seizures, and the recognition of new targets that
could be consequently tested in the development of antiepileptic drugs.

Briefly, our results are important for the identification, in this partic-
ular case, of early genes induced by seizures and suggest molecular pro-
cesses with potential implications for human epilepsy.

2. Material and methods
2.1. Experimental animals

A total of 51 animals were used in this study according to the
following distribution: 17 male WAR and 6 male control rats (Rattus
norvegicus, Wistar albino, Charles River Laboratories) at 12 weeks of
age and a body weight of approximately 230 g. In the case of the
hamsters, we used 12 control Syrian hamsters (Mesocricetus auratus)
and 16 GASH:Sal at 16 weeks of age, weighing approximately 60 g.
The WAR and GASH:Sal animals did not suffer any audiogenic seizure
prior to the experiments. All animals were free of ear infection. To rap-
idly confirm normal hearing, we used the bilateral finger friction test in
all cases.

The animals were exposed to auditory stimulation within an acrylic
cylinder. The acoustic stimulus was recorded using a high-pass filter
(>500 Hz; microphone Bruel & Kjaer #4134 and preamplifier Bruel &
Kjaer #2619), digitized above 4 kHz, and reproduced by a computer
coupled to an amplifier (Fonestar MA-25T, Revilla de Camargo, Spain)
and a tweeter (Beyma T2010, Valencia, Spain) in the upper portion of
the arena. The delivered sound was a semirandom acoustic stimulus
of 0-18 kHz with an intensity of 115 to 120 dB. For more information see
[10,22]. Sixty minutes after the seizures, we harvested the IC for all gene
expression analyses. As controls, normal Wistar rats and Syrian ham-
sters were exposed to the same stimulation according to the identical
procedure.

For each gene microarray (Rat Gene 1.0 ST & Microarray MoGene 1.0
ST), the rats or hamsters were randomly divided into four groups, and
we used the right and left inferior colliculi from each animal (Table 1).
For the transcriptomic analyses, we compared only stimulated Syrian
hamsters and stimulated GASH:Sal, using four animals of each strain.
For RT-qPCR, 3 to 8 of the replicates from each group were randomly se-
lected and performed in triplicate on two separate occasions for each
gene product examined.

Table 1

Number of animals used in this study in the different experimental approaches.
N Microarray Rat RT-qPCR Histology

Gene 1.0 ST

Wistar rat 4 3 N/A
Stimulated Wistar rat 3 3 N/A
WAR 6 6 2
Stimulated WAR 7 6 2

N Microarray
MoGene 1.0 ST

RT-gqPCR Histology Transcriptome

Syrian hamster 6 3(61C) N/A N/A
Stimulated Syrian hamster 6 3(61C.) N/A 4(71C)
GASH:Sal 6 4(81C) 2 N/A
Stimulated GASH:Sal 6 3(61C) 2 4 (81.C)

2.2. Ethics statement

All procedures and experimental protocols were performed accord-
ing to the guidelines of the European Community's Council Directive
(2010/63/CE) and Brazilian legislation for the care and use of laboratory
animals.

The experiments were performed at both the Neuroscience Institute
of Castilla y Le6n at the University of Salamanca and the Ribeirdo Preto
School of Medicine at the University of Sdo Paulo, with the approval of
the Animal Care and Ethics Committees of those institutions.

2.3. Tissue sampling

After anesthetizing the animals with an overdose of sodium pento-
barbital, the IC was isolated, surgically removed, and placed in TRIzol®
(Gibco BRL, Gaithersburg, MD, USA) for transcription analysis. For
immunohistological studies, the protocols used for tissue preparation,
including perfusion of the animals, brain dissection, and tissue slicing,
were identical to those used elsewhere [23,24].

2.4. RNA isolation

Total RNA was purified using TRIzol®, followed by further RNA puri-
fication using an RNeasy Mini Kit for RNA cleanup (Qiagen Sciences,
Germantown, Maryland, USA). Ribonucleic acid quantity and quality
were then assessed using an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Palo Alto, CA, USA) to test the integrity of the 18S and 28S ribo-
somal RNA (rRNA) bands, and samples displaying an RNA integrity
number (RIN) > 8.0 were used.

2.5. Microarray hybridization data analysis: normalization, differential
gene expression, and ontological analysis

Microarray analysis was performed at the Cancer Research Center of
Salamanca according to standard procedures. Labeling and hybridiza-
tion were performed according to protocols from Affymetrix. Briefly,
100-300 ng of total RNA was amplified and labeled using the WT
Sense Target labeling and control reagents kit (Affymetrix Inc., Santa
Clara, CA, USA) and was then hybridized to rat (Gene 1.0 ST Array) or
mouse (GeneChip® Mouse Gene ST Array) microarrays, as appropriate.
Washing and scanning were performed using the Affymetrix GeneChip
system (GeneChip Hybridization Oven 640, GeneChip Fluidics Station
450, and GeneChip Scanner 7G).

Following image analysis, the microarray data were imported
into GeneSpring GX7.3 (Agilent Technologies). The robust multiarray
analysis (RMA) algorithm [25] was used for background correction
and normalization of fluorescent hybridization signals of the micro-
arrays at both the internal (intramicroarrays) and the compara-
tive (intermicroarrays) levels. This algorithm was selected over other
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available algorithms such as the MAS5 or MBEI [26] because it was
deemed to provide the best precision in signal detection to achieve ad-
equate multiple-chip normalization [27], especially in cases of low-level
gene expression [25,28,29], by producing efficient quantile normaliza-
tion of the distribution of probe intensities from each array in the con-
text of a complete set of arrays.

We used Bioconductor and R as computational tools (www.
bioconductor.org) to apply RMA to the dataset of microarray hybridiza-
tions including 3 to 6 different biological replicates corresponding to
each of the experimental groups in the study (Wistar rat or Syrian ham-
ster control, stimulated Wistar rat or Syrian hamster, WAR or GASH:Sal
control, and stimulated WAR or GASH:Sal).

After quantitation of the expression level of each probe set in all
analyzed Rat Gene 1.0 ST microarrays, the significance analysis of micro-
arrays (SAM) algorithm [30] was used to identify probe sets displaying
significant differential expression when comparing the experimental
samples to their controls. This algorithm performs statistical discrimina-
tion analysis using permutations to check the stability of variables ful-
filling the ‘alternative hypothesis’. This method calculates the type I
error, or the number of expected false positives, by calculating the
false discovery rate (FDR) [31]. In this report, genes displaying an FDR
of 6% or less were considered as significant. We selected the genes
that vary in a range (fold change, |FC| > 2) among other genes and
used different databases to determine their function.

In the case of the MoGene 1.0 ST microarrays, we compared the ex-
perimental groups corresponding to the stimulated hamster control and
the stimulated GASH:Sal; all of our samples passed a stringent data
quality control test and showed high intragroup homogeneity [32].

Potential differential expression was determined via one-way analy-
sis of variance (ANOVA) (variances not assumed to be equal). Subse-
quently, an unpaired t-test (p < 0.05, filtered at 1.5 fold) was performed
to search for the genes exhibiting differential expression (the levels in
the control samples were considered as the basal levels) [32].

The data obtained and discussed in this publication have been
deposited in the NCBI's Gene Expression Omnibus [33] at GEO Series ac-
cession numbers GSE74150 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE74150) for the WAR arrays and GSE74043 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74043) for the
GASH:Sal arrays.

Further processing, including functional analysis and overrepre-
sentation calculations based on the Gene Ontology (GO) Annotation
Tool and published data from the Database for Annotation, Visuali-
zation, and Integrated Discovery, was performed using GeneSpring
GX 7.3 and DAVID Bioinformatics Resources 6.7 (http://david.abcc.
ncifcrf.gov/) [34].

2.6. Transcriptome of the inferior colliculus, RNASeq library generation,
sequencing, and bioinformatic analysis

The analysis was performed using 15 biological samples of the left or
right IC, which were obtained from male GASH:Sal and control hamsters
(HdsHan®:AURA). Specifically, 8 IC samples were obtained from the
controls (4 from the left and 4 from the right IC), and 7 IC samples
were obtained from GASH:Sal (4 from the left and 3 from the right IC).

The pool of isolated and precipitated RNAs was generated using 3
samples from each animal type, taking 1 pg of RNA from each animal,
and 3 pg of the pooled RNA was used for the creation of RNASeq libraries
using the TruSeq RNA Sample Prep Kit v2 (Illumina) after the removal of
rRNA. Both obtained libraries were validated using the 2100 Agilent
Bioanalyzer and were quantified via RT-qPCR analysis.

Sequencing of both libraries was conducted using an IIx genome an-
alyzer (Illumina) using the single read format, and the sequences that
did not meet the purity criteria in the software were discarded. Quality
values were associated with a value of 30 or greater on the Phred scale
(0-40) for 25066143 reads PF (pass filter) considering a medium length
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of 76 bp from the controls and 27848979 reads PF considering the same
medium length from GASH:Sal.

After quality control, normalization of the libraries, and detection of
no significant deviation between the differential expression and the av-
erage expression, we began analyzing the great quantity of data obtain-
ed. One of the most interesting means of analysis is the examination of
the table containing all of the information about the differentially
expressed genes. This information not only provides the biological pro-
cesses, molecular functions, cellular components, and phenotypes asso-
ciated with many genes according to their annotation but also describes
whether the genes are upregulated or downregulated |FC| and whether
the results from a statistical perspective were significant (p value).

The data obtained and discussed in this publication have also been
deposited in the NCBI BioProject at accession number 230618.

2.7. Quantitative reverse transcription real-time PCR (RT-qPCR)

Total RNA (2 pg), reacted with oligo-dT and random hexamer
primers, was reverse transcribed into cDNA at 37 °C for 2 h using the
First Strand cDNA Synthesis Kit (Promega Corporation, Madison, WI,
USA). In all cases, a reverse transcriptase negative control was used to
test genomic DNA contamination.

Quantitative RT-qPCR was performed using the SYBR Green method
with a 2 x Master Mix (Applied Biosystems). Each reaction contained
10 pl of Master Mix, 0.4 pl of each pair of primers, 3 pl of each cDNA sam-
ple in a different serial cDNA quantity for each gene, and MilliQ water up
to 20 pl. The amplification reaction was performed in an ABI Prism 7000
detection system (Applied Biosystems) under the following conditions:
10 min at 95 °C followed by 40 cycles of 15 s at 95 °Cand 1 min at 60 °C
depending on each pair of primers. Quantitative reverse transcription
real-time PCR experiments were performed in replicates of 3 to 8 sam-
ples and conducted in triplicate for each gene product examined. The
list of primers used is provided in Table 2. 3-actin was used as the
housekeeping gene.

To choose the most stable genes as internal references for RT-qPCR
data normalization, two candidates [(3-actin and glyceraldehyde 3-
phosphate dehydrogenase (Gapdh)] were selected according to their
expression levels detected in the microarray studied. The expression
of these two genes was also measured by RT-qPCR. NormFinder soft-
ware [35] was used to calculate the intra- and intergroup variations in
gene expression. Our results indicated that 3-actin is the most stable
gene, whereas Gapdh is less stable (data not shown). Thus, the mean
threshold cycle (Ct) value and primer efficiency value of B-actin were
used for normalization.

The comparative Ct method was used for presenting quantitative
data [36]. Following the removal of outliers [37], raw fluorescence data
were used to determine the PCR amplification efficiency (E) according
to the formula E = [10(~1/51°P¢) — 1] +100. All amplifications had an E
value of 100 £ 10%, and an E value near 100% indicated efficient ampli-
fication. The relative gene expression value (FC) for each transcript was
calculated according to the formula 2~ (ACt “condition 17 — ACt “condition 27)
where “condition 1” corresponds to the experimental sample, “condi-
tion 2” to the sample from the control animal, and ACt of each “condi-
tion” is Cteexperimental gene” — Cleendogenous gene” [36]. The standard error
for each relative gene expression value was calculated as a measure of
data variation. The significance of the qPCR analysis results was deter-
mined using a one-tailed t-test for each gene, considering |FC| > 1
as significant (p < 0.05).

2.8. Immunostaining

The control animals and the animals exposed to auditory stimulation
of both species were euthanized with pentobarbital (60 mg/kg) and
perfused transcardially with 0.9% saline wash solution followed by 4%
paraformaldehyde fixative solution (Table 1). The time between audio-
genic stimulation and sacrifice was 60 min. After the fixative perfusion,
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Table 2
Oligonucleotide primers employed.

Target GenBank number?® Primer forward cDNA Primer reverse cDNA Size of EP

protein forward? reverse?® products

Egrl NM_012551.2| CAGC(A/G)GCGC(T/C)TTCAATCCTC 162-181 GTGGTCAGGTGCTCGTAGGG 202-221 60 2.04
Rattus norvegicus 502-521 542-561
XM_005065288.1| 265-284 305-324
Mesocricetus auratus
XM_007636101.1|
Cricetulus griseus

Egr2 XM_003515916.1| Cricetulus griseus AGGCCCTTGGATCTCCCATA 31-50 CAGCTGGCACCAGGGTACTG 127-146 116 2.00
XM_005070807.1| 347-363 443-462
XM_005070806.1| Mesocricetus auratus 559-575 655-674
AB264614.1| Rattus norvegicus 27-46 123-142

Egr3 XM_006252240.1| CCACAAGCCCTTCCAGTGTC 1198-1217  GTGCGGATGTGAGTGGTGAG 1253-1273 75 1.98
XM_006252239.1| Rattus norvegicus 1019-1038 1074-1094
XM_005071015.1] 789-808 844-860
XM_005071014.1]| 955-975 1010-1026
XM_005071013.1] 1154-1173 1209-1225
Mesocricetus auratus 780-799 835-855
XM_003496195.1|
Cricetulus griseus

Gabra4  XM_008770135.1 CACCAT(A/C)AGTGCGGAGTGTC 1276-1295  ATTTCAAAGGGCAGGCATGA 1327-1346 71 1.98
Rattus norvegicus 498-517 549-568
XM_003507783.2 498-517 549-568
XM_007634147.1 441-460 492-511
XM_007634149.1 441-460 492-511
XM_007634150.1 605-624 656-675
Cricetulus griseus 441-460 492-511
XM_005080795.1 441-460 492-511
XM_005080796.1
XM_005080797.1
Mesocricetus auratus

Gapdh NM_017008.4| ACATGCCGCCTGGAGAAACCT 805-824 GCCCAGGATGCCCTTTAGTGG 874-894 90 2.00
Rattus norvegicus 802-821 871-891
NM_001244854.2|
Cricetulus griseus

B-actin  XM_006248886.1| XM_006248885.1| AGCCATGTACGTAGCCATCC 240-259 ACCCTCATAGATGGGCACAG 335-354 115 2.03
Rattus norvegicus 415-434 510-529
XM_007648665.1| 489-506 584-602
Cricetulus griseus 390-407 485-503

NM_001281595.1]
Mesocricetus auratus

2 The primer location in the corresponding GenBank sequences of rat and hamster origin is indicated.
b qPCR primer efficiency (E) was calculated according to the following equation: E = 10(~1/sop®),

the brains were removed from the skulls and cryoprotected for 48 h at
4 °Cin 30% sucrose in phosphate buffer (PB). Coronal brain sections at
40-pm thickness were generated using a freezing sliding microtome.
All sections were processed for immunohistochemistry using similar
procedures to those used in our previous studies of rats [24] and ham-
sters [23]. Briefly, the sections were washed and incubated in a rabbit
anti-EGR3 primary antibody solution (1:500, #HPA006206, Sigma-
Aldrich) diluted in TBS (Tris-buffered saline) for 24 h at 4 °C. The tissue
was then washed and incubated with a goat biotinylated secondary
antibody anti-rabbit (1:200, #BA-1000, Vector Labs) for 2 h at room
temperature and finally visualized with the avidin-biotin-peroxidase
complex procedure (Vectastain, Vector Labs) and histochemistry for
peroxidase without heavy metal intensification. For each brain, all
sections were mounted on slides, dehydrated, and coverslipped. Brain
specimens taken from control animals, as well as from WAR and
GASH:Sal animals, were processed simultaneously using the same
batch of solutions and incubation times in order to minimize the vari-
ability in the visualization of immunoreactivity and DAB reaction prod-
uct. For immunolocalization of markers in the lymphoma-derived tissue
samples, the fixed tissues were processed in a commercial histological
processor (Technicon, Assens Llofriu, Madrid, Spain), and the resulting
paraffin blocks were cut into 3-um sections. We used a Bond Polymer
Refine Detection system (DS9800, Vision BioSystems, Newcastle, UK)
(Leica Bond III), which included a polymeric horseradish peroxidase
(HRP)-linked antibody for the detection of the secondary antibody,

according to the instructions of the manufacturer using the same con-
centration as cited above.

The primary antibody used was anti-Egr3 (1:500, #HPA006206,
Sigma-Aldrich), a polyclonal antibody generated in rabbits against the
recombinant early growth response 3 protein epitope signature tag
(PrEST) (see details in the manufacturer's technical information).

Negative controls were not treated with primary antibodies, and this
resulted in the complete absence of immunolabeling.

The histological sections were thoroughly examined under a micro-
scope (DMBL, Leica), and images were captured using a digital camera
(DP50, Olympus) adapted to the microscope.

3. Results
3.1. Microarray analysis

3.1.1. Gene expression arrays of the IC in the control vs. GASH:Sal hamsters
after acoustic stimulation

From the full list of genetic analyses obtained from the MoGene 1.0
ST expression arrays of all samples, the analysis of sound-stimulated
control hamsters and GASH:Sal was composed of 28,814 entries
(26,293 of which were identifiable). The differences between the stim-
ulated controls and stimulated GASH:Sal were analyzed. We identified a
total of 82 genes that changed in expression when comparing stimulat-
ed controls to stimulated GASH:Sal (see complete list of differentially
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expressed genes in Supplemental File 1). Of these 82 genes, we specifi-
cally identified 15 genes showing significant fold change (|FC| > 1.5) dif-
ferences in gene expression. Thus, we found upregulation of 10 genes
and downregulation of 5 genes in the stimulated GASH:Sal compared
to stimulated control hamsters.

No relationships at the metabolic, structural, or functional level
among the 15 genes were observed. Most of the genes were transcrip-
tion factors (early growth response 2 [Egr2], early growth response 3
|Egr3], neuronal PAS domain protein 4 [Npas4], RAS protein-specific
guanine nucleotide-releasing factor 2 [Rasgrf2], sterile alpha motif
domain-containing 9-like [Samd9l]), some of which were related to sig-
naling pathways associated with Rho or Ras proteins (Rasgrf2, Samd9l).
There were also genes related to calcium ion metabolism (ATPase, Ca™*
transporting, ubiquitous [Atp2a3], triadin [Trdn]), epigenesis (jumonji,
AT-rich interactive domain 1D [Jarid1d], ubiquitously transcribed tetra-
tricopeptide repeat gene, Y chromosome [Uty]), translation processes
(prostaglandin E synthase 3 (cytosolic)-like [Ptges3I]), or several bio-
logical processes (ADP-ribosylation factor-like 15 [Arl15], calcyclin-
binding protein [Cacybp], cyclic nucleotide-binding domain-containing
1 [Cnbd1]). Interestingly, two of the genes encode transcription factors
that belong to the family of early growth response genes, Egr2 and

Egr3. The Gene Ontology (GO) annotations related to those genes in-
clude sequence-specific DNA binding transcription factor activity and
transcription regulatory region DNA binding.

The functional analysis and overrepresentation calculations based
on the GO Annotation Tool are shown in Fig. 1A.

3.1.2. Gene expression arrays of the IC in the Wistar vs. WAR rats after
acoustic stimulation

Analysis of the differential expression between samples of the IC
from stimulated Wistar and WAR rats provided a list of 297 genes. We
reduced that list by choosing the most representative genes according
to a cutoff absolute fold change of 2 or greater (|FC| > 2).

Comparative analysis of the microarray results between sound-
stimulated Wistar and WAR rats showed that the genomic profile of
these animals was significantly affected (displaying a |[FC| > 2 and
p < 0.05) in 39 upregulated genes and 32 downregulated genes.

To enhance the biological interpretation of the differentially expressed
genes from our microarray studies, we determined whether any of the bi-
ological processes or molecular functions were overrepresented among
the differentially expressed genes. The functional interpretation of the
experimental data in the rat microarrays was performed using the GO

Stimulated Golden Hamster vs Stimulated GASH:Sal
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Fig. 1. Functional analysis of the genes in the most representative functional categories based on the Gene Ontology (GO) annotation. The bar graph shows the number of genes up- and
downregulated in the IC after sound stimulation in the GASH:Sal (A) and WAR (B) models relative to their respective controls subjected to the same experimental conditions.
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annotations (Fig. 1B). Our results indicated that although there were
many overrepresented biological function categories, the majority of
genes were related to a few function categories. We found certain func-
tions that only corresponded to upregulated genes and other functions
that corresponded to only downregulated genes or both up- and down-
regulated genes (Fig. 1B). In our study, the most relevant function cate-
gories included genes involved in responses to different stimuli
(epoxide hydrolase 2, cytoplasmic [Ephx2], regulator of G-protein
signaling 2 [Rgs2], regulator of G-protein signaling 5 [Rgs5], succinate
receptor 1 [Sucnr1]), oxygen homeostasis (ATP-binding cassette, sub-
family B (MDR/TAP), member 1 [Abcb1a], lecithin-cholesterol acyl-
transferase [Lcat], farnesyl diphosphate synthetase [Fdps]), metabolic
process (DOPA decarboxylase [Ddc], phospholysine phosphohistidine
inorganic pyrophosphate phosphatase [Lhpp], phosphoribosyl pyro-
phosphate synthetase 1 [Prps1], transthyretin [Ttr]), translation
process (60S ribosomal protein L12 [LOC499782]), transcription factors
(nitric oxide synthase trafficking [Nostrin], polymerase (RNA) Il (DNA-
directed) polypeptide K [Polr3k], SCAN domain-containing 1 [Scand1],
U2 spliceosomal RNA [U2]), neuropeptide signaling pathway (EGF,
latrophilin and seven transmembrane domain-containing protein 1
precursor [ADGRF5], adhesion G-protein-coupled receptor F5 [Gpr116],
G-protein-coupled receptor 126 gene [Gpr126], 5-hydroxytryptamine
receptor 3A [Htr3a], neuropeptide Y precursor [NPY], tachykinin, pre-
cursor 1 [Tac1]), calcium metabolism (mitochondrial fission 1 protein
[Fis1]), and immediate-early growth response (Egr3), among other cat-
egories (Fig. 1B). Supplemental File 1 shows the complete list of differ-
entially expressed genes.

The comparison between the gene expression profiles of the two sei-
zure animal models using the microarray data showed only one com-
mon gene, the Egr3, which was upregulated in both cases.

| Control stim. vs. GASH stim.

3.2. Quantitative reverse transcription real-time PCR

We performed RT-qPCR analyses to validate the data obtained in the
microarrays of the IC corresponding to the sound-stimulated audiogenic
strains and their sound-stimulated controls. This included the overex-
pression of the Egr3 in the experimental samples compared to the con-
trols for both microarrays used in the present study. Moreover, we
checked the expression of other deregulated genes in our microarrays
and those belonging to the Egr family (Egrl and Egr2). The results of
this set of experiments are shown in Fig. 2 and Table 3.

The three early growth response genes Egr1, Egr2, and Egr3 were sig-
nificantly overexpressed in both stimulated GASH:Sal and WAR com-
pared to their respective stimulated controls (Fig. 2A and B). The value
of Egr3 and Egr2 expression between stimulated Wistar and WAR rats
was extraordinarily high (Fig. 2B), 10 fold higher than that observed
for the comparison between stimulated control and GASH:Sal hamsters
(Fig. 2A).

Furthermore, we determined the effect of sound stimulation in the
IC gene expression, analyzing the expression of the Egr genes in the
two strains with or without auditory stimulation by RT-qPCR. Thus,
the gene expression of the IC in the baseline controls was compared
with that in the sound-stimulated audiogenic strains (Fig. 2C and D).

The comparison of gene expression between nonstimulated
GASH:Sal and stimulated GASH:Sal indicated that the expression of
the three Egr genes was significantly higher in the stimulated GASH:Sal
(100 fold higher than in the nonstimulated GASH:Sal) (Fig. 2C).

By comparing the nonstimulated WAR with the stimulated WAR, we
found that the three Egr genes were significantly overexpressed in the
stimulated WAR (Fig. 2D). The Egr1 and Egr3 expression results were
similar to those found in the comparison of the GASH:Sal; alternatively,
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Fig. 2. The fold changes in Egr transcript expression in the IC of GASH:Sal and WAR models and their respective controls were measured via RT-qPCR. The expression of the three Egr genes
was significantly increased in both audiogenic seizure models in comparison to their respective stimulated controls and in comparison with their basal levels. Error bars indicate
hemistandard deviation (SD). The housekeeping gene used was [3-actin. All the RT-qPCR primers are described in Table 1. Significant differences are indicated as p < 0.01 (**) or

p <0.001 (***). Abbreviation: FC, fold change (relative mRNA levels).
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Table 3

The fold changes in GABRa4 transcript expression in the IC of the GASH:Sal and WAR models and their respective controls were measured via RT-qPCR. In red, upregulated; in green,
downregulated. The housekeeping gene used was 3-actin. All the RT-qPCR primers are described in Table 1. The significant differences are indicated as p < 0.001 (***); NS, not significant

(p>0.05).

Control stim. vs. GASH stim.

GASH vs. GASH stim.

Gene Gene RT-qPCR

description symbol

Control stim. GASH stim.

Gamma-
aminobutyric
acid (GABA)
A receptor o
4 subunit

GABRa4 1.02 £0.27 0.79+0.20

RT-qPCR
p value

RT-qPCR RT-gPCR

p value

GASH GASH stim.

NS 1.10£0.39 0.94 +0.24 NS

Wistar stim. vs. WAR stim.

WAR vs. WAR stim.

Gene Gene RT-qPCR

description symbol

Wistar stim. WAR stim.

RT-qPCR
p value

RT-qPCR RT-qPCR

p value

WAR WAR stim.

Gamma-
aminobutyric
acid (GABA)
Areceptor o
4 subunit

GABRa4 1.01 £0.19 456 +1.29

<0.001 (***) 113070 1.42 +0.89 NS

Egr2 expression was slightly higher in the stimulated WAR than in the
nonstimulated WAR, although not to the extent observed in GASH:Sal.

Finally, we performed RT-qPCR analysis on other genes related
to the function of the Egr3, such as the gene encoding the gamma-
aminobutyric acid (GABA) A receptor, alpha 4 (GABRa4), despite not
having been detected as deregulated in our microarray analysis. In our
study, the expression of the gene encoding the alpha 4 subunit of
GABAA receptor was not significantly changed in the IC of the GASH:Sal
under any of the conditions studied (Fig. 2A and C). Alternatively,
GABRa4 expression was significantly different in the IC of the sound-
stimulated WAR compared to the sound-stimulated controls (Table 3).

3.3. Immunohistochemistry

Since Egr3 was upregulated in the IC of both audiogenic strains, we
studied the distribution of the Egr3 protein in the nervous system
under basal conditions and after sound stimulation. Using immunohis-
tochemistry to detect Egr3, we found a similar immunostaining pattern
between the two species (Figs. 3 and 4). Early growth response 3
immunopositive neurons were found in the auditory pathway of the
stimulated animals and nonstimulated animals. In WAR and GASH:Sal
animals, Egr3 immunolabeled neurons were present in all the three
divisions of the IC. The majority of Egr3 immunolabeled neurons were
found in the dorsal and external cortices of the IC, while weakly stained
neurons were found in the central nucleus of the IC (Figs. 3 and 4). Also,
Egr3 immunostaining was present in the cochlear nucleus complex
(Figs. 3 and 4). Outside the auditory pathway, we found Egr3 immuno-
reactivity in the hippocampus (Figs. 3 and 4).

Because of the close relationship between Egr3 expression and the
proliferation of B and T lymphocytes [38], we examined the presence
of this protein in lymphoma cells sporadically observed in the colony
of GASH:Sal [39]. We found immunoreactivity for the Egr3 protein in
Burkitt-type non-Hodgkin neoplastic lymphoma tissue, which was pre-
viously observed in the GASH:Sal [39]. Early growth response 3 immu-
nostaining revealed focal expression in the lymphoid cells localized to
the cytoplasm (Fig. 5).

3.4. Transcriptome comparison
We used the mouse probes for the microarray analyses of gene
expression in hamsters as the Syrian hamster probes were not currently

available. To confirm these results, we employed Chinese hamster
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probes (Cricetulus griseus) via transcriptomic analysis, comparing
the stimulated controls with the stimulated GASH:Sal. The data are avail-
able in a database at NCBI under the project number PRJNA230618
(https://submit.ncbi.nlm.nih.gov/ft/byid/bq7rg36z/gashsubmission.sqn).
Upon using these probes, the number of differentially expressed genes
between stimulated GASH:Sal and the stimulated controls was increased.
In the present study, we focused only on the results related to the Egr
genes. The expression values from RT-qPCR and transcriptomic analyses
showed significantly increased values of the early expression genes
Egrl, Egr2, and Egr3. In the microarray analysis, we found upregulation
of the Egr2 and Egr3 genes, but we did not detect upregulation of the
Egr1 (Fig. 6).

4. Discussion

Genetic animal models of epilepsy provide important tools for fur-
ther understanding the basic cellular mechanisms underlying epilepto-
genesis and identifying new targets for antiepileptic drugs. They are also
used to determine the genetic factors that induce seizures to discover
molecular mechanisms in common with human epilepsy.

In the present study, using microarrays, we analyzed the changes
in gene expression in two strains with audiogenic epilepsy after a sei-
zure event, compared with controls under the same conditions. The
comparison of the gene expression profiles between the two animal
models using the microarray data showed only one common gene,
Egr3, which was upregulated in both cases. On the other hand, using
RT-qPCR studies, we confirmed the differential expression of this gene
and two other early response genes, Egr1 and Egr2, which were also up-
regulated in both species. Differences between microarray and RT-qPCR
data occur for several reasons, including the fact that different probes
are used for the microarray and RT-qPCR experiments (which can
capture differential expression in splice variants), differences in the
methods for normalization of expression data, and possible false-
positive expression changes. In addition, lower correlations between
RT-qPCR and microarray results were consistently reported for genes
exhibiting small degrees of changes [40].

4.1. Methodological considerations
In our study, the time between the induced seizures and the tissue

sampling for the RNA study was 60 min. Since it has been reported
that the expression of Egr2 and Egr3 is dramatically induced 30 min
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GASH:Sal naive

GASH:Sal sound stimulated

Fig. 3. Coronal sections of GASH:Sal were immunostained to visualize Egr3 protein expression. The inset shows a magnification of the boxed area. Abbreviations: IC, inferior colliculus; VCN,

ventral cochlear nucleus.

after the onset of seizures induced by kainic acid [41], we set 60 min as a
period of time sufficient to detect Egr gene expression. Microarray anal-
ysis enables global transcriptomic studies of the changes in gene
expression because it enables the simultaneous analysis of thousands
of genes in a single experiment. Briefly, after performing the hybridiza-
tion arrays and after quantitation of the expression level of each probe
set in all microarrays, we used a different algorithm to identify probe
sets displaying significant differential expression by comparing the
samples from audiogenic strains with their respective controls. We
selected the genes that varied in a range (fold change) among other
genes and used different databases to identify their function. Only
genes displaying a |FC| > 2 (up- or downregulated) were considered
for analysis. For the GASH:Sal, we have chosen a less restrictive criteri-
on, |FC| > 1.5, because the probes used were not the most appropriate
and did not allow us to detect many changes. Moreover, because a lim-
ited number of genes were differentially expressed, few genes fulfilled
such a restrictive criterion. On the other hand, we used commercial
mouse microarrays to study gene expression in hamsters because the
genome of this species has not been described, and therefore, no specific
arrays have been developed. Furthermore, it is well known that these
two species (M. auratus and Mus musculus) are phylogenetically very
close [42].

Genotyping of M. auratus is currently underway at the Broad Insti-
tute (NCBI-BioProject accession: PRINA77669) but is not published
yet. Therefore, to confirm the results of our gene expression analysis,
we used the cDNA sequences of the Chinese hamster, C. griseus, for a
comparative analysis of the transcriptomic profiles in the IC from
GASH:Sal and control Syrian hamsters, both of which were stimulated
with sound. The Chinese hamster genome was recently published
[43], and this species displays greater similarity to the Syrian hamster
than to the mouse [44].

4.2. Early growth response genes

The Egri, Egr2, and Egr3 genes are immediate-early genes; this term
refers to genes whose transcription can be rapidly and transiently
induced by a broad range of cellular stimuli (environmental, physiolog-
ical, and pathological stimuli) [45,46]. These genes encode the EGR fam-
ily of zinc-finger proteins, which bind to DNA, RNA, or proteins [47,48].

The factors that induce the expression of these genes in mammalian
cells include stress [49], which may be induced by chemical and physical
external stressors [50] or internal stressors, such as cardiac stress [51],
which elevates the Egr mRNA level. The increased transcription of Egr
due to stress occurs in tissues as variant as the adrenal glands [52] and
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WAR naive WAR sound stimulated

&

Fig. 4. Coronal sections of WAR were immunostained to visualize Egr3 protein expression. The inset shows a magnification of the boxed area. Abbreviations: 4v, fourth ventricle; IC, inferior
colliculus; VCN, ventral cochlear nucleus.

the hippocampus [53]. It has been reported that Egr1 has a clear role in
mediating gene expression required for some learning and memory
processes [54,55], and Egr3 is associated with neuronal plasticity in re-
sponse to stress and novelty [56]. In fact, the proteins expressed by
the activity-regulated cytoskeletal-related (Arc) gene are directly regu-

lated by Egr1 and Egr3, which can indirectly modulate synaptic plasticity aanns B
by di i .
y directly regulating Arc [57] Egrl
BT o
W GeneChip
B RT-qPCR
Egr2
OTranscriptome

Egr3

Fig. 6. Confirmation of the results for selected genes at the gene expression level. The fold
changes in the expression levels of the three Egr transcripts in the IC of the sound-
stimulated GASH:Sal compared to the sound-stimulated Syrian hamster controls were ob-
Fig. 5. Egr3 immunopositivity in lymphoid cells of GASH:Sal lymphoma tissue. Scale bar, tained by microarray, RT-qPCR, and transcriptomic analyses. Abbreviations: FC, fold
10 pm. change (relative mRNA levels).
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The early growth response genes Egr1, Egr2, and Egr3 mediate adap-
tation to novel stimuli and novelty [58]. This result from our material
would explain their presence in the auditory nuclei, where cells respond
to the sound. Exposure to novelty resulted in long-term depression
(LTD), and Egr3 has been associated with LTD processes [56], which
are also mediated by the serum factor response (SRF) gene [59]; this
gene was overexpressed in the GASH:Sal transcriptome (data not
shown). Mice knocked out for this gene (Egr3—/'~) show abnormal ad-
aptation to novelty and stress, deficits in startle habituation, and deficits
in synaptic plasticity [56]. Based on immunohistochemistry, we found
this protein in the hippocampus of WAR and GASH:Sal, in both animals
subjected to auditory stimulation and naive animals. Although we have
not quantified the levels of this protein, it does not appear that its ex-
pression is increased in the hippocampus of the stimulated animals,
and such a result would support its function. However, because the
brains were collected 60 min after audiogenic stimulation, it is possible
that insufficient time or number of stimulations was responsible for the
inability to detect Egr3-immunolabeled differences in the hippocampus.

Different processes that contribute to neuronal hyperexcitability,
such as the hyperexcitability produced by ethanol withdrawal [60]
and induced seizures [61], resulted in overexpression of these Egr
genes. Following seizures induced by kainic acid, it was possible to de-
tect the expression pattern of these immediate-early genes (IEGs), espe-
cially in the hippocampus, the cortex, and the amygdala [61]. It has been
previously reported that the Egr3 expression is increased in the hippo-
campus of humans with temporal lobe epilepsy as well as in animal
models of temporal lobe epilepsy [62]. On the contrary, Lgi1L385R/+
rats, which showed generalized tonic-clonic seizures in response to
acoustic stimuli, have the opposite effect — a downregulation of Egr2
after sound stimulation [63]. In humans, it has been reported as a com-
mon pattern of persistent gene activation in neocortical epileptic foci,
including the Egr1 and the Egr2 [64] but not the Egr3. As far as we
know, up to the present, there is no information in the literature regard-
ing the upregulation of these genes and the increment of the corre-
sponding proteins in the IC after the audiogenic seizures in animal
models.

Sustained IEG expression might represent either a stress response
by which the neurons are trying to protect themselves or an early indi-
cator that these cells are initiating a pathway leading to programmed

T-cell
receptor
complex

cell death. In our case, the overexpression of Egr3 following stimula-
tion in both the WAR and GASH:Sal models could be explained by the
essential role of Egr3 in regulating gene expression to promote
fusimotor innervation homeostasis [65], which changes with increased
motor activity, as observed for ictal events. Along these lines, it has re-
cently been reported that Egr3 is a target of critical cocaine-mediated
signaling pathways, which are responsible for the induction of locomo-
tor activity [66].

The early growth response 3 gene has also been associated with
changes in GABRa4 expression after status epilepticus [67]. This gene
encodes a subunit of the GABAA receptor, an ion channel that mediates
the majority of inhibition in the central nervous system. Seizure induced
transcriptional upregulation of the a4 subunit gene (GABRa4) of this re-
ceptor [68] may play an important role in the etiology of temporal lobe
epilepsy [67]. In our study, we have found this correlation only in the IC
of WAR, which displayed upregulation of the GABRa4 gene after the ictal
event but not in that of GASH:Sal. Perhaps, in the latter model of epilep-
sy, excitotoxic mechanisms were unrelated to modifications of the ex-
pression of the a4 subunit of the GABA receptor but rather were
related to modifications in the expression of other subunits (32) of
this receptor, resulting in its dysfunction [69].

Another feature attributable to Egr genes, specifically Egr3, is that
they play an essential role in the conversion of mitogenic signals by
epidermal growth factor into a proliferative response to regulate
sympathetic neuronal dendrite morphology and terminal axon
branching; these processes are essential for normal sympathetic
nervous system development [70]. Together with Egr2, Egr3
performs critical functions in the myelination of the peripheral nervous
system (Fig. 7) [71].

These transcription factors (Egr2 and Egr3) are also involved in
the control of inflammation [67] and in the proliferation of B and T lym-
phocytes [38,72,73]. Interestingly, we found immunoreactivity for the
Egr3 protein in Burkitt-type non-Hodgkin neoplastic lymphoma cells,
which were previously observed in the GASH:Sal and in human
Burkitt-type B lymphoma [39]. Early growth response 3 is also highly
overexpressed in other types of cancer, such as prostate cancer [74] or
breast cancer [75]. This relationship between Egr3 and cancer has not
been found for other Egr genes, for which the opposite relationship
was described. For instance, numerous studies have detailed the

Long-Term
Potentiation

Cell
Growth

O Apoptosis

Regulation of transcription

o Myelination

Fig. 7. Schematic relationship between the three Egr genes that were upregulated in the inferior colliculus after audiogenic stimulation in the WAR and GASH:Sal audiogenic seizure
models. This figure summarizes the relationship between Egr genes associated with processes of cell growth, apoptosis, LTD, corticosteroid signaling, myelination, and transcriptional
regulatory genes. These interconnections indicate that Egr proteins act as nuclear effectors of different signals.
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tumor suppressor functions of Egr1 and, consequently, its downregula-
tion in breast, lung, and glial cancers [76-78]. In the near future, we plan
to perform further research to determine whether Egr3 can serve as a
predictive marker of lymphoma and other cancer types.

5. Conclusions

Ictal events in strains susceptible to audiogenic seizures, specifically
WAR and GASH:Sal, cause gene deregulation in the IC.

The technical limitations of the microarray analyses require the
validation of the microarray data with real-time RT-PCR. The WAR and
GASH:Sal exhibited overexpression of the early growth response
genes Egrl, Egr2, and Egr3, presumably as an effect of the stress associ-
ated with seizures. The overexpression of these genes was higher in
the WAR model than in the GASH:Sal model. These genes are transcrip-
tion factors, and their activation precedes further transcriptional re-
sponses related to myelination processes, cell growth, apoptosis, LTD,
and activation of transcriptional regulatory genes. Fig. 7 and Supple-
mental File 2 summarize the relationship between the Egr genes that
were upregulated after an ictal event in the two models of audiogenic
epilepsy studied, as well as their interconnection with other genes and
cellular processes.

The present study showed for the first time upregulation of the early
growth response genes Egr1, Egr2, and Egr3 in the inferior colliculus (an
epileptogenic focus) of the WAR and GASH:Sal strains.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yebeh.2015.12.020.
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