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The Wistar Audiogenic Rat (WAR) and the Genetic Audiogenic Seizure Hamster from

Salamanca (GASH/Sal) strains are audiogenic epilepsy models, in which seizures are

triggered by acoustic stimulation. These strains were developed by selective reproduction

and have a genetic background with minimal or no variation. In the current study,

we evaluated the transcriptome of the inferior colliculus, the epileptogenic nucleus,

of both audiogenic models, in order to get insights into common molecular aspects

associated to their epileptic phenotype. Based on GASH/Sal RNA-Seq and WAR

microarray data, we performed a comparative analysis that includes selection and

functional annotation of differentially regulated genes in each model, transcriptional

evaluation by quantitative reverse transcription PCR of common genes identified in both

transcriptomes and immunohistochemistry. The microarray data revealed 71 genes with

differential expression in WAR, and the RNA-Seq data revealed 64 genes in GASH/Sal,

showing common genes in both models. Analysis of transcripts showed that Egr3

was overexpressed in WAR and GASH/Sal after audiogenic seizures. The Npy, Rgs2,

Ttr, and Abcb1a genes presented the same transcriptional profile in the WAR, being

overexpressed in the naïve and stimulatedWAR in relation to their controls.Npy appeared

overexpressed only in the naïve GASH/Sal compared to its control, while Rgs2 and Ttr

genes appeared overexpressed in naïve GASH/Sal and overexpressed after audiogenic

seizure. No statistical difference was observed in the expression of Abcb1a in the

GASH/Sal model. Compared to control animals, the immunohistochemical analysis of

the inferior colliculus showed an increased immunoreactivity for NPY, RGS2, and TTR

in both audiogenic models. Our data suggest that WAR and GASH/Sal strains have

a difference in the timing of gene expression after seizure, in which GASH/Sal seems

to respond more quickly. The transcriptional profile of the Npy, Rgs2, and Ttr genes

under free-seizure conditions in both audiogenic models indicates an intrinsic expression

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2020.00033
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.00033&domain=pdf&date_stamp=2020-02-13
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lopezde@usal.es
https://doi.org/10.3389/fneur.2020.00033
https://www.frontiersin.org/articles/10.3389/fneur.2020.00033/full
http://loop.frontiersin.org/people/834729/overview
http://loop.frontiersin.org/people/12869/overview
http://loop.frontiersin.org/people/75720/overview
http://loop.frontiersin.org/people/12506/overview
http://loop.frontiersin.org/people/2672/overview
http://loop.frontiersin.org/people/12864/overview


Damasceno et al. Transcriptome GASH/Sal and WAR Models

already established in the strains. Our findings suggest that these genes may be causing

small changes in different biological processes involved in seizure occurrence and

response, and indirectly contributing to the susceptibility of the WAR and GASH/Sal

models to audiogenic seizures.

Keywords: audiogenic model, microarray, RNA-Seq, seizure, transcriptome

INTRODUCTION

Epilepsy is a neurological condition determined by enduring
predisposition to generate seizures and by its neurobiological,
cognitive, psychological, and social consequences (1, 2). Several
experimental models (in vivo, in vitro, and in silico) are
available for the study of this disorder, and their use has
been essential for understanding the ictogenic and epileptogenic
processes (3–5). Experimental animal models are indispensable
for epilepsy research and can be developed through induction of
seizures in wild-type animals or inbreeding genetically epilepsy-
prone animals (6, 7). The genetically seizure-prone models
are maintained using inbreeding protocols and have a genetic
background with minimal or no variation. Thus, these models
may provide important molecular and genetic clues to uncover
the development of epilepsy and the occurrence of seizures.
Among the genetic models of epilepsy, there are the audiogenic
models whose animals are susceptible to seizures triggered by
acoustic stimulation, named audiogenic seizures.

The Wistar Audiogenic Rat (WAR) and the Genetic
Audiogenic Seizure Hamster from Salamanca (GASH/Sal) strains
are the most recent audiogenic models in rodents (8, 9).
Although they originate from different species, the WAR and
GASH/Sal strains present common aspects. Both are genetic
models sensitive to sound stimuli, the WAR strain developed
by selective reproduction of Wistar animals and the GASH/Sal
strain with DNAmutations arising in a colony of Syrian hamsters
(8, 9). During acoustic stimulation (sound intensity 110–120
dB), WAR and GASH/Sal animals exhibit a latency period that
is interrupted by a wild running and subsequent generalized
tonic–clonic seizures that may progress to more severe motor
manifestations, such as dorsoventral flexion of the neck and
hyperextension of the forelimbs and hindlimbs (8, 9).

The inferior colliculus (IC) is the main structure involved
in the development of seizures in the audiogenic models,
considered the epileptogenic nucleus (8–11). Experiments in
the WAR model demonstrated the importance of this structure
in the initiation of the audiogenic seizures (12, 13), and the
immunoreactivity of the neural activity marker, c-Fos, was
observed in the IC of WAR and GASH/Sal animals following
seizures (8, 14). In addition to the behavioral similarities,
it is believed that other aspects are shared between the
two audiogenic models. Neurochemical and molecular aspects
have been investigated and suggest that GASH/Sal presents
abnormalities in the GABAergic neurotransmission (15) as
already proposed for the WAR model (16, 17). Furthermore,
López-López et al. (18) revealed common molecular alterations,
such as the overexpression of the Egr1, Egr2, and Egr3 genes in
the IC of both models.

Later on, the IC of stimulated GASH/Sal and Syrian hamsters
were used in RNA sequencing (RNA-Seq) analyses (18). Based
on these RNA-Seq data from GASH/Sal and the microarray data
fromWAR, other genes were identified as differentially regulated
in both models.

In the current study, we evaluated the transcriptional profiles
of these common genes by quantitative reverse transcription
PCR (RT-qPCR) and the protein expression in the epileptogenic
nucleus by immunohistochehstry. The molecular mechanisms
underlying epileptogenesis are thought to be associated with
altered expression of gene groups. We believe that identifying
common expression patterns in these two audiogenic models
of different species may help elucidate molecular mechanisms
involved in the common phenotype: audiogenic seizures. Our
results contribute to the molecular characterization of the
mentioned models and understanding of biological processes
involved in the predisposition or response to sound-triggered
seizures. In addition, it would provide new molecular targets
with potential implications for human epilepsy studies and
drug development.

MATERIALS AND METHODS

Animals
Fourteen WAR and 13 Wistar male rats 12 weeks old were
obtained from the Animal’s Facility of the University of São
Paulo (USP, Brazil). Fourteen GASH/Sal and 13 male Syrian
hamsters 10 weeks old were obtained from the Animal’s Facility
of the University of Salamanca (USAL, Spain) and from Janvier
Labs (Le Genest-Saint-Isle, France), respectively. The age of
the animals was previously defined considering the period of
greatest phenotypic stability of both audiogenic models. In the
WAR, the maximum audiogenic seizure susceptibility is since
10 weeks old (19). In the GASH/Sal, the maximum seizure
susceptibility occurs between 2 and 4 months, and subsequently
decays (20) to the point of losing seizure around 6 months
old, probably due to a gradual hearing loss (8). All animals
were maintained under normal conditions of lighting (12-h
light/dark cycle) and temperature (22 ± 1◦C) in an acoustically
controlled environment, and with free access to water and food.
The animals were subdivided into four groups: (1) the naïve
control group (Wistar N and Syrian N; n = 7 per strain);
(2) the naïve audiogenic group (WAR N and GASH/Sal N;
n= 7 per strain) corresponding to seizure-prone animals that
did not receive any acoustic stimulation or developed any
seizures; (3) the stimulated control group (Wistar S and Syrian
S; n = 6 per strain), composed of Wistar rats and Syrian
hamsters subjected to acoustic stimulation; and (4) the stimulated
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audiogenic group (WAR S and GASH/Sal S; n = 7 per strain)
corresponding to seizure-prone animals that were subjected to
acoustic stimulation and presented a convulsive episode. The
acoustic stimulation was individual and consists of a single
high-intensity acoustic stimulus of 110 dB for a maximum of
60 s or until the onset of the tonic seizure in cases of the
audiogenic animals. The stimulus is the sound of a ring bell
recorded on an audiotape digitalized with a high-pass filter
(>500Hz) and reproduced by a computer coupled to amplifiers
and tweeters in the upper side of the cage (120 dB) (21). All
animals submitted to the stimulation were evaluated according
to the severity index (SI) described by Garcia-Cairasco et al.
(21, 22). The stimulated control group (Wistar S and Syrian S)
was composed of animals that did not respond to sound. All
rats and hamster controls presented SI = 0.00 (no seizures).
The stimulated audiogenic seizures susceptible group (WAR
S and GASH/Sal S) was composed of animals that presented
generalized tonic–clonic seizures and clonic spasms. All of the
WAR presented SI ≥ 0.85 (tonic seizures plus generalized clonic
seizures). The euthanasia and tissue collection were defined
according to the methodology employed. Euthanasia was 60min
after the acoustic stimulation for specific groups for qPCR
transcript quantification and 90min for immunohistochemical
protein evaluation.

The tissue preparation of WAR animals and their control
counterparts was carried out at the University of São Paulo
following the same procedures used for the GASH/Sal at the
University of Salamanca (see below), and all samples including
brain tissues were appropriately shipped to the University of
Salamanca to process all specimens in parallel. All procedures
and experimental protocols were performed according to the
guidelines of the European Community’s Council Directive
(2010/63/UE) and Brazilian legislation for the care and use of
laboratory animals, and approved by the Bioethics Committee
of the University of Salamanca (approval number 300) and the
Ethics Committee on Animal Experimentation of the University
of São Paulo.

WAR Microarray
WARmicroarray data were obtained during the study performed
by López-López et al. (18). Briefly, RNA was extracted from the
IC of seven WAR and three Wistar rats previously subjected to
acoustic stimulation. After RNA purification and quantification,
the RNA was amplified subsequently, using the WT Sense Target
labeling and control reagents kit (Affymetrix Inc.), and then
hybridized to rat microarrays (Gene 1.0 ST Array). Following
scanning and image analysis, the microarray data were imported
and the significance analysis of microarrays (SAM algorithm)
was used to identify significant differential expression between
the experimental groups. We selected the genes that vary in a
range fold change greater than or equal to two (|FC| ≥ 2) among
other genes and p< 0.05 (p≤ 0.05). The functional annotation of
the selected genes was performed using the Gene Ontology (GO)
Consortium database. The microarray WAR data were deposited
in the NCBI’s Gene Expression Omnibus at GEO Series accession
numbers GSE74150 (18).

GASH/Sal RNA-Seq
The GASH/Sal RNA-Seq data were obtained from the study by
López-López et al. (18). Briefly, RNA was extracted from the IC
of four GASH/Sal and four Syrian hamsters that were subjected to
acoustical stimulation as described above. After RNA purification
and quantification, a pool of the RNA samples from IC of
each group was generated. After validation and quantification
of both libraries, the sequencing was performed in the Illumina
Miseq platform (Illumina). Raw sequence was assessed for quality
using FastQC and filtered by value ≥30 on the Phred scale (0–
40). The filtered reads were mapped in reference genome of
Syrian hamster, Mesocricetus auratus (MesAur 1.0), using STAR
software, and the identification of differentially regulated genes
was performed using EdgeR software. For this study, we selected
the genes that vary in a range fold change greater than or equal to
two (|FC| ≥ 2) and with a sum of reads greater than or equal to
100 (6reads ≥ 100) between the sample sequenced in GASH/Sal
and the control. Subsequently, the selected genes were submitted
to functional annotation using the GO Consortium database.
The data of RNA-Seq GASH/Sal were deposited in the NCBI
BioProject at accession number 230618 (18).

Quantitative Reverse Transcription PCR
(RT-qPCR)
The primers were designed for species Rattus norvegicus
and M. auratus. Gene sequences were obtained from the
Ensembl Genome Browser database (http://www.ensembl.
org/index.html) and the primers were designed aligned in
different exons using the Primer3 software (http://bioinfo.ut.ee/
primer3-0.4.0/primer3/) (Table 1). The quality of the designed
primers was evaluated through NetPrimer software (http://
www.premierbiosoft.com/netprimer/), and their specificity
was tested by alignment analysis using the Primer-BLAST
software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
The primers were synthesized by Thermo Fisher Custom Primers
(Invitrogen–Thermo Fisher).

A total of 48 animals (6 animals from each group and each
strain) were used for mRNA analysis of the IC. All animals
were euthanized 60min after the stimulus of the specific groups.
RNA from IC samples was extracted according to the protocol
of TRIzolTM Reagent (#15596026, Invitrogen). The total RNA
was quantified using the Spectrophotometer NanoDrop 2000
(Thermo Fisher Scientific), and the samples used presented
260/230 nm and 260/280 nm ≥ 1.8 ratios. The complementary
DNA (cDNA) synthesis was performed using the First Strand
cDNA Synthesis Kit (#K1622, Promega).

The relative quantification of the transcripts was performed
on ABI Prism 7000 (Applied Biosystems) using the SYBR
Green Master Mix (#4309155, Applied Biosystems). The list of
primers used is provided in Table 1. The housekeeping Actb
gene (β-actin) was selected as the reference gene. Initially,
two candidate genes [β-actin (Actb) and glyceraldehyde 3-
phosphate dehydrogenase (Gapdh)] were selected according to
the expression levels detected in the WAR and GASH/Sal
microarray (18). The expression of these genes was also verified
by RT-qPCR, and the NormFinder software was used to calculate
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TABLE 1 | Sequences of the primers designed for quantitative reverse transcription PCR analyses.

Gene symbol Ensembl number Species Forward (5′-3′) Reverse (5′-3′) Product size (bp)

Egr3 ENSRNOG00000017828

ENSMAUG00000000747

Rattus norvegicus

Mesocricetus auratus

CCACAAGCCCTTCCAGTGTC GTGCGGATGTGAGTGGTGAG 75

Npy ENSRNOG00000046449

ENSMAUG00000018791

Rattus norvegicus

Mesocricetus auratus

ACCCTTCCATGTGGTGATGG TGGACAGGCAGACTGGTTT 100

Rgs2 ENSRNOG00000003687

ENSMAUG00000020846

Rattus norvegicus

Mesocricetus auratus

TGCTCTGGGCAGAAGCATTT AAGTCTTCGCAAGCCAACCA 124

Ttr ENSRNOG00000016275

ENSMAUG00000011770

Rattus norvegicus

Mesocricetus auratus

GCCTCGCTGGACTGATATTTG TCGGACAGCATCCAGGACTT 95

Abcb1a ENSRNOG00000008012

ENSMAUG00000012772

Rattus norvegicus

Mesocricetus auratus

GGAAATCATTGGGGTGGTGA GGCATTGGCTTCCTTGACAG 127

Actb* ENSRNOG00000034254

ENSMAUG00000008763

Rattus norvegicus

Mesocricetus auratus

AGCCATGTACGTAGCCATCC ACCCTCATAGATGGGCACAG 115

*Housekeeping gene is selected as the reference gene.

TABLE 2 | Antibodies and dilutions used for the immunohistochemical approaches.

Antigen Primary antibody Reference Dilution Secondary antibody Reference Dilution

NPY Sheep anti-Neuropeptide Y ab6173

Abcam

1/500 Biotinylated rabbit

Anti-Sheep

BA-6000

Vector

1/200

RGS2 Rabbit anti-RGS2 ab36561

Abcam

1/300 Biotinylated goat

Anti-Rabbit

BA-1000

Vector

1/200

TTR Rabbit anti-Prealbumin ab9015

Abcam

1/1,000 Biotinylated goat

Anti-Rabbit

BA-1000

Vector

1/200

the intra- and intergroup gene expression variations. Results
indicated Actb as the most stable gene for normalization of
RT-qPCR data in the IC.

Initially, a serial dilution curve was made to verify the
efficiency of the primers of the target and reference genes.
The plates were assembled by species and the reactions were
evaluated in duplicate containing the following: 10µl of SYBR,
2µl of cDNA (10 ng), 0.4µl of each primer (10µM), and
7.2µl of MiliQ water free of DNase and RNase completing
the volume of 20 µl. The cycling conditions were according
to the protocol of the intercalating agent used. The relative
gene expression value for each transcript was calculated
according to the formula 2−(1Ct “condition 1"−1Ct “condition 2"),
where “condition 1” corresponds to the experimental sample,
“condition 2” corresponds to the sample from the control
animal, and 1Ct of each “condition” is Ct“experimental gene"

− Ct“endogenous gene" (23). Quantification data were analyzed
for normality distribution using the D’Agostino-Pearson and
Shapiro-Wilk tests. The relative mRNA of the groups was
evaluated using unpaired t-test. The analyses were performed
using GraphPad Prism 7 and outlier analyses were performed by
Grubbs test. p ≤ 0.05 was considered as statistically significant.

Immunohistochemistry
A total of six animals corresponding to the control naïve group
(one animal per strain) as well as audiogenic animals at naïve
(one animal per strain) and sound-stimulated (one animal per
strain) conditions were used for immunohistochemical analysis
of the proteins encoded by the Npy, Rgs2, and Ttr genes.

The animals were euthanized with phenobarbital (60 mg/kg)
and transcardially perfused with an aldehyde-based fixative
following the standard laboratory protocols (24). To verify gene
expression related to audiogenic seizures, the perfusion protocol
was carried out 90min after the sound stimulation of the
specific group. The brains from all experimental groups were
processed in parallel using the same procedures and reagents for
light microscopy study. Briefly, the brains were removed from
the skull without the meninges, cryoprotected by immersion
in 30% sucrose and sectioned in coronal sections of 40µm
thickness using a freezing sliding microtome MICROM HM
400R (Leica Biosystems). The free-floating sections were washed
and treated in blocking solution to subsequently incubate in
primary and secondary antibody antisera (Table 2) following
the indirect detection method (24). Then, the sections were
washed and treated for the chromogenic detection in the
ABC/DAB system without nickel intensification (#PK-4000 and
#SK-4100, Vector Laboratories). For each brain, the sections
were mounted on slides, dehydrated in ethanol, and coverslipped
with Entellan Neu (#107961, Merck). Negative controls were
not treated with primary antibodies, and this resulted in
no immunolabeling. Histological sections containing the IC
were examined using a microscope DMBL (Leica Biosystems)
equipped with a digital camera DP50 (Olympus). Low- and high-
magnification photomicrographs were captured with 10× and
40× objective lens, respectively. All images were adjusted with
minor modifications for brightness and contrast using Adobe
Photoshop (version 9.0), and the final composition of the figures
was achieved with Canvas 14 software.
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RESULTS

Differentially Expressed Genes and
Functional Annotation
The stimulated WAR and GASH/Sal transcriptomes allowed us
to identify common differentially regulated genes between these
audiogenic models. The microarray data from WAR revealed 71
genes with differential expression considering FC values ≥2 and
the RNA-Seq data from GASH/Sal revealed 64 genes considering
the same FC. The genes Early Growth Response 3 (Egr3),
Regulator of G-protein signaling 2 (Rgs2), and Transthyretin
(Ttr) were differentially expressed in both models (Figure 1).
The Egr3 gene encodes a transcription factor that is induced
by several stress factors. The Rgs2 gene encodes a protein
that modulates G protein-coupled receptor signaling cascades.
The Ttr gene encodes a carrier protein that transports the
thyroxin and retinol binding protein complex, and is involved
in neuropathies. The functional annotation of the genes selected
from each model showed common categories of molecular
functions, biological processes, and cellular components. Among
the molecular functions, the categories “binding” and “catalytic
activity” stood out in both models, presenting the highest
number of genes with differential expression. Furthermore, it is
noteworthy that the category “transcription regulator activity”
was found the third most represented in GASH/Sal, showing
11 differentially expressed genes, Early Growth Response 1, 2,
3, and 4 (Egr1; Egr2; Egr3; Egr4), SERTA domain containing
1 (Sertad1), Neuronal PAS domain protein 4 (Npas4), TNF
receptor associated factor 5 (Traf5), Kruppel-like factor 7 and
10 (Klf7; Klf10), and AP-1 transcription factor subunit (Jun;
Junb), whereas in WAR, the same category was represented only
by the Egr3 gene. In the classification of biological processes,
the categories “cellular process” and “metabolic process” were
the most represented in both models followed by the categories
“biological regulation” and “response to stimulus” (Figure 2).

The common differentially expressed genes between WAR and
GASH/Sal were mainly in the categories “metabolic process,”
“catalytic activity,” and “transcriptional regulator activity.” The
Egr3, Rgs2, and Ttr genes were identified as overexpressed
in RNA-Seq data of the GASH/Sal strain, and the Egr3 and
Rgs2 genes were identified as overexpressed in microarray data
from WAR, while the Ttr gene was shown underexpressed.
To validate these data, we quantified the transcript levels of
the common genes between the models. Neuropeptide Y (Npy)
and ATP binding cassette subfamily B member 1A (Abcb1a)
genes were also assessed, both overexpressed in WAR and
GASH/Sal (Figure 3). Npy encodes the neuropeptide Y that
acts as a neurotransmitter and is involved in physiological
and homeostatic processes. Abcb1a encodes a transmembrane
glycoprotein related to multidrug resistance. Npy and Abcb1a
were not filtered in the GASH/Sal data by the FC criterion.
However, we included them in this study due to preliminary
results of these genes in WAR (unpublished data) and potential
in the epileptic phenotype and treatment, respectively.

Quantitative Reverse Transcription PCR
(RT-qPCR)
The evaluation of genes by RT-qPCR was performed with naïve
groups (Wistar N and WAR N; Syrian N and GASH/Sal N) and
groups of animals subjected to acoustic stimulation (Wistar S
and WAR S; Syrian S and GASH/Sal S). Comparisons between
naïve and sound-stimulated groups allowed us to validate
the transcriptional profile observed in the transcriptome data
according to the comparisons of Wistar S vs. WAR S and Syrian
S vs. GASH/Sal S. Also, comparisons of mRNA gene expression
analysis betweenWistar N vs.WARN and SyrianN vs. GASH/Sal
N verified whether differential regulation is inherent to each
model. By comparing betweenWARN vs.WAR S and GASH/Sal
N vs. GASH/Sal S, the RT-qPCR analysis determined whether
the occurrence of seizures modulates gene transcription. The

FIGURE 1 | Diagram with the genes identified as differentially regulated in the inferior colliculus (IC) of the WAR and GASH/Sal models using the selection criterion of

fold change (|FC| ≥ 2). cDNA microarray analysis and RNA-Seq identified a total of 71 and 64 differentially expressed genes in the WAR and GASH/Sal, respectively. A

set of three differentially expressed genes (Egr3, Ttr, and Rgs2) overlapped between the microarray and RNA-Seq approaches. Genes highlighted in red:

overexpressed genes; Genes highlighted in green: underexpressed genes; Genes highlighted in gray: common differentially expressed genes.
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FIGURE 2 | Functional annotation of the genes identified as differentially

regulated in WAR and GASH/Sal models. The functional annotation was

performed, independently, with the 71 differentially expressed genes in the

WAR model and 64 differentially expressed genes in the GASH/Sal model. The

annotation presents categories of molecular functions, biological processes,

and cellular components that are represented by different colors on the

pie charts.

FIGURE 3 | The fold change (FC) of the genes evaluated by RT-qPCR

according to transcriptome data. Egr3, Rgs2, and Ttr genes are commonly

differentially regulated between WAR and GASH/Sal models, and Npy and

Abcb1a are not filtered in the GASH/Sal data by the FC criterion, but included

in this evaluation due to preliminary results. In the WAR model: Abcb1a (FC =

2.23); Npy (FC = 2.10); Rgs2 (FC = 2.06); Egr3 (FC = 2.07); Ttr (FC = −2.08).

In the GASH/Sal model: Abcb1a (FC = 1.19); Npy (FC = 1.25); Rgs2

(FC = 2.33); Egr3 (FC = 6.83); Ttr (FC = 10.86).

Egr3 gene presented the same transcriptional profile in the WAR
and GASH/Sal models, showing overexpression in the naïve
and stimulated audiogenic groups in relation to their respective
controls and overexpressed after acoustic stimulation followed

by seizures (Figures 4A,B). The Npy gene was overexpressed
in the WAR N and GASH/Sal N groups, when compared to
their respective controls. No statistical difference was observed
in the Npy expression between the naïve audiogenic groups
(WARN; GASH/Sal N) and stimulated audiogenic groups (WAR
S; GASH/Sal S) (Figures 4C,D). The Rgs2 gene in the WAR
model presented a transcriptional profile similar to the Npy gene,
being overexpressed in the WAR independently of the acoustic
stimulus. This profile was observed by the overexpression of Rgs2
in theWARN andWAR S groups in comparison to their controls
and by the absence of statistical difference between WAR N and
WAR S (Figure 4E). Rgs2 showed overexpression in GASH/Sal N
and GASH/Sal S in relation to their controls, and overexpression
in GASH/Sal S compared to GASH/Sal N (Figure 4F). The Ttr
gene was overexpressed in the naïve and stimulated audiogenic
groups (WAR N, WAR S, GASH/Sal N, and GASH/Sal S) in
relation to their respective controls. In WAR, there was no
statistical difference in the Ttr expression between WAR N and
WAR S groups while it was overexpressed in theGASH S group in
comparison to the GASH N group (Figures 4G,H). The Abcb1a
gene was overexpressed in the WAR N and WAR S compared to
controls (Figure 4I) while no statistical difference was observed
in the expression of Abcb1a in the GASH/Sal model (Figure 4J).

NPY, RGS2, and TTR-Immunoreactivity in
the IC
The increased mRNA expression levels of Npy, Rgs2, and Ttr
genes in the WAR and GASH/Sal models led us to analyze
the immunolabeling of the corresponding encoded proteins
in the IC. Visual qualitative comparisons of the NPY, RGS2,
and TTR-immunoreactive patterns were carried out between
control naïve animals and both audiogenic seizure strains at
naïve and sound-stimulated conditions. The most noticeable
difference between the audiogenic seizure brains and their
control counterparts was an increased immunoreactivity for
NPY, RGS2, and TTR in the IC of WAR and GASH/Sal
animals (Figures 5, 6). Strong NPY-immunoreactivity was found
in the perikarya of numerous IC neurons in WAR animals,
whereas the Wistar rats showed weak immunolabeling. These
NPY-immunoreactive cell bodies were particularly dense in
WAR animals that received sound stimulation (Figure 5A).
Very few RGS2 nuclear immunolabeling was found in Wistar
control rats; conversely, the IC of WAR animals at naïve and
sound-stimulated conditions showed strong nuclear dot-like
immunolabeling (Figure 5B). Immunolabeling pattern of TTR
was found outlining the cell bodies of IC neurons, suggesting
that TTR protein distributed in the cell membrane or the outer
surface of the plasma membrane (Figure 5C). An increase in
cytoplasmic immunolabeling of TTRwas seen inWAR animals at
naïve and sound-stimulated conditions when compared to naïve
Wistar rats that exhibited absence or discrete immunolabeling
(Figure 5C). The pattern of distribution of NPY, RGS2, and TTR
in the IC of GASH/Sal animals was very similar to that observed
in WAR animals, but with the particularity that the intensity of
immunolabeling was greater in WAR animals (see Figures 5, 6
for comparisons). In hamsters, NYP-immunolabeled perikarya
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FIGURE 4 | Relative quantities of transcripts in the inferior colliculus (IC) of the WAR and GASH/Sal models. (Left) WAR Graphics; (Right) GASH/Sal Graphics. In the

graphics, X-axis: Relative quantities of mRNA in arbitrary units, Y-axis: Experimental groups: naïve control group (Wistar N; Syrian N); stimulated control group

(Continued)

Frontiers in Neurology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 33

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Damasceno et al. Transcriptome GASH/Sal and WAR Models

FIGURE 4 | (Wistar S; Syrian S); naïve audiogenic group (WAR N; GASH N); stimulated audiogenic group that presented seizures (WAR S; GASH S). (A,B) Egr3 gene

is overexpressed in naïve WAR and GASH/Sal and after seizure. (C,D) Npy gene is overexpressed in both naïve audiogenic groups compared to their respective

controls. No statistical difference is observed in the Npy expression between the naïve and stimulated audiogenic groups. (E,F) Rgs2 gene is overexpressed in WAR

and GASH/Sal compared to their respective controls, and overexpressed after seizure just in the GASH/Sal model. (G,H) Ttr gene presents overexpression in the

naïve and stimulated audiogenic groups in relation to their respective controls, and overexpressed after seizure just in the GASH/Sal model. (I,J) Abcb1a gene is

overexpressed in WAR model and no statistical difference was observed in the expression of Abcb1a in the GASH/Sal model. Bars represent mean ± SEM. Statistical

analyses: Unpaired t-test. **p ≤ 0.01, or ***p ≤ 0.001.

were seen in GASH/Sal animals, particularly those animals at
sound-stimulation conditions, while Syrian controls exhibited
absence of immunolabeling (Figure 6A). As shown in WAR
animals, the RGS2 and TTR-immunolabeling were stronger in
GASH/Sal animals than that observed in control Syrian hamsters
(Figures 6B,C). Together the immunohistochemistry results
correlated with RT-qPCR analysis, indicating an overexpression
of NPY, RGS2, and TTR proteins in the IC of WAR and
GASH/Sal animals.

DISCUSSION

Transcriptional profiling of an experimental animal model is a
strategy that aims to identify differentially regulated genes in a
given space and time. This approach helps to identify altered
molecular processes and investigate causal or predisposing
factors associated with seizure pathology. In the present study,
we evaluated the transcriptional profile of the epileptogenic
nucleus in the WAR and GASH/Sal models after sound-induced
seizures. Since WAR and GASH/Sal are audiogenic seizure
models in different species but with similar epileptic phenotype,
the identification of common differentially regulated genes allows
us to infer the possible molecular alterations underlying the
audiogenic phenotype.

López-López et al. (18) carried out the first comparative study
between the WAR and GASH/Sal transcriptional profiles using
the microarray methodology. In this study, the reactions were
performed withmouse GeneChip due to the lack of GeneChip for
Golden hamster, which resulted in a reduced number of identified
genes. Among the 15 differentially transcribed genes detected in
the GASH/Sal model considering a |FC| ≥ 1.5, only the Egr3
gene was identified in common with the WAR model. Latterly, a
new transcriptome of the epileptogenic nucleus in the GASH/Sal
was established using RNA-Seq as a more robust and accurate
transcriptomic approach (18). With the availability of these data,
we currently performed a new comparative study between the
WAR and GASH/Sal transcriptomes.

The microarray data from WAR were analyzed and the
differentially expressed genes were selected based on fold change
(|FC| ≥ 2) with a p-value (p ≤ 0.05). In the RNA-Seq data from
GASH/Sal, the differentially expressed genes were selected based
on the same fold change (|FC| ≥ 2) and sum of reads (6reads
≥ 100). The selection by p-value was not possible because the
sequencing was performed with two samples composed of pooled
RNAs from different animals of each group. These screenings
revealed 71 genes in the WAR and 64 genes in the GASH/Sal
model with differential expression.

The functional annotation of the differentially expressed genes
in each model showed that part of these genes is included in
important categories that may indicate metabolism dysfunctions,
such as “catalytic activity,” “metabolic processes,” and “biological
regulation.” In another study, a similar ontological profile was
observed in theWARmodel, in which metabolic alterations were
also suggested (25). In the clustering of molecular functions, we
observed that the GASH/Sal model has a large representation
of genes in the “transcription regulator activity” category that
was not observed in the transcriptome of the WAR model. This
difference between both audiogenic models suggests that the
time for gene expression after sound-induced seizure might be
faster in GASH/Sal than in WAR animals, even though the IC
collection was performed at the same interval time for the two
audiogenic strains (60 min).

Comparison between WAR and GASH/Sal transcriptomes
revealed the Egr3, Rgs2, and Ttr genes as differentially expressed
in both audiogenic models. These were evaluated by RT-qPCR
together with the Npy and Abcb1a genes. These two genes
were included in the present study using unpublished data
from previous gene expression analysis. The quantification of
target gene transcripts confirmed the differential expression
of Egr3, Npy, Rgs2, and Ttr in both models, while Abcb1a
showed differential expression in the WAR model, but not in
the GASH/Sal. The Egr3 gene showed overexpressed in the
audiogenic animals at naïve and sound-stimulated conditions
when compared with their respective controls, and overexpressed
after sound-induced seizures. The Egr3 gene encodes a
transcription factor that is constitutively expressed in diverse
telencephalic regions including the neocortex, striatum, piriform
cortex, amygdala, septum, and hippocampus, according to results
of in situ hybridization in the rat forebrain (26). Egr3 gene
expression is induced rapidly and transiently in the cortex and
hippocampus after electroconvulsive seizures (26) and increased
in the IC, hippocampus, and ventral cochlear nucleus after
audiogenic seizures (18). Egr3, together with other genes of the
same family of “early growth response,” has already been assessed
in WAR and GASH/Sal, showing an overexpression in the IC of
both animal models (18).

The transcriptional profile of Npy revealed that its
overexpression in the IC is intrinsic to each model and
independent of seizures, since we did not observe expression
differences between naïve and stimulated epileptic animals.
Brain sections showed a higher expression of NPY in the
WAR and GASH/Sal animals compared to their respective
controls, which corroborates the transcriptional data of the two
audiogenic models. NPY acts as a neurotransmitter through
its five G protein-coupled receptors (Y1, Y2, Y4, Y5, and Y6)
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FIGURE 5 | Immunolabeling of NPY, RGS2, and TTR proteins in the inferior colliculus (IC) of the control Wistar rat and the WAR model at naïve and sound-stimulated

conditions. The inset in (A) depicts a representative schematic section of the IC (8.28mm caudal from bregma), in which the immunoreactivity was analyzed. For each

protein, upper panels show lower-magnification photomicrographs of the IC and lower panels show higher magnifications corresponding to the frame in the upper

panels. (A) Numerous and strong NPY-immunopositive perikarya (arrows) are shown in WAR animals at naïve and sound-stimulated conditions, whereas naïve Wistar

rats exhibit sparse and weak NPY-immunolabeling (asterisks). (B) Strong nuclear dot-like immunolabeling for RGS2 protein (arrows) is found in WAR animals at naïve

and sound-stimulated conditions. Notice the discrete or absence of RGS2-immunolabeling (asterisks) in the control animal. (C) An increase in immunolabeling of TTR

(arrows) is shown in WAR animals at naïve and sound-stimulated conditions when compared to naïve Wistar rats (asterisks). Notice the distribution of

TTR-immunolabeling outlining the cell bodies of unlabeled IC neurons (arrows). Scale bars for upper panels and lower panels are 100 and 20µm, respectively.
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FIGURE 6 | Immunolabeling of NPY, RGS2, and TTR proteins in the inferior colliculus (IC) of the control Syrian hamster and the GASH/Sal model at naïve and

sound-stimulated conditions. The inset in (A) depicts a representative schematic section of the IC (6.00mm caudal from bregma), in which the immunoreactivity was

analyzed. For each protein, upper panels show lower-magnification photomicrographs of the IC and lower panels show higher magnifications corresponding to the

frame in the upper panels. (A) Weak NPY-immunopositive perikarya (arrows) are shown in GASH/Sal animals at naïve and sound-stimulated conditions, whereas naïve

control Syrian hamster exhibit absence of NPY-immunolabeling (asterisks). (B) Moderate nuclear immunolabeling for RGS2 protein (arrows) is found in GASH/Sal

animals at naïve and sound-stimulated conditions. Notice the absence of RGS2-immunolabeling (asterisks) in the control animal. (C) An increase in immunolabeling of

TTR (arrows) is shown in GASH/Sal animals at naïve and sound-stimulated conditions when compared to naïve Syrian hamsters (asterisks). Notice the distribution of

TTR-immunolabeling outlining the cell bodies of unlabeled IC neurons (arrows). Scale bars for upper panels and lower panels are 100 and 20µm, respectively.
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and is constitutively expressed in multiple neuronal populations
across fore, mid, and hindbrain (27, 28). One of the structures
with significant NPY expression is the IC, principally in
its external layer, according to immunohistochemistry and
in situ hybridization results in the rat (27, 28). Moderate NPY
expression was observed in the cuneiform nucleus and the
periaqueductal gray, both located close and ventrally to the IC,
while the rest of the midbrain structures, such as the superior
colliculus, substantia nigra, ventral tegmental area, and dorsal
raphe, are negative for NPY expression (29, 30).

The majority of studies describe the NPY acting as an
anticonvulsant and report that seizures increase NPY expression
in cortical and limbic structures, such as frontal cortex,
hippocampus, and amygdala (31–36). This overexpression is
generally considered an adaptive mechanism designed to contain
the hyperexcitability underlying epileptiform activity and protect
the brain from further insults (32, 33). The presynaptic receptor
Y2 is thought to be the receptor at which NPY exerts
its anticonvulsant action, since its activation has inhibitory
effect on glutamate release (31, 33, 37). In contrast, the
proconvulsant action of NPY has also been reported considering
the involvement of the post-synaptic receptor Y1 (37–39). The
distribution of these receptors seems to be regional. While Y2
receptors are more abundant in the hippocampus than in the
neocortex, the opposite is observed for the Y1 receptor, which
is more abundant in the neocortex than in the hippocampus (40–
42). Although there is no detailed description of the distribution
of NPY receptors in the IC, our immunohistochemical results
showed that both audiogenic strains overexpressed the NPY
protein in the cell bodies of IC neurons. This suggests that
neurotransmission mediated by NPY is altered in the IC
and possibly contributing to the seizure threshold in these
audiogenic models.

In RT-qPCR evaluation, the Rgs2 and Ttr genes presented
a transcriptional profile similar to the Npy gene in the WAR
model, being overexpressed in the WAR regardless of the
stimulus and the occurrence of seizures. However, themicroarray
data indicated that the Ttr gene was underexpressed in sound-
stimulated WAR animals compared to the control Wistar rats
with the same stimulation. Differences between RT-qPCR and
microarray experiments 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
(43), and the lower accuracy of the microarray data. Therefore, it
should be considered the result achieved with RT-qPCR, which
is a more robust technique. In the GASH/Sal model, the Rgs2
and Ttr genes were also overexpressed in relation to the control
hamsters and showed an increment of the expression after the
occurrence of seizures.

Rgs2 and Ttr are involved in different molecular processes.
The Rgs2 gene encodes a protein that modulates G protein-
coupled receptor signaling cascades (GPCRs), the so-called
G protein signaling regulator 2 (RGS2). Upon activation,
GPCRs catalyze the exchange of GDP for GTP into a
coupled heterotrimeric G protein, promoting dissociation into
free subunits (G-α and the G-βγ dimer), which allows to

regulate downstream effector activities, such as adenylate cyclase
regulation, calcium channels, potassium channels, phospholipase
C, and mitogen-activated protein kinase pathway (44, 45). In
general, RGSs proteins accelerate the intrinsic GTPase activity
of the G-α subunit, causing GTP hydrolysis that in turn
resulted in a reassociation of subunits (G protein in its inactive
state), which abolishes or decreases the signal transduction
induced by GPCRs (44, 45). Rgs2 is highly expressed in the
brain, and its overexpression is generally considered a rapid
and transient response after changes in homeostasis (46–48).
Increased levels of Rgs2 transcripts were also observed in the
prefrontal cortex and hippocampus of rats following an acute
electroconvulsive stimulation and were normalized 24 h later
(49). Such fluctuations in mRNA expression levels of Rgs2
were suggested as an adaptation of neurons in an attempt to
reduce cell depolarization and the probability of new epileptiform
events (49), mainly because RGS2 indirectly modulates calcium
channels (50, 51). Christensen et al. (52) also reported an
increased expression of Rgs2 in the hippocampus of kindled
rats after electroconvulsive stimulation, showing that transcript
levels of this gene were reduced after Levetiracetam treatment.
These data support a possible involvement of Rgs2 in the
epileptogenic process.

The Ttr gene encodes a protein called transthyretin that
is mainly synthesized by the liver and choroid plexus and
is secreted in the blood and cerebrospinal fluid, respectively
(53). TTR expression in the brain is mainly localized in the
ependymal cells of the choroid plexus, appearing additionally in
the meninges as well as in neurons under stress conditions or
pathological conditions (54–58). The transthyretin is organized
as functional homotetramers (TTRs) that are capable of
transporting thyroxin hormone and retinol binding protein
complex (59). Mutations in this gene may impair the association
of these tetramers and promote the formation and deposition
of amyloid fibrils in leptomeninges, causing leptomeningeal
amyloidosis, a neuropathy characterized by slowly progressive
dementia, seizures, ataxia, and subarachnoid hemorrhage (60–
63). TTR is also related to other neuropathies. Decreased levels
of this protein were observed in patients with amyotrophic
lateral sclerosis, in which it acts as a biomarker (64), and in the
cerebrospinal fluid of patients with Alzheimer’s disease (65–67).
Several studies have reported the neuroprotective role of TTR in
patients with Alzheimer’s (68–70) as well as in animal models of
oligemia (71), in the animal model of Alzheimer’s in which TTR
expression assists in protection against induced neuronal death
by beta amyloid (72), and in the animalmodel of induced seizures
by cobalt (73).

Consistently with this neuroprotective effect, our results
showed an overexpression of Rgs2 and Ttr genes in GASH/Sal
animals that suffered from sound-induced seizures in
comparison with those at naïve conditions. This overexpression
of Rgs2 and Ttr genes after seizures was not found in WAR
animals and, as would be expected, was not detected at the
protein level in the IC sections of both models. Such differences
might be explained because both audiogenic models seem
to differ in the response time for gene expression after the
sound-induced seizures. Therefore, a longer time to assess
gene expression of Rgs2 and Ttr might be necessary to found
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similar results between WAR and GASH/Sal animals at naïve
and sound-stimulated conditions. As observed in the Npy
gene, the most noticeable similarity between both audiogenic
strains was the marked overexpression of Rgs2 and Ttr genes
when compared with their respective naïve controls. Consistent
with this gene expression result, we found that RGS2 and
TTR-immunolabeling was more intense in the IC of WAR and
GASH/Sal animals than in their naïve controls. As described
above, RGS proteins regulate GPCR-induced signaling and thus
indirectly modulate various processes including activation of
calcium and potassium channels. Also, a recent study reported
that TTR regulates expression and function of the extra-synaptic
GABAA receptors (GABAA-αβδ), which play an important
role of tonic inhibition to regulate neuronal excitability in the
brain (56). Our results showed a strong TTR-immunolabeling
distributed in the cell membrane and surface of IC neurons of
WAR and GASH/Sal animals. The same distribution pattern of
TTR-immunolabeling was found in cerebellar granule neurons,
in which TTR protein colocalized with GABAA receptors to
modulate specific subunits (53). In this context, the increasing
mRNA expression levels and immunoreactivity of RGS2 and
TTR in the epileptogenic nucleus of WAR and GASH/Sal models
may cause calcium and potassium dysfunctions as well as deficits
in GABAA receptor-mediated neurotransmission, contributing
to seizure susceptibility and development.

Abcb1a showed overexpression only in WAR animals when
compared to controls. No differential expression was observed
between GASH/Sal animals and their controls. Abcb1a is part of
the MDR family (Multiple Drug Resistance) related to multidrug
resistance. This gene encodes the P glycoprotein (PGP), a highly
expressed transmembrane protein in the endothelial cells of the
blood–brain barrier and that have functions related to excretion
and/or protection of tissues against toxins and xenobiotics (74–
76). Studies reported overexpression of PGP in different brain
regions as a transient response of epileptic seizures, which occurs
as an indirect consequence due to excess of glutamate released by
increased neuronal activity (76–80). In the audiogenic genetically
epilepsy-prone rat (GEPR), increased expression of Abcb1a in
cortex and midbrain was observed 1 day after seizure (81).
This high expression was not observed in the IC of WAR
animals considering 60min after the insult. Thus, we believe
that it would take more time to observe the expression of
this gene after the seizure. However, Abcb1a overexpression
in naïve and stimulated WAR compared to controls indicates
the inherent strain’s characteristics. Tishler et al. (82) described
increased levels of Abcb1 gene transcripts in the brain of drug-
resistant epilepsy patients and other authors have suggested that
overexpression of PGP causes less penetration of antiepileptic
drugs into the brain, which would reduce their effects (77, 82–
84). In this context, the transcriptional profile of Abcb1a in
WAR opens the possibility of using this model in future studies
involving antiepileptic drugs and drug resistance.

The comparison betweenWAR andGASH/Sal transcriptomes
allowed us to identify common differentially expressed genes and
similar transcriptional profiles. TheNpy,Rgs2, andTtr genes were
overexpressed in both audiogenic models compared to their basal
state controls. This profile and protein immunostaining suggest
that overexpression of these genes is intrinsic to each strain

and probably this pattern was established during the decades of
generations of reproductive selection of each model. The Rgs2
and Ttr genes showed differential expression in the GASH/Sal
model after the occurrence of seizure, which was not observed
in WAR. In addition, the discrepant representation of genes
in the “transcription regulator activity” category suggests that
WAR and GASH/Sal do not have exactly the same response time
to the insult. In summary, we consider that these differentially
expressed genes in both audiogenic models cause changes in
different biological processes involved in the occurrence and
response to seizures and thus indirectly contributing to the
susceptibility of WAR and GASH/Sal models to seizures.
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