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Transcriptomic analysis 
reveals distinct adaptive 
molecular mechanism 
in the hippocampal CA3 from rats 
susceptible or not‑susceptible 
to hyperthermia‑induced seizures
Silvia Y. Bando 1*, Fernanda B. Bertonha 1, Pedro H. N. Menezes 1, André K. Takahara 1, 
Nathália A. Khaled 1, Paula Santos 1, Mara S. Junqueira 2, Roberto M. Cesar Jr. 3 & 
Carlos A. Moreira‑Filho 1

Febrile seizures during early childhood are a relevant risk factor for the development of mesial 
temporal lobe epilepsy. Nevertheless, the molecular mechanism induced by febrile seizures that 
render the brain susceptible or not‑susceptible to epileptogenesis remain poorly understood. Because 
the temporal investigation of such mechanisms in human patients is impossible, rat models of 
hyperthermia‑induced febrile seizures have been used for that purpose. Here we conducted a temporal 
analysis of the transcriptomic and microRNA changes in the ventral CA3 of rats that develop (HS 
group) or not‑develop (HNS group) seizures after hyperthermic insult on the eleventh postnatal day. 
The selected time intervals corresponded to acute, latent, and chronic phases of the disease. We found 
that the transcriptional differences between the HS and the HNS groups are related to inflammatory 
pathways, immune response, neurogenesis, and dendritogenesis in the latent and chronic phases. 
Additionally, the HNS group expressed a greater number of miRNAs (some abundantly expressed) 
as compared to the HS group. These results indicate that HNS rats were able to modulate their 
inflammatory response after insult, thus presenting better tissue repair and re‑adaptation. Potential 
therapeutic targets, including genes, miRNAs and signaling pathways involved in epileptogenesis 
were identified.

Mesial temporal lobe epilepsy (MTLE) is the most common partial epilepsy in adults, with hippocampal sclerosis 
as the main pathological  alteration1. Febrile insult in early childhood is the most common precipitating cause of 
 MTLE2. About 13% of people with epilepsy have a history of febrile  seizures3,4, with the febrile insult accounting 
for about 25% of cases of epileptic seizures in early  childhood5. Additionally, about 7% of the infants and young 
children undergoing febrile seizures will develop  epilepsy2,6.

MTLE and hippocampal sclerosis associated with febrile insult has been studied both in human patients and 
in animal models. Several studies revealed that hippocampal transcriptomic alterations occur simultaneously 
with insults and  crises2,7–10. However, all the studies in MTLE patients were performed in hippocampal explants 
obtained during epilepsy surgery, making impossible to perform a temporal analysis of the transcriptomic 
changes during epileptogenesis, or across different phases of the disease. For this reason, research using animal 
models is imperative.
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The use of rats for the study of prolonged hyperthermic-induced epilepsy is well established and mimics 
the febrile seizure in human  infants11–14. Hyperthermic insults promote hyperexcitatory changes in the limbic 
system of rats triggering seizures and histological and electrophysiological  alterations15. This model reproduces 
several characteristics similar to epilepsy in humans, such as early seizures, behavioral changes and  myoclonus16, 
as well as synaptic and histological reorganizations in granule cells of the dentate gyrus (DG)17. Moreover, in a 
pilocarpine model, the CA3 region showed increased epileptogenesis when compared to the DG, covering most 
of the alterations that occurred in the transcript and protein  levels18.

In addition, CA3 neuronal networks play a crucial role in memory information processes, with the ventral 
CA3 circuitry being the preferred area where post-ischemic hyperexcitability  occurs19. Also, temporal analysis 
in the ventral CA3 showed several transcriptomic changes related to inflammation, neuronal differentiation and 
synaptic  transmission14.

However, some relevant gaps need to be filled, especially regarding the study of changes in the molecular 
mechanism of the hippocampus that make rats exposed to hyperthermia prone to develop or not chronic sei-
zures. Studies in this line of research may help to clarify the molecular mechanisms related to the hippocampus 
re-adaptation after the hyperthermic insult, subsequently rendering the brain susceptible or not to seizure devel-
opment. Moreover, the identification of such molecular pathways may pave the way for the discover of potential 
therapeutic targets that could serve to interrupt epileptogenesis onset or MTLE progression.

Here, we investigated temporal transcriptomic and miRNA expression changes in the ventral CA3 of Wistar 
rats, since hyperexcitability of the hippocampus preferentially occurs in this region of the  brain19, which is 
homologous to the human anterior hippocampus and related to histological changes in patients with  MTLE20. 
The pups were submitted to hyperthermic insult on the 11th postnatal day. The four time-intervals analyzed 
corresponded to acute, latent, and chronic phases of the  disease12–14.

Materials and methods
Animal model. The Ethics Committee on the Use of Animal (CEUA) of Faculdade de Medicina, University 
of São Paulo approved this study under the number 460/13. All experimental procedures followed the National 
Council for the Control of Animal Experimentation (CONCEA), in accordance to the ARRIVE guidelines. All 
efforts were made to minimize animal suffering and the number of animals used. Rats were maintained under 
standard environmental conditions (a temperature of 22 ± 2 °C, 12 h light-12 h dark cycle, and 55% ± 3% humid-
ity) in propylene cages (50 × 34 × 27 cm, two or three rats per cage) with ad libitum access to food and water.

On the eleventh postnatal day (P11), all animals—except for those from the control group—were placed into 
a glass box with incandescent lamps (40W) and submitted to hyperthermia (39.5 to 42.3 °C) until reaching the 
core body temperature of 39 °C for 45 min and then monitored under euthermic conditions for 1 h. Control 
group animals were also placed in the glass box but not exposed to the incandescent lamps. Rectal temperatures 
were measured at baseline and recovery time, and every 10 min during the hyperthermic induction. Animals 
exposed to hyperthermic conditions reached 39.5 ± 0.5 °C in a similar time: the HS group in 27 ± 6 min and the 
HNS group in 25 ± 5 min. It is interesting to note that baseline and recovery core temperatures in the HNS group 
were higher compared to the HS group (p < 0.001). The HNS and HS groups presented respectively 34.6 ± 0.8 °C 
and 33.7 ± 0.8 °C at baseline, and 35.4 ± 1.6 °C and 33.2 ± 0.6 °C at recovery time. The control group core body 
temperature was maintained at 33.5 ± 0.5 °C throughout the experimental period. Behavioral hyperthermia-
induced seizures in the post-induction period were classified according to Racine scale: orofacial automatisms 
(stage 1); head nodding (stage 2); forelimb clonus (stage 3); forelimb clonus with rearing (stage 4); and forelimb 
clonus with rearing and fallings (stage 5).

Experimental design and time intervals. Only male rats were used in this study to minimize influences 
due to sexual  dimorphism21. Sixty-two male rats were selected. The animals exposed to hyperthermic condition 
were divided into two groups: (i) HS (seizure, n = 22) group was comprised by animals presenting behavioral 
seizures classified as Racine’s stage 2 or higher; (ii) HNS group (n = 21) included animals that did not present sei-
zures after the hyperthermic insult. The control (CT, n = 19) group was comprised by animals kept in euthermic 
conditions. The time intervals were based on previous studies that related time intervals and seizure resistance or 
susceptibility after pharmacological induction and recurrent seizures. In fact, a decrease in behavioral seizures 
induced by pentylenetetrazol was observed after 24 h (P12) and 20 days (P30) after hyperthermia  induction21,22. 
Animals submitted to hyperthermia are prone to seizures after 50 days (P60) and P90 when treated with a sub-
convulsive  kainate23,24. Also, in this experimental model, 90% of the animals show epileptiform discharges in 
some  degree12 and 45% exhibited spontaneous recurrent seizures around 3 to 4 months (P120) of  age13.

Ventral CA3 microdissection and RNA extraction. Ventral CA3 samples were collected at the selected 
time intervals for transcriptomic evaluation of the acute (P12), latent (P30 and P60) and chronic (P120) stages 
of the experimental model. The microdissection was performed as previously described by Gorter et al.25. After 
decapitation, temporal lobe and hippocampus were removed by incision at the ventrocaudal part under the 
rhinal fissure 5 mm posterior to bregma. Then, ventral CA3 region was collected and placed in Eppendorf tubes 
containing RNAlater (Qiagen, Hilden, Germany). Total RNA was extracted using  TissueRuptor® and  RNeasy® 
Lipid Tissue Kit (Qiagen). RNA quality was assessed on the Agilent BioAnalyzer 2100 (Agilent Technologies, 
Santa Clara, USA) and all RNA samples were stored at − 80 °C until their use in hybridization experiments.

Microarray hybridization. A total of 62 RNA samples were used for gene expression analysis. To deter-
mine gene expression profiles, 4x44K oligonucleotide microarrays (Rat Gene Expression 4x44K v3 Microarray 
Kit, G2519F-028282, Agilent Technologies) were used. The procedures for hybridization using the fluorescent 
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dye Cy3 followed the manufacturer’s protocols (One-Color Microarray-Based Gene Expression Analysis-Quick 
Amp Labeling and miRNA Complete Labeling and Hyb Kit, Agilent Technologies). A subset of 58 RNA samples 
was used for miRNA expression analysis, using the whole rat miRNA 8x15K oligonucleotide microarrays (Rat 
miRNA Microarray slide, G4471A-070154, Agilent Technologies), containing probes for 758 rat miRNAs based 
on miRBase database (release 21.0). The images were captured by the reader Agilent Bundle according to the 
parameters recommended for bioarrays and extracted by Agilent Feature Extraction software version 11.5.1.1 
(https:// www. agile nt. com/) for both gene and miRNA expression. Spots with two or more flags (low intensity, 
saturation, controls, etc.) were considered as NA, that is, without valid expression value. All microarray raw data 
is deposited in GEO public database (http:// www. ncbi. nlm. nih. gov/ geo), a MIAME compliant database, under 
accession reference Series number GSE229760 for mRNA and miRNA data.

Gene expression analysis. An in-house algorithm in R  environment26 was used for excluding transcripts 
presenting one or more missing values (NAs) per group—for the Weighted Gene Co-expression Network Analy-
sis (WGCNA)—or for excluding transcripts presenting more than five NAs per group—for the differential gene 
expression analysis. It was also used for converting gene expression values to log base 2. Through this procedure 
we obtained five gene expression matrices: (i) four for the WGCNA—one for each time-interval, and (ii) one for 
the differential gene expression analysis. The WGCNA data matrices presented 8786 Gene Ontology (GO) anno-
tated genes (for the P12 interval), 7507 genes (for the P30 interval), 4568 genes (for the P60 interval), and 4487 
genes (for the P120 interval). The differential gene expression matrix had 3010 GO annotated genes. Boxplot 
analysis was used for outlier detection. Data normalization for each of the data matrices was performed using 
limma  package27 in R  environment26.

The differential gene expression analyses were conducted for four time-intervals to compare HNS vs. HS 
groups. Comparative analysis was performed in MeV software (version 4.9.0)28 using significance analysis of 
microarray (SAM) and fold-change value ≥ 2.0.

Weighted gene co‑expression network analysis (WGCNA). Each time-interval GO annotated genes 
were used for WGCNA. Networks were constructed using the WGCNA package (version 1.69-81; https:// horva 
th. genet ics. ucla. edu/ html/ Coexp ressi onNet work/ Rpack ages/ WGCNA/)29 in R  environment26. Pearson’s correla-
tion coefficient was used for obtaining gene co-expression similarity measures and for the subsequent construc-
tion of an adjacency matrix using soft power and topological overlap matrix (TOM). Soft-thresholding process 
transforms the correlation matrix to mimic the scale-free topology (Supplementary Fig. S1 online). TOM was 
used to filter weak connections during network construction. Module identification is based on TOM and in 
average linkage hierarchical clustering. Finally, dynamic cut-tree algorithm was used for dendrogram’s branch 
selection. The module eigengene (ME) is defined as the first principal component of a given module, which can 
be considered a representative of the gene expression profiles in a module. Module Membership (MM), also 
known as eigengene-based connectivity (kME), is defined as the correlation of each gene expression profile with 
the module eigengene of a given  module29.

Module‑trait association. Module-trait association analysis was accomplished using the WGCNA  package29 in 
R  environment26. For each time-interval analysis we considered the HS, HNS, and CT groups as specific traits. 
Only traits presenting three or more samples each were considered in the module-trait association analysis. 
Subsequently, we obtained the Gene Significance (GS), i.e., a value for the correlation between the specific trait 
(groups) and gene expression  profiles29. The mean GS value for a particular module is considered as a measure of 
the Module Significance (MS). Modules presenting a correlation value |r| ≥ 0.65 and p-value < 0.05 were selected 
for functional analysis.

Node categorization. Highly connected module genes were selected based on their belonging to a given module 
significantly correlated to a particular trait and presenting MM absolute value. Then, the top 10 genes present-
ing the highest MM absolute values were considered as hubs, i.e., intramodular highly connected genes, that 
hold the transcriptional network together and are also associated to specific cellular processes or link different 
biological  processes30.

miRNA expression analysis. The miRNA expression data included only miRNAs that presented raw 
expression value > 4.0. An in-house algorithm in R  environment26 was used for converting gene expression val-
ues to log base 2. Four miRNA data matrices were obtained, one for each time-interval. Boxplot analysis was 
used for outlier detection. Data normalization for four data matrices was performed using limma  package31 in 
R  environment26.

The differential miRNA expression analyses were conducted for the three groups across four time-intervals. 
MeV software version 4.9.0 and ANOVA with p-value < 0.01 was used for obtaining the differentially expressed 
miRNAs for all comparisons.

The abundantly expressed miRNAs for the four time-intervals were selected after analyzing the miRNA 
expression values distribution through a scatter dot plot (Supplementary Fig. S2 online). Cut-off values closer to 
the inflection point were adopted, as follows: 5.2, 7.5, 6.5, and 6.7 for P12, P30, P60, and P120 intervals, respec-
tively, in the HS group; 5.0, 6.6, 6.5, and 6.9 for P12, P30, P60, and P120 intervals, respectively, in the HNS group; 
and 5.2, 7.5, 6.5, 6.7, for P12, P30, P60, and P120 intervals, respectively, in the CT group. Moreover, miRNAs 
exclusively expressed in one particular group were identified by using the Venn diagram online web-based tool 
(http:// bioin forma tics. psb. ugent. be/ webto ols/ Venn/).

https://www.agilent.com/
http://www.ncbi.nlm.nih.gov/geo
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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Enrichment analysis. Transcriptional modules often represent biological processes that can be phenotype-
specific and the functional enrichment of the genes within a module is widely used for disclosing its biologi-
cal  meaning32. Here we performed a functional characterization of each network’s highly connected module 
genes and the differentially expressed genes (DEGs). Enrichment analysis was accomplished by using the Enri-
chr online web-based tool (http:// amp. pharm. mssm. edu/ Enric hr/)33,34, according to Gene Ontology Biological 
Process (GO BP), KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathways and MiRTarBase microRNA 
targets dataset (Homo sapiens and Mus musculus) to evaluate whether modules contain genes that are overrep-
resented by specific biological functions and pathways, or happen to be miRNA targets, being further associated 
with the time-intervals P12, P30, P60, and P120. Output GO BP and KEGG terms presenting p-value < 0.005 
were considered significantly enriched.

Statistical analysis. MeV (Multiple Experiment Viewer) software (version 4.9.0) was used for differential 
gene expression analysis between HNS and HS groups through Significance Analysis of Microarray (SAM) and 
identifying the differentially expressed genes and miRNAs across the four time-intervals for each group (HNS, 
HS, and CT) using the ANOVA test (p < 0.01).

Results
miRNA expression analysis. The three groups—HS, HNS and CT—expressed a total of 104, 66, and 57 
miRNAs respectively. The comparative analysis showed that 44 miRNAs were expressed in the three groups, 16 
miRNAs were expressed in the groups HNS and HS, eight miRNAs were expressed in the HNS and CT groups, 
and three miRNAs were expressed in the HS and CT groups (Fig. 1a and Supplementary Table S1 online). It is 
interesting to note that 36 miRNAs were exclusively expressed in the HNS group, whereas only three were exclu-
sively expressed in the HS group and just two were exclusively expressed in the CT group. However, ANOVA 
analysis identified more differentially expressed (DE) miRNAs across four time-intervals in the HS group as 
compared with the HNS and CT groups (Fig. 1b). Moreover, only six out of 24 DE miRNAs were common to 
the HNS and HS groups.

A total of sixteen abundantly expressed miRNAs were identified (Fig. 1c). Four miRNAs—let‑7g‑5p, let‑7i‑5p, 
miR‑124‑3p, and miR‑98‑5p—were only abundantly expressed in the HNS group. Besides, seven of these miR-
NAs presented significant expression variation across time-intervals in the HNS group, four in the HS group, 
and only one in the CT group. It is worth to mention that the HS group did not express miR‑124‑3p in all four 
time-intervals.

WGCNA and module‑trait correlation analysis. P12 time‑interval. The module-trait correlation 
analysis identified one module (green module) highly and negatively correlated (r = − 0.68) with the CT group 
(Fig. 2a). The enrichment analysis for the green module showed that the most represented GO-BP terms are 
related to cellular processes such as metabolism, transcription, and translation (Fig. 2b, Supplementary Table S2 
online). Additionally, three abundantly expressed miRNAs, let‑7b‑5p, miR‑125‑5p, and let‑7c‑5p, enriched for 
eight, two, and one genes of this module, respectively (Supplementary Table S3 online). One of these genes, 
Cox7c, is a hub and interacts with miR‑125‑5p (Fig. 2c). Only one hub, Cpg1, is involved in regulation of neuronal 
synaptic plasticity. Cpg1 induction is dependent of the NMDA (N-methyl-d-aspartate) receptor activation and 
it also encodes a dentate-gyrus-specific  protein35.

P30 time interval. Three modules are highly correlated with at least one group (Fig. 3a). The black module is 
positively correlated with the HNS group (r = 0.68) and negatively correlated with the HS group (r = − 0.70). The 
green module is negatively correlated with the HNS group (r = − 0.65). The red module is negatively correlate 
with the HS group (r = − 0.65).

The black module unveiled that the most represented GO-BP terms are related to ubiquitination and histone 
modification, circadian rhythm, actin filament-based movement, and calcineurin-mediated signaling (Fig. 3b, 
Supplementary Table S4 online). Most of the hubs (six out of 10 hubs) are involved in neuronal function (Fig. 3c). 
One hub is involved in the complement cascade regulation (Cfi). It is interesting to note that three hubs—
Pcdhb10, Leng8, and Tcf7l1 presented an increase in expression across the four time-intervals in the HNS group 
(Fig. 3d). In the HS group only Tcf7l1 presented a similar expression profile to the HNS group, albeit with lower 
expression values than in the HNS group (Fig. 3e).

The green module revealed that the most represented GO-BP terms are related to transcription, metabo-
lism, and cannabinoid signaling pathway. When considering the KEGG pathways the most represented term is 
related to RNA transport. It is interesting to note that four hubs interact with six exclusively and one abundantly 
expressed miRNAs. These genes are involved in oxidative process, signaling, transcription, and protein transport 
(Fig. 3b,c, Supplementary Table S4 online).

The red module revealed that the most represented GO-BP terms are related to ubiquitination, autophagy, 
retrograde transport, and cell death. Six of its hubs are involved in immune response (Susd4), autophagy (Atg3, 
Pik3r2), apoptosis (Pdcd7), and ubiquitination (Dcaf11, Psma5) (Fig. 3c, Supplementary Table S4 online). Two 
hubs, Pcyt2 and Clint1, were enriched for the abundantly expressed let‑7b‑5p in the HS group. Clint1 codi-
fies for enthoprotin that interacts with clathrin. Altered clathrin-mediated endocytosis contributes to synaptic 
 pathology36. Furthermore, all ten hubs in this module did not show variation in gene expression in the HS group. 
However, in the HNS group, three hubs showed variation in gene expression, with Psma5 and Atg3 presenting 
a decrease in expression over the four time-intervals (Fig. 3d).

Lastly, seven miRNAs were abundantly expressed in the HNS or HS groups and present several genes in the 
black, green and red modules as targets (Supplementary Table S5 online). Moreover, 21 exclusively expressed 

http://amp.pharm.mssm.edu/Enrichr/
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miRNAs, including the miR‑124‑3p, in the HNS group present interactions with several genes of the black and 
green modules, while only two miRNAs exclusively expressed in the HS group enriched for three genes (Sup-
plementary Table S5 online).

Figure 1.  miRNA analysis. (a) Venn diagram for all expressed miRNAs identified in the HNS, HS, and CT 
groups. (b) Venn diagram for differentially expressed miRNA in each group across four time-intervals. (c) 
miRNAs abundantly expressed (in bold letters) identified in each group in at least one time-interval.
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P60 time‑interval. Three of the transcriptional modules are highly correlated with the HNS group (Fig. 4a). 
The blue module is positively correlated (r = 0.74), while the turquoise and green modules are negatively cor-
related (r = − 0.66 and − 0.78, respectively). The turquoise module showed that the most represented GO-BP 
terms are related to regulation of immune response and inflammation—highlighting the MAPK cascade and 
pathways such as interleukin-1-mediated signaling, NIK/NF-kappaB signaling, and Fc-epsilon receptor signal-
ing—with the involvement of the hubs Psmd1 and Psmd12, members of the proteasome 26S subunit, which are 
also involved in other processes such as polyubiquitination and non-canonical Wnt signaling pathway. Two 
hubs, Hrh4 and Dstyk, are involved in inflammatory response, being that the Hrh4 was enriched for the abun-
dantly expressed miR‑125b‑5p in the HNS and HS groups while the Dstyk was enriched for miR‑323‑3p (exclu-
sively expressed in the HNS group) and it is involved in ERK1/2 cascade. Autophagy and vesicular transport 
also appeared as enriched terms. Considering the KEGG pathways, the most enriched terms are related to neu-
rodegenerative diseases with the involvement of the same hubs Psmd1 and Psmd12 (Fig. 4b,c, Supplementary 
Table S6 online). Moreover, three hubs (Slc6a18, Nrxn3, and Rims3) are involved in neuronal activity, with the 
Rims3 being enriched for miR‑16‑5p, miR‑130b‑5p, and miR‑186‑5p—all expressed only in the HNS group.

Figure 2.  WGCNA analysis for the P12 time-interval. (a) Module-trait relationships identified eight modules. 
Modules’ size ranged from 151 genes in the pink module to 3170 genes in the turquoise module, and each row 
corresponds to a module eigengene and column to a trait of interest. The numbers stand for the correlation 
coefficients between the module and a specific trait, with the p-values between parentheses. The table is 
color-coded by correlation according to the color legend. The module highly correlated with the CT group are 
indicated with black border. (b) Histogram of the enriched GO BP terms. (c) Hubs of the green module and 
abundantly expressed miRNA in the CT group and it target gene.
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Figure 3.  WGCNA analysis for the P30 time-interval. (a) Module-trait relationships identified twelve modules. 
Modules’ size ranged from 175 genes in the tan module to 1,381 genes in the turquoise module. Each row 
corresponds to a module eigengene and the columns correspond to the traits of interest. The numbers stand 
for the correlation coefficients between the module and a specific trait, with the p-values between parentheses. 
The table is color-coded by correlation according to the color legend. The modules highly correlated with the 
HNS or HS groups are indicated with black border. (b) Histogram of enriched GO BP and KEGG terms. (c) 
Hubs of this module and miRNA target genes. (d) Hubs that presented gene expression variation across the four 
time-intervals in the HNS and HS groups (p < 0.01 was considered significant). The green color indicates low 
expression value and the red color intensity is proportional to the expression increase across time intervals. NA 
stands for gene expression values considered as outliers. (e) Scatter plot depicts the expression variation upon 
Tcf7l1 in the HNS and HS groups. Each dot represents the mean value in  log2 scale.
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Figure 4.  WGCNA analysis for the P60 time-interval. (a) Module-trait relationships identified five modules. Modules’ size 
ranged from 301 genes in the green module to 1,909 genes in the turquoise module. Each row corresponds to a module 
eigengene and each column to a trait of interest. The numbers stand for the correlation coefficients between the module and 
a specific trait, with the p-values between parentheses. The table is color-coded by correlation according to the color legend. 
The modules highly correlated with the HNS groups are indicated with black border. (b) Histogram of enriched GO BP 
and KEGG terms. (c) Hubs present in highly correlated modules and corresponding miRNA target genes in HS and HNS 
groups. (d) Hubs that presented gene expression variation across the four time-intervals in the HNS and HS groups (p < 0.01 
was considered significant). The green color indicates low expression value and the red color intensity is proportional to the 
expression increase across time intervals. NA stands for gene expression values considered as outliers. (e) Scatter plot depicts 
the expression variation upon Nrxn3 and Mb in the HNS and HS groups. Each dot represents the mean value in  log2 scale.
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The blue module displayed that the most represented GO-BP and KEGG terms are related to mRNA sur-
veillance pathway, telomerase RNA, and RNA–protein complexes. Two hubs are involved in immune response 
(Cd3d, Hps1).

Four hubs of the turquoise module (Psmd1, Psmd12, Ndufaf5, and Dstyk) presented a decrease in expression 
across the four time-intervals in the HNS group (Fig. 4d), while two hubs of this module (Rims3 and Nrxn3) 
and another hub of the module blue (Mb) presented a great increase in expression from P60, as well as other 
aforementioned hub from the module blue (Pcdhb10) at P30 (Figs. 3d and 4d,e). Nrxn3, and Mb also presented 
expression variation in the HS group, but a lower expression in comparison with the HNS group (Fig. 4e).

The green module showed that the most enriched GO-BP terms are related to mRNA processing, cell pro-
jection morphogenesis, and protein polymerization—which included the hub Slain2. Regarding the KEGG 
pathways, the most enriched terms are related to ubiquitination and synaptic vesicle cycle. It is interesting to 
mention that two hubs, Atf1 and Ccpg1os, are involved in neuron morphology. Six hubs interact with exclusively 
or abundantly expressed miRNAs in the HNS group, which four of them are involved in transcription or transla-
tion (Fig. 4b,c, Supplementary Table S6 online).

Additionally, all miRNAs abundantly expressed in the HNS and HS groups, except miR‑1224, interact with 
several genes of the turquoise, green, and blue modules. It is interesting to note that one of these miRNAs—miR‑
124‑3p—not expressed in the HS group, present interaction with 37, 14, and 13 genes of the turquoise, blue, and 
green modules respectively (Supplementary Table S7 online).

P120 time‑interval. The turquoise and yellow modules are highly and negatively correlated with the HNS 
group (r = − 0.80 and r = − 0.72, respectively) (Fig. 5a). The turquoise module showed that the most represented 
GO-BP terms are related to mitochondrial respiratory chain complex, chromatin remodeling, endosome trans-
port, and apoptotic process (Fig. 5b, Supplementary Table S8 online). The hubs Ap5z1 and Insl3 are involved in 
endosomal transport and apoptosis, respectively, and enriched for exclusively expressed miRNAs in the HNS 
group (Fig. 5c). The most enriched terms in KEGG pathways are neurodegeneration pathways and neurode-
generative diseases, thermogenesis, and oxidative phosphorylation. Nrxn3 is involved in synapse transmission, 
being also a hub in the P60 time-interval. Two hubs, Ldb2 and Ap5z1, in addition to the aforementioned Nrxn3 
at P60, showed expression variation across the four time-intervals in both HNS and HS groups (Fig. 5d) with 
great increase in expression in the HNS group from P60 (Figs. 4e and 5e).

The miRTarBase enrichment analysis showed that 10 out of 13 miRNAs abundantly expressed in the HNS 
group present interaction with several genes, including the miR‑124‑3p. In addition, 25 miRNAs were expressed 
only in the HNS group and presented interactions with many genes as well. (Supplementary Table S9 online). 
Only one hub Usp2 was enriched with let‑7f‑5p, which is abundantly expressed in the HNS group (Fig. 5c).

The yellow module revealed that the most represented GO-BP terms are related to regulation of blood–brain 
barrier permeability and calcium-mediated signaling, while the KEGG terms are related to long-term potentia-
tion and gap junction. Two hubs, Olr80 and Olr791, are olfactory receptors and are involved in G-protein receptor 
signaling. The hub Rita1 is related to the regulation of Notch signaling (Fig. 5c). The miRTarBase enrichment 
analysis showed that 10 miRNAs abundantly expressed in the HNS group interacted with many genes, including 
the miR‑124‑3p. In addition, 16 miRNAs expressed only in the HNS group presented interaction with several 
genes (Supplementary Table S9 online). Only one hub Ptrhdl present interaction with miR‑384‑5p, which is 
expressed only in the HNS group (Fig. 5c).

Differentially expressed genes analysis for the HNS vs. HS groups. Differentially expressed gene 
(DEG) analysis focused on identifying ventral CA3 gene expression differences between HS and HNS groups in 
four time-intervals. Noteworthy, no DEG was identified in the P12 interval. However, the other three pairwise 
comparisons identified an increase in the number of DEGs across P30 to P120 time-intervals (Fig. 6a). Most of 
the DEGs were hypo-expressed in the HNS group compared with the HS group, i.e., 24 out of 27 DEGs in the 
P30, 952 out of 1031 DEGs in the P60, and 1080 out of 1132 DEGs in the P120 (Supplementary Tables S10–S12 
online).

It is interesting to note that both P60 and P120 time-intervals showed a great number of hypo-expressed 
genes in the HNS group in comparison with the HS group. Given this similar differential expression profile, we 
compared these gene sets by Venn diagram and showed that 719 hypo- and 44 hyper-expressed genes were in 
the overlap area of P60 and P120 (Fig. 6b).

The enrichment analysis of the DEG sets for all comparisons are listed in Supplementary Tables S13, S14 
online. In P30, the GO-BP terms such as anion transport and translation were found for hypo-expressed genes 
in the HNS group compared with the HS group.

The functional analyses for the P60 and P120 time-intervals were performed on the DEG sets obtained in 
each Venn diagram sections (Fig. 6b). The most enriched terms in KEGG pathways—for the same 719 hypo-
expressed genes in HNS group in the P60 and P120—are neurodegeneration pathways and neurodegenerative 
diseases; while for GO-BP, the most enriched terms are inflammation and immune response such as Fc recep-
tor signaling, interleukin-1-mediated signaling, NIK-NF-kappaB signaling, and neutrophil degranulation, and 
regulation of axon regeneration. For 220 or 349 hypo-expressed genes in HNS group only in the P60 or P120, 
respectively, the GO-BP enrichment analysis revealed terms involved in protein target to ER and apoptosis, or 
mitochondrial translation and transcription. The enriched terms in GO-BP for the same 44 hyper-expressed 
genes in HNS group in the P60 and P120 are anterograde trans-synaptic signaling, beta-catenin destruction, 
and nervous system development; and for 31 hyper-expressed genes in HNS group only in the P60, the Notch 
signaling pathway was found as enriched in KEGG (Fig. 6c, Supplementary Table S12 online).
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Figure 5.  WGCNA analysis for the P120 time-interval. (a) Module-trait relationships identified five modules 
ranging in size from 371 genes in the green modules to 1458 genes in the turquoise module. Each row 
corresponds to a module eigengene and each column to a trait of interest. The numbers stand for the correlation 
coefficients between the module and a specific trait, with the p-values between parentheses. The table is 
color-coded by correlation according to the color legend. The modules highly correlated with the HNS groups 
are indicated with black border. (b) Histogram of enriched GO BP and KEGG terms. (c) Top ten hubs in the 
turquoise and yellow modules and their miRNA target genes. (d) Hubs that presented gene expression variation 
across the four time-intervals in the HNS and HS groups (p < 0.01 was considered significant). The green color 
indicates low expression value and the red color intensity is proportional to the expression increase across time 
intervals. (e) Scatter plot depicts the expression variation upon Ldb2 and Ap5z1 in the HNS and HS groups. 
Each dot represents the mean value in  log2 scale.
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Additionally, for the P30 time-interval we selected the top 10 DEGs presenting highest fold change values, 
while for P60 and P120 we adopted an 8.0-fold change cut-off (Fig. 7). In the P30, three DEGs were also hubs 
in modules of P30 network. One of them, Olr1415, was hyper-expressed in the HNS group (HNS vs. HS) and is 
involved in G-protein coupled receptor activity. This DEG was also a hub in the black module (positively cor-
related with the HNS group). Other two genes, Idnk and Rpap3, were hypo-expressed in the HNS group and 
as a hub in the green module (negatively correlated with the HNS group). Additionally, Rpap3 and Caprin1 

Figure 6.  Differentially expressed genes (DEGs) analysis. (a) DEGs identified in the HNS vs. HS group pairwise 
comparisons for four time-intervals. (b) Venn diagram for DEGs identified in the P60 and P120 from HNS vs. 
HS comparisons. (c) Enrichment analysis for DEG sets from five Venn diagram sections that appears in (b).
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Figure 7.  DEGs identified in each pairwise comparison for P30, P60 and P120 time-intervals. Mean expression 
value in  log2 scale in all four time-intervals for HNS and HS groups. Fold change (FC) was calculated from 
gene expression values; positive or negative values indicate hyper- or hypo-expression in the first group of the 
pairwise comparison (HNS vs. HS); values in bold stand for top 10 DEGs in the comparison or FC > 8.0 for P60 
and P120 time-intervals. ANOVA test was performed to identify DEGs that presented gene expression variation 
across the four time-intervals in the HNS and HS groups (p < 0.01 was considered significant). The green color 
indicates low expression value and the red color intensity is proportional to the expression increase across time 
intervals.
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(hypo-expressed in the HNS group), enriched for miR‑124‑3p—exclusively expressed in the HNS group—are 
involved in positive regulation of dendrite morphogenesis. Seven of the 10 DEGs showed variation in gene 
expression over the four time-intervals in the HNS group, of which three of them also showed variation in 
expression in the HS group. Furthermore, most of these DEGs decreased their expression at P30 and then, at 
P60, returned to values similar to those seen at P12 or even increased their expression from P60.

In P60, all top DEGs were hyper-expressed in the HNS group in comparison with the HS group. Nine 
genes—Gabrq, Nrxn3, Syt8, Cacnali, Numa1, Olr11, Orl125, Plg, and Ldb2—are involved in neuronal activity. 
Two of them—Nrxn3 and Ldb2—are hubs in the transcriptional module related to neurodegenerative diseases, 
i.e., Nrxn3 in P60 and P120, and Ldb2 in P120. Gabrq, that codifies for  GABAA receptor subunit, was the highest 
hyper-expressed gene (fold-change, FC = 18.9). Nrxn3, Syt8, and Cacnali are involved in calcium channel activity. 
Two DEGs, Plg and Hspb2, are involved in neuroprotection. All DEGs except Tmem43 and MGC116197 showed 
increased gene expression from P60 in the HNS group. It is noteworthy that in the HS group nine of the 17 DEGs 
also showed increase in gene expression, but only in P120.

In P120, ten out of 12 DEGs were hypo-expressed in the HNS group compared with the HS group. Gabrq, 
involved in GABAergic activity and Il2rg participates in cytokine signaling were hyper-expressed. Another DEG 
involved in GABAergic activity is Gabra2, but it was hypo-expressed in the HNS group. All DEGs presented 
gene expression variation only in HNS group, of which 10 DEGs showed decreased gene expression and other 
two, Gabrq and Il2rg, showed a high increase in expression from P60.

Discussion
Here we used ventral CA3 transcriptomic analyses for investigating a rat model of hyperthermia-induced febrile 
 seizures11 focusing on those animals that did not present seizure after the hyperthermic insult. There is an analo-
gous situation in human epilepsy, where the majority of the infants with a history of febrile seizures does not 
develop  epilepsy6. The cellular and molecular mechanisms determining susceptibility or not to febrile-induced 
epilepsy remain largely unknown. The unveiling of these mechanisms is of paramount importance for develop-
ing new therapeutic strategies for prevention or treatment of the progression of MTLE patients with history of 
febrile seizure during early childhood.

The first question we approached was: do the HS and HNS groups present different ventral CA3 transcrip-
tomic responses after the hyperthermic insult? Comparative analysis between the HNS group and the HS or 
CT groups revealed that the main transcriptional differences are related to modules involved in inflammatory 
pathways such as NIK/NF-kβ, ERK1/ERK2, Notch, MAPK, IL-1, and Wnt signaling pathways. Phagocytosis and 
complement system were also found. Indeed, these modules were negatively correlated with the HNS group. Sev-
eral studies pointed out neuroinflammation as the main response after febrile seizures, as well as the infiltration 
of peripheral immune cells such as macrophages, neutrophils, and  lymphocytes6,14,37. Moreover, it was shown by 
immunohistochemistry that inflammatory markers can be observed in the hippocampus of rats after hyperther-
mic seizure and in the surgically resected tissue from patients with drug-resistant focal-onset  epilepsy37,38. Our 
results, in accordance with those previous findings, show that in the HS group the neuroinflammatory response 
was in fact prolonged and may be associated to cellular disfunction and epileptogenesis.

It is also well established that miRNAs play an important role in  epileptogenesis39. These small molecules are 
involved in ensuring the robustness and adequacy of gene expression and their dysregulation has been associated 
to the pathological processes of epilepsy, both in animal models and in human  patients39,40. Functional studies 
in animal models indicate that miRNAs participate in repair processes as well as in maladaptive  changes40, since 
they are important regulators of cell apoptosis, regenerative process, and immune  responses39. Here, we found 
that 36 miRNAs were exclusively expressed in the HNS group while only three and two miRNAs were exclusively 
expressed in the HS group and CT group, respectively. Moreover, four miRNAs—let‑7 g‑5p, let‑7i‑5p, miR‑124‑3p, 
and miR‑98‑5p—were abundantly expressed only in the HNS group, and miR‑124‑3p was not expressed in the 
HS group.

In the human brain, as shown by several studies, a given mRNA is commonly either targeted by a specific and 
abundant miRNA or by multiple and low-abundance  miRNAs40. Considering this fact, it is interesting to men-
tion the miR‑124‑3p, that is not expressed in HS group or is expressed in a concentration lower than detectable 
throughout the period under investigation. Furthermore, in the HNS group, from P30 onwards, the expression 
of this miRNA increases and becomes abundant in the P60 and P120 intervals. The miR‑124‑3p enriched for 
three hubs (Gmcl1, Snx24, and Eif3l) of those modules negatively correlated with the HNS group and enriched 
for inflammatory pathways or neurodegenerative diseases. The expression of miR-124, a brain-specific miRNA, 
was found suppressed in patients with epilepsy and in rats after drug-induced  seizures41. Evidence obtained in 
rats showed that miR-124 attenuates epileptogenesis via NRSF (neuron restrictive silencer factor) while promot-
ing epilepsy via  inflammation42.

Our next question focused on when transcriptional changes occur along the different ages after hyperther-
mic induction that correlated to different phases of the disease in  human12,13, because the timing of therapy 
intervention is critical to become effective or even avoid  epileptogenesis37. For example, inflammatory processes 
are involved in tissue repair and homeostasis maintenance after brain  injury37. However, studies have shown 
that brain inflammation promotes neuronal hyper-excitability causing seizures and driving to a vicious  circle43. 
Therefore, therapeutic intervention in neuroinflammatory pathways can be beneficial but also ineffective, or 
even  harmful37,43. For that reason, we investigated the transcriptional changes in four different time intervals 
and performed a comparative analysis between the groups HNS, HS and CT.

The temporal analysis showed that in the P12 interval all animals (i.e., the HNS and HS groups) exposed to the 
hyperthermic insult responded similarly, as the pairwise comparison did not show a differential transcriptional 
profile and the WGCNA did not identify transcriptional modules correlated to these groups. However, a previous 
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study conducted in our laboratory showed that some biological functions related to inflammation, apoptosis, 
and neurogenesis were activated in the ventral CA3 of neonate rats that developed hyperthermic  seizures14. The 
present results indicate that pups without seizures also activate those processes, but somehow fine-tuned them to 
do not convulse. It is interesting to mention that the miRNA analysis showed transcriptional profile differences 
between HNS and HS group in this interval. Four miRNAs—let‑7i‑5p, let‑7d‑5p, let‑7e‑5p, and let‑7f‑5p—were 
abundantly expressed only in the HNS group (Fig. 1c).

From P30 time-interval, the animals of the HNS and HS groups began to show an increasing number of dif-
ferentially expressed genes, where the HNS group showed a hypo-expression profile compared to the HS group. 
Furthermore, from the P60 and P120 intervals, the transcriptional difference between the two groups seems to 
“stabilize”. These results may be related to the functional adaptation to the “new normal” in the HNS group and 
the establishment of the disease in the HS group.

In the P30 interval, the hubs in the highly correlated modules and hyper-expressed DEGs in the HNS group 
are linked to neurogenesis and important neuronal functions as synapse and neuronal excitability. In addition, 
six hubs in this module are involved in neuronal function. The hub Tcf7l1 is involved in neurogenesis and it 
is linked with Wnt signaling pathway and Alzheimer`s  disease44. Additionally, Tcf7l1, in HNS and HS groups, 
showed a progressive increase in gene expression across the four time-intervals, but in the HS group it presented 
a lower expression in comparison with the HNS group. Another hub, Tlx3, enriched for the exclusively expressed 
mir‑186‑5p in the HNS group, is involved in neuronal migration. Moreover, in chicken and mouse, Tlx3 acts as a 
switch in determining glutamatergic and GABAergic  phenotypes45. Three hubs, Olr1248, Olr1415, and Ppy, are 
involved in the G-protein signaling pathway, two of them being olfactory receptors. The expression of olfactory 
receptors (ORs) is not restricted to olfactory receptor neurons, and it can be found in hippocampal  neurons46. 
These proteins belong to G-protein coupled receptor (GPCR) family, which are well known to be involved in 
synapse and associated with febrile seizures and complex  epilepsy8,47,48. The hub Ppy codifies a neuropeptide 
and its expression have been found increased in epilepsy animal  models49. This neuropeptide is already being 
investigated for use in nanotherapy for the treatment of  epilepsy50. Moreover, Ppy was enriched for mir‑29c‑3p, 
which was exclusively expressed in the HNS group. The sixth hub Pcdhb10 encodes a calcium-dependent cell–cell 
adhesion protein of the cadherin superfamily. PCDHs have been reported to be relevant to epilepsy and neu-
rodegenerative  diseases51. Defective function of cadherin, such as PCDH19, is known to be related to febrile 
convulsions and most often patients are drug-resistant to  treatment52. It is interesting to mention that only in 
the HNS group Pcdhb10 presented gradual increase in gene expression across the four time-intervals (Fig. 3d).

The hub and DEG Rpap3 and the DEG Caprin1 were hypo-expressed in HNS group and are involved in 
dendritogenesis. Rpap3 enriched for mir‑124‑3p, which is exclusively expressed in HNS group. The analysis of 
the hippocampus of the febrile seizure animal models showed that seizure accelerates neurogenesis and increase 
dendritic complexity in dentate gyrus contributing, consequently, to neuronal  hyperexcitability53. Another inter-
esting DEG is the Fbxo2, which encodes an amyloid precursor protein (APP) processing regulator. APP is present 
at synapses and is thought to play a role in the formation and plasticity of neuronal  structures54. The hub Cfi, 
an inhibitor of the complement cascade activation, that is also identified as a potential therapeutic target for 
 epilepsy55. It is known that the persistence of complement activation might contribute to neuroinflammation 
 maintenance37,43,56. Moreover, the module enriched for cannabinoid signaling pathway. Endocannabinoid sign-
aling controls excessive neuronal excitability and epileptic  seizure57. Cannabidiol is extensively investigated for 
use in the treatment of refractory  epilepsy57.

The modules highly correlated with HS group as well as its hubs are related to immune response (Susd4), 
autophagy (Atg3, Pik3r2), apoptosis (Pdcd7), and ubiquitination (Dcaf11, Psma5). It is known that dysfunctional 
autophagy occurs in epilepsy, mainly caused by an imbalance between excitation and inhibition in the  brain58. A 
human pathological study of resected temporal lobe cortex showed that the PIK3R2 expression was significantly 
higher in patients with refractory temporal lobe epilepsy than in those with non-epileptic  disorders59. SUSD4 is 
a regulator of the complement system by binding the C1Q domain, but this domain is also a synaptic regulator 
involved in degradation of the activity-dependent AMPA receptor subunit  GluA260.

In the P60 and P120 intervals, the modules negatively correlated with HNS group and their hubs are involved 
in pathways of neurodegenerations. The hub Dstyk, involved in ERK1/ERK2 cascade, interacts with miR-323-3p 
(exclusively expressed in the HNS group). ERK1/2 cascade that is an effector of neuronal death and neuroinflam-
mation in many neurodegenerative  diseases61. Other hub is Rita1, which is related to the regulation of Notch 
signaling. Interestingly, in a rat model of temporal lobe epilepsy, expression of Notch signaling increased after 
status epilepticus in hippocampus  tissue62.

It is important to highlight 11 genes involved in neuronal activity. The hub Rims3, hyper-expressed in HNS 
group from P60, encodes a pre-synaptic protein and is involved in synaptic vesicle  cycling63 and enriched for 
three exclusively expressed miRNAs—miR‑16‑5p, miR‑130b‑5p, and miR‑186‑5p—in the HNS group. The hub 
Slc6a18, a neurotransmitter, was found hypo-expressed in rats submitted to hyperthermic insult and developed 
seizures when compared with rats not submitted to hyperthermic conditions, as reported in our previous  work14. 
Nine DEGs—Gabrq, Nrxn3, Syt8, Cacnali, Numa1, Olr11, Orl125, Plg, and Ldb2—of which two of them, Nrxn3 
(also hub at P60 and P120) and Ldb2 (also hub at P120). Nrxn3 encodes for an α-neurexin isoform which is a 
neurotransmitter expressed in GABAergic interneuron involved in pre-synaptic modulation of the excitatory 
 synapses64,65 and is highly expressed in many GABAergic interneuron subtypes in  hippocampus65. The highest 
hyper-expressed gene in the HNS group was Gabrq, a  GABAA receptor involved in the modulation of inhibitory 
 synapses66. Another DEG involved in GABAergic activity is Gabra2, which was hypo-expressed in the HNS 
group at P120. It is well recognized that GABA receptors are commonly associated with  epilepsy67. Additionally, 
many studies suggest that deficits in the  GABAA receptors such as GABRA2 and GABRA5 contribute to central 
nervous system disorders such as anxiety disorders, epilepsy, schizophrenia, and  insomnia68,69. Syt8 and Cacnali, 
are involved in calcium channel activity. The calcium channelopathies are associated with several neurological 
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disorders including epilepsy, migraine, and  ataxia70. Variants in CACNA1I are related to  epilepsy70 and to neu-
rodevelopmental disorders, with a phenotypic spectrum ranging from borderline intellectual functioning to a 
severe neurodevelopmental disorder with  epilepsy71. Syt8 encoded protein exists as a membrane bound form 
in primary  neurons72,73.

It is well known that dysregulation in the neurotransmitter expression is associated with epilepsy and other 
neurological disorders. Moreover, in the P60 interval many highly hyper-expressed DEGs in the HNS group 
compared with the HS group are involved in neuronal activity, possibly related to neuronal loss in the HS group. 
A previous study conducted by our group in hippocampal tissues obtained from refractory temporal lobe epilepsy 
patients with early (infant) or late (adult) disease onset showed a decreased expression of genes involved in neu-
ronal activity in CA3 in those hippocampi with neuronal loss and in patients presented memory and executive 
function  impairment74. Furthermore, studies in rat model of febrile seizure have shown a cognitive and memory 
impairment in affected adult  animals75.

Two DEGs deserve mention, Plg and Hspb2, which are hyper-expressed in the HNS group from P60 and are 
involved in neuroprotection. Plg codifies for plasminogen and the plasminogen activator (PA) system promotes 
neurorepair in the ischemic  brain76. PA system components influence neuronal activity, inflammatory response, 
and contribute to remodeling of the neuronal networks occurring in epileptogenic  lesions77. Hspb2, encodes a 
heat shock protein (Hsp) and express only in hippocampus and cortex. The increased expression of Hsps induced 
by heat shock and their constant neuronal expression may be involved in  neuroprotection78. One gene Yap1 
involved in hippo signaling and in neurogenesis and  astrogenesis79.

Moreover, the temporal analysis of the gene expression along the four intervals showed that the hubs and 
DEGs mentioned above vary similarly between the two groups, however the HS group presented a lower expres-
sion than the HNS group. These results indicate that the hyperthermia-insulted pups who did not have ensuing 
seizures (HNS) can modulate the inflammatory response after the insult, presenting better tissue adaptation 
and repair than the HS group.

This study has some limitations. One is related to use an animal model of hyperthermic seizure in pups to 
mimic febrile seizure in early childhood, but for now it is the well stablished animal model to investigate the 
hippocampal changes induced by prolonged hyperthermic seizure. The other limitation was the inclusion of 
only male rats in the study. This approach was adopted for feasibility reasons, because a much larger number of 
animals would be needed to analyze sex-paired samples at all four time-intervals, to avoid possible transcriptome 
confounding effects due to variable estrogen levels on neuronal excitability.

In conclusion, this study revealed temporal transcriptional differences between rats that developed (HS group) 
or did not develop seizures (HNS group) after prolonged hyperthermic insult. Our results indicate that in the 
HS group the neuroinflammatory response was prolonged and may be associated with cellular dysfunction and 
epileptogenesis. Transcriptional modules are involved in inflammatory pathways such as NIK/NF-kβ, ERK1/
ERK2, Notch, MAPK, IL-1 and Wnt signaling pathways, as well as many genes—Tcf7l1, Tlx3, Rpap3, App, Yap1, 
Ldb2, and Hspb2—involved in neurogenesis, dendritogenesis and neuroprotection were differentially expressed 
in the HNS and HS groups. Furthermore, we identified a miRNA—miR‑124‑3p—expressed exclusively and 
abundantly in the HNS group. Finally, this approach allowed the identification of potential therapeutic targets, 
such as pathways, genes and miRNA, for the treatment of MTLE patients with a history of febrile seizures in 
early childhood.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request. All microarray raw data have been deposited in GEO public database (http:// www. 
ncbi. nlm. nih. gov/ geo), a MIAME compliant database, under reference Series accession number GSE229760 for 
mRNA and miRNA data, token gnmhoamcbvithml. All data will be released with paper publication.

Received: 27 April 2023; Accepted: 23 June 2023

References
 1. Engel, J. Mesial temporal lobe epilepsy: What have we learned?. Neuroscientist 7, 340–352. https:// doi. org/ 10. 1177/ 10738 58401 

00700 410 (2001).
 2. McClelland, S., Dubé, C. M., Yang, J. & Baram, T. Z. Epileptogenesis after prolonged febrile seizures: Mechanisms, biomarkers and 

therapeutic opportunities. Neurosci. Lett. 497, 155–162. https:// doi. org/ 10. 1016/j. neulet. 2011. 02. 032 (2011).
 3. Baulac, S. et al. Fever, genes, and epilepsy. Lancet Neurol. 3, 421–430. https:// doi. org/ 10. 1016/ S1474- 4422(04) 00808-7 (2004).
 4. Baulac, M. MTLE with hippocampal sclerosis in adult as a syndrome. Rev. Neurol. 171, 259–266. https:// doi. org/ 10. 1016/j. neurol. 

2015. 02. 004 (2015).
 5. Ahmad, S. & Marsh, E. D. Febrile status epilepticus: Current state of clinical and basic research. Semin. Pediatr. Neurol. 17, 150–154. 

https:// doi. org/ 10. 1016/j. spen. 2010. 06. 004 (2010).
 6. Vestergaard, M., Pedersen, C. B., Sidenius, P., Olsen, J. & Christensen, J. The long-term risk of epilepsy after febrile seizures in 

susceptible subgroups. Am. J. Epidemiol. 165, 911–918. https:// doi. org/ 10. 1093/ aje/ kwk086 (2007).
 7. Bando, S. Y. et al. Hippocampal CA3 transcriptome signature correlates with initial precipitating injury in refractory mesial tem-

poral lobe epilepsy. PLoS ONE 6, e26268. https:// doi. org/ 10. 1371/ journ al. pone. 00262 68 (2011).
 8. Bando, S. Y. et al. Complex network analysis of CA3 transcriptome reveals pathogenic and compensatory pathways in refractory 

temporal lobe epilepsy. PLoS ONE 8, e79913. https:// doi. org/ 10. 1371/ journ al. pone. 00799 13 (2013).
 9. Patterson, K. P., Baram, T. Z. & Shinnar, S. Origins of temporal lobe epilepsy: Febrile seizures and febrile status epilepticus. Neu‑

rotherapeutics 11, 242–250. https:// doi. org/ 10. 1007/ s13311- 014- 0263-4 (2014).
 10. Moreira-Filho, C. A. et al. Community structure analysis of transcriptional networks reveals distinct molecular pathways for 

early- and late-onset temporal lobe epilepsy with childhood febrile seizures. PLoS ONE 10, e0128174. https:// doi. org/ 10. 1371/ 
journ al. pone. 01281 74 (2015).

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.1177/107385840100700410
https://doi.org/10.1177/107385840100700410
https://doi.org/10.1016/j.neulet.2011.02.032
https://doi.org/10.1016/S1474-4422(04)00808-7
https://doi.org/10.1016/j.neurol.2015.02.004
https://doi.org/10.1016/j.neurol.2015.02.004
https://doi.org/10.1016/j.spen.2010.06.004
https://doi.org/10.1093/aje/kwk086
https://doi.org/10.1371/journal.pone.0026268
https://doi.org/10.1371/journal.pone.0079913
https://doi.org/10.1007/s13311-014-0263-4
https://doi.org/10.1371/journal.pone.0128174
https://doi.org/10.1371/journal.pone.0128174


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10265  | https://doi.org/10.1038/s41598-023-37535-w

www.nature.com/scientificreports/

 11. Baram, T. Z., Gerth, A. & Schultz, L. Febrile seizures: An appropriate-aged model suitable for long-term studies. Brain Res. Dev. 
Brain Res. 98, 265–270. https:// doi. org/ 10. 1016/ s0165- 3806(96) 00190-3 (1997).

 12. Dubé, C. et al. Temporal lobe epilepsy after experimental prolonged febrile seizures: Prospective analysis. Brain 129, 911–922. 
https:// doi. org/ 10. 1093/ brain/ awl018 (2006).

 13. Dubé, C. M. et al. Epileptogenesis provoked by prolonged experimental febrile seizures: Mechanisms and biomarkers. J. Neurosci. 
30, 7484–7494. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0551- 10. 2010 (2010).

 14. Azevedo, H., AmatoKhaled, N., Santos, P., Bernardi Bertonha, F. & Moreira-Filho, C. A. Temporal analysis of hippocampal CA3 
gene coexpression networks in a rat model of febrile seizures. Dis. Model Mech. https:// doi. org/ 10. 1242/ dmm. 029074 (2018).

 15. Dubé , C. M. et al. In Jasper’s Basic Mechanisms of the Epilepsies (eds Noebels, J. L. et al.) (National Center for Biotechnology 
Information (US), 2012).

 16. Bender, R. A., Dubé, C. & Baram, T. Z. Febrile seizures and mechanisms of epileptogenesis: Insights from an animal model. Adv. 
Exp. Med. Biol. 548, 213–225. https:// doi. org/ 10. 1007/ 978-1- 4757- 6376-8_ 15 (2004).

 17. Bender, R. A., Dubé, C., Gonzalez-Vega, R., Mina, E. W. & Baram, T. Z. Mossy fiber plasticity and enhanced hippocampal excit-
ability, without hippocampal cell loss or altered neurogenesis, in an animal model of prolonged febrile seizures. Hippocampus 13, 
399–412. https:// doi. org/ 10. 1002/ hipo. 10089 (2003).

 18. Canto, A. M. et al. Multi-omics analysis suggests enhanced epileptogenesis in the Cornu Ammonis 3 of the pilocarpine model of 
mesial temporal lobe epilepsy. Hippocampus 31, 122–139. https:// doi. org/ 10. 1002/ hipo. 23268 (2021).

 19. Wu, C. P. et al. Ca3 neuronal activities of dorsal and ventral hippocampus are differentially altered in rats after prolonged post-
ischemic survival. Neuroscience 130, 527–539. https:// doi. org/ 10. 1016/j. neuro scien ce. 2004. 09. 041 (2005).

 20. Toyoda, I., Bower, M. R., Leyva, F. & Buckmaster, P. S. Early activation of ventral hippocampus and subiculum during spontaneous 
seizures in a rat model of temporal lobe epilepsy. J. Neurosci. 33, 11100–11115. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0472- 13. 2013 
(2013).

 21. Lemmens, E. M., Lubbers, T., Schijns, O. E., Beuls, E. A. & Hoogland, G. Gender differences in febrile seizure-induced proliferation 
and survival in the rat dentate gyrus. Epilepsia 46, 1603–1612. https:// doi. org/ 10. 1111/j. 1528- 1167. 2005. 00252.x (2005).

 22. Gonzalez-Ramirez, M., Salgado-Ceballos, H., Orozco-Suarez, S. A. & Rocha, L. Hyperthermic seizures and hyperthermia in 
immature rats modify the subsequent pentylenetetrazole-induced seizures. Seizure 18, 533–536. https:// doi. org/ 10. 1016/j. seizu 
re. 2009. 04. 011 (2009).

 23. Zhao, D. Y., Wu, X. R., Pei, Y. Q. & Zuo, Q. H. Long-term effects of febrile convulsion on seizure susceptibility in P77PMC rat–resist-
ant to acoustic stimuli but susceptible to kainate-induced seizures. Exp. Neurol. 88, 688–695. https:// doi. org/ 10. 1016/ 0014- 4886(85) 
90080-9 (1985).

 24. Dube, C. et al. Prolonged febrile seizures in the immature rat model enhance hippocampal excitability long term. Ann. Neurol. 47, 
336–344 (2000).

 25. Gorter, J. A. et al. Potential new antiepileptogenic targets indicated by microarray analysis in a rat model for temporal lobe epilepsy. 
J. Neurosci. 26, 11083–11110. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2766- 06. 2006 (2006).

 26. Team, R. C. R: A Language and Environment for Statistical Computing, http:// www.R- proje ct. org/ (2021).
 27. Smyth, G. K. In Bioinformatics and Computational Biology Solutions Using R and Bioconductor (eds Gentleman, V. et al.) Ch. 23, 

397–420 (Springer, 2005).
 28. Saeed, A. I. et al. TM4: A free, open-source system for microarray data management and analysis. Biotechniques 34, 374–378 (2003).
 29. Langfelder, P. & Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 9, 559. https:// 

doi. org/ 10. 1186/ 1471- 2105-9- 559 (2008).
 30. Barabási, A. L., Gulbahce, N. & Loscalzo, J. Network medicine: A network-based approach to human disease. Nat. Rev. Genet. 12, 

56–68. https:// doi. org/ 10. 1038/ nrg29 18 (2011).
 31. Smyth, G. Limma: Linear Models for Microarray Data. 397–420 (Springer, 2005).
 32. van Dam, S., Võsa, U., van der Graaf, A., Franke, L. & de Magalhães, J. P. Gene co-expression analysis for functional classification 

and gene-disease predictions. Brief. Bioinform. 19, 575–592. https:// doi. org/ 10. 1093/ bib/ bbw139 (2018).
 33. Chen, E. Y. et al. Enrichr: Interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinform. 14, 128. https:// 

doi. org/ 10. 1186/ 1471- 2105- 14- 128 (2013).
 34. Kuleshov, M. V. et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 44, W90-

97. https:// doi. org/ 10. 1093/ nar/ gkw377 (2016).
 35. Nedivi, E., Hevroni, D., Naot, D., Israeli, D. & Citri, Y. Numerous candidate plasticity-related genes revealed by differential cDNA 

cloning. Nature 363, 718–722. https:// doi. org/ 10. 1038/ 36371 8a0 (1993).
 36. Schubert, K. O., Föcking, M., Prehn, J. H. & Cotter, D. R. Hypothesis review: Are clathrin-mediated endocytosis and clathrin-

dependent membrane and protein trafficking core pathophysiological processes in schizophrenia and bipolar disorder?. Mol. 
Psychiatry 17, 669–681. https:// doi. org/ 10. 1038/ mp. 2011. 123 (2012).

 37. Vezzani, A., Balosso, S. & Ravizza, T. Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev. 
Neurol. 15, 459–472. https:// doi. org/ 10. 1038/ s41582- 019- 0217-x (2019).

 38. Patterson, K. P. et al. Rapid, coordinate inflammatory responses after experimental febrile status epilepticus: Implications for 
epileptogenesis. eNeuro https:// doi. org/ 10. 1523/ ENEURO. 0034- 15. 2015 (2015).

 39. Ghafouri-Fard, S., Hussen, B. M., Abak, A., Taheri, M. & Jalili Khoshnoud, R. Aberrant expression of miRNAs in epilepsy. Mol. 
Biol. Rep. 49, 5057–5074. https:// doi. org/ 10. 1007/ s11033- 022- 07188-5 (2022).

 40. Brennan, G. P. & Henshall, D. C. MicroRNAs as regulators of brain function and targets for treatment of epilepsy. Nat. Rev. Neurol. 
16, 506–519. https:// doi. org/ 10. 1038/ s41582- 020- 0369-8 (2020).

 41. Wang, W. et al. The microRNA miR-124 suppresses seizure activity and regulates CREB1 activity. Expert Rev. Mol. Med. 18, e4. 
https:// doi. org/ 10. 1017/ erm. 2016.3 (2016).

 42. Brennan, G. P. et al. Dual and opposing roles of microRNA-124 in epilepsy are mediated through inflammatory and nrsf-dependent 
gene networks. Cell Rep. 14, 2402–2412. https:// doi. org/ 10. 1016/j. celrep. 2016. 02. 042 (2016).

 43. Sanz, P. & Garcia-Gimeno, M. A. Reactive glia inflammatory signaling pathways and epilepsy. Int. J. Mol. Sci. https:// doi. org/ 10. 
3390/ ijms2 11140 96 (2020).

 44. Riise, J., Plath, N., Pakkenberg, B. & Parachikova, A. Aberrant Wnt signaling pathway in medial temporal lobe structures of Alz-
heimer’s disease. J. Neural Transm 122, 1303–1318. https:// doi. org/ 10. 1007/ s00702- 015- 1375-7 (2015).

 45. Marek, K. W., Kurtz, L. M. & Spitzer, N. C. cJun integrates calcium activity and tlx3 expression to regulate neurotransmitter 
specification. Nat. Neurosci. 13, 944–950. https:// doi. org/ 10. 1038/ nn. 2582 (2010).

 46. Ferrer, I. et al. Olfactory receptors in non-chemosensory organs: The nervous system in health and disease. Front. Aging Neurosci. 
8, 163. https:// doi. org/ 10. 3389/ fnagi. 2016. 00163 (2016).

 47. Yu, Y., Nguyen, D. T. & Jiang, J. G protein-coupled receptors in acquired epilepsy: Druggability and translatability. Prog. Neurobiol. 
183, 101682. https:// doi. org/ 10. 1016/j. pneur obio. 2019. 101682 (2019).

 48. Oh, S. J. System-wide expression and function of olfactory receptors in mammals. Genomics Inform. 16, 2–9. https:// doi. org/ 10. 
5808/ GI. 2018. 16.1.2 (2018).

 49. Colmers, W. F. & El Bahh, B. Neuropeptide Y and epilepsy. Epilepsy Curr. 3, 53–58 (2003).
 50. Wu, D. et al. Nanoengineered on-demand drug delivery system improves efficacy of pharmacotherapy for epilepsy. Sci. Adv. 8, 

eabm3381. https:// doi. org/ 10. 1126/ sciadv. abm33 81 (2022).

https://doi.org/10.1016/s0165-3806(96)00190-3
https://doi.org/10.1093/brain/awl018
https://doi.org/10.1523/JNEUROSCI.0551-10.2010
https://doi.org/10.1242/dmm.029074
https://doi.org/10.1007/978-1-4757-6376-8_15
https://doi.org/10.1002/hipo.10089
https://doi.org/10.1002/hipo.23268
https://doi.org/10.1016/j.neuroscience.2004.09.041
https://doi.org/10.1523/JNEUROSCI.0472-13.2013
https://doi.org/10.1111/j.1528-1167.2005.00252.x
https://doi.org/10.1016/j.seizure.2009.04.011
https://doi.org/10.1016/j.seizure.2009.04.011
https://doi.org/10.1016/0014-4886(85)90080-9
https://doi.org/10.1016/0014-4886(85)90080-9
https://doi.org/10.1523/JNEUROSCI.2766-06.2006
http://www.R-project.org/
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1038/nrg2918
https://doi.org/10.1093/bib/bbw139
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1038/363718a0
https://doi.org/10.1038/mp.2011.123
https://doi.org/10.1038/s41582-019-0217-x
https://doi.org/10.1523/ENEURO.0034-15.2015
https://doi.org/10.1007/s11033-022-07188-5
https://doi.org/10.1038/s41582-020-0369-8
https://doi.org/10.1017/erm.2016.3
https://doi.org/10.1016/j.celrep.2016.02.042
https://doi.org/10.3390/ijms21114096
https://doi.org/10.3390/ijms21114096
https://doi.org/10.1007/s00702-015-1375-7
https://doi.org/10.1038/nn.2582
https://doi.org/10.3389/fnagi.2016.00163
https://doi.org/10.1016/j.pneurobio.2019.101682
https://doi.org/10.5808/GI.2018.16.1.2
https://doi.org/10.5808/GI.2018.16.1.2
https://doi.org/10.1126/sciadv.abm3381


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10265  | https://doi.org/10.1038/s41598-023-37535-w

www.nature.com/scientificreports/

 51. Sun, H. et al. Association of DNA methylation patterns in 7 novel genes with ischemic stroke in the northern Chinese population. 
Front. Genet. 13, 844141. https:// doi. org/ 10. 3389/ fgene. 2022. 844141 (2022).

 52. Borghi, R. et al. Dissecting the role of PCDH19 in clustering epilepsy by exploiting patient-specific models of neurogenesis. J. Clin. 
Med. https:// doi. org/ 10. 3390/ jcm10 132754 (2021).

 53. Raijmakers, M. et al. Experimental febrile seizures increase dendritic complexity of newborn dentate granule cells. Epilepsia 57, 
717–726. https:// doi. org/ 10. 1111/ epi. 13357 (2016).

 54. Atkin, G. et al. F-box only protein 2 (Fbxo2) regulates amyloid precursor protein levels and processing. J. Biol. Chem. 289, 
7038–7048. https:// doi. org/ 10. 1074/ jbc. M113. 515056 (2014).

 55. Jin, Y. et al. Identification of novel gene and pathway targets for human epilepsy treatment. Biol. Res. 49, 3. https:// doi. org/ 10. 1186/ 
s40659- 015- 0060-5 (2016).

 56. Kopczynska, M. et al. Complement system biomarkers in epilepsy. Seizure 60, 1–7. https:// doi. org/ 10. 1016/j. seizu re. 2018. 05. 016 
(2018).

 57. Sugaya, Y. & Kano, M. Endocannabinoid-mediated control of neural circuit excitability and epileptic seizures. Front. Neural Circuits 
15, 781113. https:// doi. org/ 10. 3389/ fncir. 2021. 781113 (2021).

 58. Zhu, H., Wang, W. & Li, Y. Molecular mechanism and regulation of autophagy and its potential role in epilepsy. Cells https:// doi. 
org/ 10. 3390/ cells 11172 621 (2022).

 59. Wang, Y. et al. A PIK3R2 mutation in familial temporal lobe epilepsy as a possible pathogenic variant. Front. Genet. 12, 596709. 
https:// doi. org/ 10. 3389/ fgene. 2021. 596709 (2021).

 60. González-Calvo, I. et al. Sushi domain-containing protein 4 controls synaptic plasticity and motor learning. Elife https:// doi. org/ 
10. 7554/ eLife. 65712 (2021).

 61. Sun, J. & Nan, G. The extracellular signal-regulated kinase 1/2 pathway in neurological diseases: A potential therapeutic target 
(review). Int. J. Mol. Med. 39, 1338–1346. https:// doi. org/ 10. 3892/ ijmm. 2017. 2962 (2017).

 62. Wu, L. et al. Notch signaling regulates microglial activation and inflammatory reactions in a rat model of temporal lobe epilepsy. 
Neurochem. Res. 43, 1269–1282. https:// doi. org/ 10. 1007/ s11064- 018- 2544-5 (2018).

 63. Giovedí, S., Corradi, A., Fassio, A. & Benfenati, F. Involvement of synaptic genes in the pathogenesis of autism spectrum disorders: 
The case of synapsins. Front. Pediatr. 2, 94. https:// doi. org/ 10. 3389/ fped. 2014. 00094 (2014).

 64. Hishimoto, A. et al. Neurexin 3 transmembrane and soluble isoform expression and splicing haplotype are associated with neuron 
inflammasome and Alzheimer’s disease. Alzheimers Res. Ther. 11, 28. https:// doi. org/ 10. 1186/ s13195- 019- 0475-2 (2019).

 65. Restrepo, S., Langer, N. J., Nelson, K. A. & Aoto, J. Modeling a neurexin-3α human mutation in mouse neurons identifies a novel 
role in the regulation of transsynaptic signaling and neurotransmitter release at excitatory synapses. J. Neurosci. 39, 9065–9082. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 1261- 19. 2019 (2019).

 66. Mo, J. et al. Early growth response 1 (Egr-1) directly regulates GABAA receptor α2, α4, and θ subunits in the hippocampus. J. 
Neurochem. 133, 489–500. https:// doi. org/ 10. 1111/ jnc. 13077 (2015).

 67. Feng, Y. et al. Genetic variations in GABA metabolism and epilepsy. Seizure 101, 22–29. https:// doi. org/ 10. 1016/j. seizu re. 2022. 07. 
007 (2022).

 68. Möhler, H. GABA(A) receptor diversity and pharmacology. Cell Tissue Res. 326, 505–516. https:// doi. org/ 10. 1007/ s00441- 006- 
0284-3 (2006).

 69. Butler, K. M. et al. De novo variants in GABRA2 and GABRA5 alter receptor function and contribute to early-onset epilepsy. Brain 
141, 2392–2405. https:// doi. org/ 10. 1093/ brain/ awy171 (2018).

 70. Kessi, M. et al. Calcium channelopathies and intellectual disability: A systematic review. Orphanet. J. Rare Dis. 16, 219. https:// 
doi. org/ 10. 1186/ s13023- 021- 01850-0 (2021).

 71. El Ghaleb, Y. et al. CACNA1I gain-of-function mutations differentially affect channel gating and cause neurodevelopmental 
disorders. Brain 144, 2092–2106. https:// doi. org/ 10. 1093/ brain/ awab1 01 (2021).

 72. Monterrat, C., Boal, F., Grise, F., Hémar, A. & Lang, J. Synaptotagmin 8 is expressed both as a calcium-insensitive soluble and 
membrane protein in neurons, neuroendocrine and endocrine cells. Biochim. Biophys. Acta 1763, 73–81. https:// doi. org/ 10. 1016/j. 
bbamcr. 2005. 11. 008 (2006).

 73. Wu, X., Hu, S., Kang, X. & Wang, C. Synaptotagmins: Beyond presynaptic neurotransmitter release. Neuroscientist 26, 9–15. https:// 
doi. org/ 10. 1177/ 10738 58419 844497 (2020).

 74. Bando, S. Y. et al. Hippocampal CA3 transcriptional modules associated with granule cell alterations and cognitive impairment 
in refractory mesial temporal lobe epilepsy patients. Sci. Rep. 11, 10257. https:// doi. org/ 10. 1038/ s41598- 021- 89802-3 (2021).

 75. Dubé, C. M. et al. Cognitive dysfunction after experimental febrile seizures. Exp. Neurol. 215, 167–177. https:// doi. org/ 10. 1016/j. 
expne urol. 2008. 10. 003 (2009).

 76. Yepes, M. The plasminogen activation system promotes neurorepair in the ischemic brain. Curr. Drug Targets 20, 953–959. https:// 
doi. org/ 10. 2174/ 13894 50120 66618 12111 44550 (2019).

 77. Iyer, A. M. et al. Tissue plasminogen activator and urokinase plasminogen activator in human epileptogenic pathologies. Neurosci‑
ence 167, 929–945. https:// doi. org/ 10. 1016/j. neuro scien ce. 2010. 02. 047 (2010).

 78. Kirbach, B. B. & Golenhofen, N. Differential expression and induction of small heat shock proteins in rat brain and cultured hip-
pocampal neurons. J. Neurosci. Res. 89, 162–175. https:// doi. org/ 10. 1002/ jnr. 22536 (2011).

 79. Sun, W., Zhao, J. & Li, C. Dexmedetomidine provides protection against hippocampal neuron apoptosis and cognitive impairment 
in mice with Alzheimer’s disease by mediating the miR-129/YAP1/JAG1 Axis. Mol. Neurobiol. 57, 5044–5055. https:// doi. org/ 10. 
1007/ s12035- 020- 02069-z (2020).

Acknowledgements
This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) grant no. 
2015/22308-2 to RMC-Jr and by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) grant 
no. 307626/2014-8 to CAM-F.

Author contributions
Conceived and designed the experiments: C.A.M.-F., S.Y.B. Performed the experiments: S.Y.B., F.B.B., P.H.N.M., 
N.A.K., P.S., A.K.T. Data curation: S.Y.B., F.B.B., P.H.N.M., A.K.T. Analyzed the data: S.Y.B., F.B.B., P.H.N.M., 
A.K.T. Funding acquisition: C.A.M.-F., R.M.C.Jr. Resources: C.A.M.-F., M.S.J. Wrote the paper: S.Y.B., F.B.B., 
P.H.N.M., A.K.T. All authors have read and agreed to the published version of the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.3389/fgene.2022.844141
https://doi.org/10.3390/jcm10132754
https://doi.org/10.1111/epi.13357
https://doi.org/10.1074/jbc.M113.515056
https://doi.org/10.1186/s40659-015-0060-5
https://doi.org/10.1186/s40659-015-0060-5
https://doi.org/10.1016/j.seizure.2018.05.016
https://doi.org/10.3389/fncir.2021.781113
https://doi.org/10.3390/cells11172621
https://doi.org/10.3390/cells11172621
https://doi.org/10.3389/fgene.2021.596709
https://doi.org/10.7554/eLife.65712
https://doi.org/10.7554/eLife.65712
https://doi.org/10.3892/ijmm.2017.2962
https://doi.org/10.1007/s11064-018-2544-5
https://doi.org/10.3389/fped.2014.00094
https://doi.org/10.1186/s13195-019-0475-2
https://doi.org/10.1523/JNEUROSCI.1261-19.2019
https://doi.org/10.1111/jnc.13077
https://doi.org/10.1016/j.seizure.2022.07.007
https://doi.org/10.1016/j.seizure.2022.07.007
https://doi.org/10.1007/s00441-006-0284-3
https://doi.org/10.1007/s00441-006-0284-3
https://doi.org/10.1093/brain/awy171
https://doi.org/10.1186/s13023-021-01850-0
https://doi.org/10.1186/s13023-021-01850-0
https://doi.org/10.1093/brain/awab101
https://doi.org/10.1016/j.bbamcr.2005.11.008
https://doi.org/10.1016/j.bbamcr.2005.11.008
https://doi.org/10.1177/1073858419844497
https://doi.org/10.1177/1073858419844497
https://doi.org/10.1038/s41598-021-89802-3
https://doi.org/10.1016/j.expneurol.2008.10.003
https://doi.org/10.1016/j.expneurol.2008.10.003
https://doi.org/10.2174/1389450120666181211144550
https://doi.org/10.2174/1389450120666181211144550
https://doi.org/10.1016/j.neuroscience.2010.02.047
https://doi.org/10.1002/jnr.22536
https://doi.org/10.1007/s12035-020-02069-z
https://doi.org/10.1007/s12035-020-02069-z


18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10265  | https://doi.org/10.1038/s41598-023-37535-w

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 37535-w.

Correspondence and requests for materials should be addressed to S.Y.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-37535-w
https://doi.org/10.1038/s41598-023-37535-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transcriptomic analysis reveals distinct adaptive molecular mechanism in the hippocampal CA3 from rats susceptible or not-susceptible to hyperthermia-induced seizures
	Materials and methods
	Animal model. 
	Experimental design and time intervals. 
	Ventral CA3 microdissection and RNA extraction. 
	Microarray hybridization. 
	Gene expression analysis. 
	Weighted gene co-expression network analysis (WGCNA). 
	Module-trait association. 
	Node categorization. 

	miRNA expression analysis. 
	Enrichment analysis. 
	Statistical analysis. 

	Results
	miRNA expression analysis. 
	WGCNA and module-trait correlation analysis. 
	P12 time-interval. 
	P30 time interval. 
	P60 time-interval. 
	P120 time-interval. 

	Differentially expressed genes analysis for the HNS vs. HS groups. 

	Discussion
	References
	Acknowledgements


