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Abstract
Aims: To identify transcriptome signatures underlying epileptogenesis in temporal 
lobe epilepsy (TLE).
Methods: Robust rank aggregation analysis was used to integrate multiple microar-
rays in rodent models of TLE and determine differentially expressed genes (DEGs) 
in acute, latent, and chronic stages. Functional annotation and protein-protein in-
teraction analysis were performed to explore the potential functions of the DEGs 
and identify hub genes with the highest intramodular connectivity. The association 
between hub genes and hippocampal sclerosis/seizure frequency was analyzed using 
publicly available RNA-sequencing datasets from TLE patients. We subsequently es-
tablished a pilocarpine-induced status epilepticus (SE) model in rats and validated 
mRNA expression of hub genes by quantitative reverse transcription PCR (qRT-PCR).
Results: The DEGs in the acute, latent, and chronic phases of TLE in animal mod-
els were prominently enriched in inflammatory response. Hub genes identified in 
the acute phase mainly participated in biological processes including inflammation, 
blood-brain barrier damage, and cell adhesion. The hub genes in the latent phase 
were related to microglia/macrophage activation (Emr1 and Aif1) and phagocytosis 
(Cd68, Tyrobp, and Lyz). In the chronic phase, the hub genes were associated with 
activation of complements and microglia/macrophages. We further found that some 
hub genes identified in human TLE, such as Tlr2, Lgals3, and Stat3, were positively 
correlated with seizure frequency. Other hub genes, including Lgals3 and Serpine1, 
were associated with hippocampus sclerosis. qRT-PCR analysis confirmed that the 
mRNA levels of hub genes in rat hippocampus were significantly up-regulated after 
SE induction.
Conclusions: Our integrated analysis identified hub genes in different stages of epi-
lepsy. The functional annotations suggest that the activation and phagocytic activi-
ties of microglia/macrophages may play critical roles in epileptogenesis of TLE.
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1  | INTRODUC TION

Temporal lobe epilepsy (TLE) is characterized by refractory sei-
zures, significant cognitive decline, and depression. TLE ac-
counts for 36% of intractable epilepsy.1 Epileptogenesis is a 
progressive process in which an insult to a normal brain culmi-
nates in the occurrence of spontaneous seizures. There are three 
stages in epileptogenesis—the acute, latent, and chronic stages. 
Pathophysiologic changes occur in the injured zone in the acute 
phase, which is followed by the gradual maturation of epileptic 
circuit in the latent phase and the ultimate appearance of sponta-
neous recurrent seizure (SRS) in the chronic phase.2 Animal mod-
els that mimic the clinical and histopathological features of TLE 
are particularly helpful to study molecular mechanisms in differ-
ent stages of epileptogenesis.3 Previous studies identified several 
pathological mechanisms of epileptogenesis involving immune 
responses, synaptic plasticity, neurodegeneration, neurogenesis, 
alterations in metabolism, and blood-brain barrier (BBB) integ-
rity.2,4 Alterations of transcriptomic profiles have been reported in 
brains from epilepsy patients and animal models.5 Approximately 
2000 genes were published to be differentially expressed in TLE.6 
Characterizing stage-specific gene expression profiles and identi-
fying key regulatory genes are crucial to elucidate the molecular 
mechanisms of epileptogenesis in TLE.

High-throughput microarray and RNA-sequencing (RNAseq) 
analyses provide superior platforms for a comprehensive and 
unbiased transcriptome-wide analysis and have been widely ap-
plied in epileptic studies in animal models and in patients in the 
past two decades. However, concerns about representativeness 
and repeatability of an individual microarray/RNAseq study have 
been raised.7 The heterogeneities in experimental design, animal 
model, sampling time, and sample size confounded result interpre-
tation.7 Wang et al compared the lists of differentially expressed 
genes (DEGs) from different microarray studies in TLE and found 
that only 53 among over 2000 DEGs altered in more than two 
studies.6 An integrated analysis could efficiently overcome the low 
validity and reproducibility of an individual experiment, and may 
help to identify candidate genes that are implicated across differ-
ent studies. Several bioinformatic analyses on microarray studies 
in epilepsy have been published recently. However, three analyses 
were based on summarizing published results rather than perform-
ing integrated analysis of original microarrays.5,7,8 Another study 
integrated multiple rodent TLE microarrays with RankProd pack-
age, whereas their research of key gene regulators was derived 
from one dataset instead of from gene expression profiles across 
different microarrays.9

Robust rank aggregation (RRA) algorithm has been devel-
oped for microarray integration in 2012. The basis of RRA is to 
compare the actual list of each dataset with a null assumption of 
random order and to screen the DEGs by assigning a significance 
score for each gene. The aggregated list kept only the statisti-
cally relevant DEGs.10 RRA has been used for integrated microar-
ray analysis of triple-negative breast cancer and discovered key 

dysregulated miRNAs.11 Song et al also identified hub genes in 
prostate cancer using RRA.12 Moreover, RRA can process the 
variable gene lists and handle missing ranks from different mi-
croarray platforms.10

In the current study, we conducted an integrated analysis on TLE 
microarrays using RRA to identify key genes consistently expressed 
across different epileptic models and platforms. Further gene anno-
tation and protein interaction analysis identified key pathways and 
hub genes in three phases of epilepsy. The association between hub 
genes and hippocampal sclerosis (HS)/seizure frequency was also 
analyzed using RNA sequencing datasets of TLE patients. In ad-
dition, the expression of several hub genes was validated in a rat 
pilocarpine model of TLE using quantitative reverse transcription 
polymerase chain reaction (qRT-PCR).

2  | MATERIAL S AND METHODS

2.1 | Microarray datasets of epilepsy

The microarray datasets were obtained through searching the Gene 
Expression Omnibus (GEO) database. We systematically searched 
the microarray studies using the terms: “epilepsy” or “seizure” or 
“pilocarpine” or “kainate” or “kainic acid” or “electrical stimulation”. 
Datasets or samples were included according to the following cri-
teria: (1) published after year 2009, (2) including both experimental 
groups and controls, (3) raw data or series matrix files are available 
in GEO, and (4) the animal model was induced by either pilocarpine 
or kainic acid or electrical stimulation. Microarrays were excluded if 
animals have been treated with interventions unrelated to the estab-
lishment of the epilepsy model.

2.2 | Dataset preprocessing and obtaining  
DEGs

We downloaded raw data or series matrix files of six microarray 
datasets from GEO database. In order to reduce heterogeneity of 
analysis, only the ipsilateral hippocampus samples in each microar-
ray were included. The corresponding annotation documents were 
used to transform the probes into gene symbols. If multiple probes 
matched the same symbol, the mean signal intensity was calculated. 
Each dataset was normalized by RMA algorithm. Since gene expres-
sion patterns may change with the development of epilepsy, we 
divided our analysis into three distinct phases: acute stage (0-3d), 
latent stage (4-14d), and chronic stage (the first SRS or after 14d). 
The samples in six included microarrays were regrouped according 
to their sampling time after model establishment. The common con-
trol was used if there was no control for each epileptic group in the 
microarray. The DEGs between epileptic and control hippocampus 
in different phases were identified using the “limma” package in R 
language. The cutoff criteria were set as |log2 fold change (FC)| >1 
and adjusted P-value <0.05.
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2.3 | RRA analysis to integrate microarrays in 
different phases

To minimize the deviation caused by the analysis of a single array, 
we integrated the results of several microarrays by adopting RRA 
algorithm.10 Before RRA analysis, up-ranked and down-ranked ma-
trixes of all genes in each dataset were generated based on log2 FC 
between epileptic and control groups. The log2 FC matrixes were 
then merged to get a combined matrix. “RobustRankAggreg” pack-
age was applied to integrate the combined log2 FC matrix. The ad-
justed P-value indicated the gene ranking in the final list. Genes with 
Bonferroni-adjusted P-value <0.05 and the |log2 FC|>0.5 were con-
sidered as robust DEGs.

2.4 | Pathway and process enrichment  
analysis

The DEGs obtained in RRA analysis were uploaded to Metascape 
(http://metas​cape.org/gp/index.html) to perform pathway and 
process enrichment analysis.13 Terms with a P-value <0.01, 
a minimum count of 3, and an enrichment factor >1.5 were 
collected.

2.5 | Protein-protein interaction (PPI) analysis and 
identification of hub genes

Hub genes are defined as genes of high connectivity with other 
genes. The alteration of hub genes will cause prominent changes 
in the gene network. The DEGs obtained in RRA analysis were 
uploaded to STRING database to predict the interactions among 
proteins.14 The minimum required interaction score was set as 0.4. 
Cytoscape software 3.6.1 was used to visualize the protein net-
works. The top 5 connective genes in each phase were identified 
as hub genes.

2.6 | RNA-SEQUENCING DATA ANALYSIS IN 
BRAINS FROM HUMAN TLE PATIENTS

The raw count matrices of the two RNA sequencing datasets (GSE12​
7871 and GSE71058) were downloaded from the GEO database. In 
GSE12​7871, the hippocampal tissues resected from 12 intractable TLE 
patients with seizure frequencies ranging from 0.33 to 120 seizures 
per month were sequenced. The CPM of genes was calculated using 
the cpm function of the “edgeR” package. A Spearman rank correla-
tion analysis was conducted using SPSS 24 to assess the association 

TA B L E  1   Characteristics of the six microarray datasets in our integrated analysis

GSE ID Control Acute stage (0-3d)
Latent stage 
(4-14d)

Chronic stage 
(14d later) Tissue Platform Year

GSE73878 ILa -sham-7d: 4
IL-sham-28d: 5

N/A IL-KAb -7d: 8 IL-KA-28d: 9
IL-KA-60d:14

Me -H GPL6885 2015

GSE49849 Sham-7d: 5sham-
30d: 5

N/A stimuc -7d: 5 stimu-30d: 5 Rh -DG GPL11534 2013

GSE88992 Saline-6h: 3 Saline-
12h: 3 Saline-24h: 3

KA-6h: 3
KA-12h: 3
KA-24h: 2

N/A N/A M-Hg  GPL1261 2016

GSE14763 Control: 3 Pilod -3d: 5 Pilo-7d: 5 Pilo-chronic: 5 R-H GPL2896 2009

GSE47752 Pilo control: 17
KA control: 12

Pilo-1d: 12 KA-1d: 
12 Pilo-3d: 12

KA-3d: 13

Pilo-10d: 12
KA-10d: 12

N/A R-DGf  GPL1355 2013

GSE49030 Control-1h: 9 KA-1h: 3
KA-4h: 6
KA-8h: 3
KA-24h: 3

N/A N/A M-H GPL1261 2013

Note: A total of six microarrays were included in the integrated analysis. In these microarrays, seizure was induced in rat or mouse by either 
pilocarpine or kainic acid or electrical stimulation. Hippocampus or dentate gyrus of the epileptic rats or mice was sampled at different time points 
for expression profile detection in microarray platform. The samples in six included microarrays were divided according to sampling time after model 
establishment into three groups: acute stage (0-3d), latent stage (4d-14d), and chronic stage (the first spontaneous recurrent seizure or after 14d).
aipsilateral; 
bkainic acid; 
celectrical stimulation of amygdala; 
dpilocarpine; 
emouse; 
fdentate gyrus; 
ghippocampus; 
hrat. 

http://metascape.org/gp/index.html
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127871
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127871
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71058
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127871
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73878
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49849
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88992
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47752
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49030
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between cpm of hub genes and seizure frequency. Genes with coeffi-
cient P-value <0.05 were considered to be significantly associated with 
seizure frequency. In GSE71058, the dentate gyrus of 5 TLE patients 
with HS and 7 without HS were sequenced. The DEGs were obtained 
using “DESeq2” package. Genes with the |log2 FC| >1 and adjusted P-
value <0.05 were considered as HS-related genes. The scatterplots 
and barplots were prepared by GraphPad Prism 7 software.

2.7 | Animal model

Male adult Sprague Dawley rats (6-8  weeks, 200-250  g) supplied 
by Shanghai Charles River Laboratory were used in this study. The 
rats were housed four per cage under controlled temperature (22-
25°C) and humidity (50%-60%) with 12-hour light/dark cycle. Rats 
had free access to water and food. All experimental procedures were 
approved by the Animal Ethics Committee of Zhongshan Hospital.

The animals were randomly divided into experimental and control 
groups. Rats received intraperitoneal (i.p.) injection of lithium chloride 
(LiCl, 127 mg/kg; Sigma, St. Louis, MO, USA), followed by scopolamine 
hydrobromide (1 mg/kg, i.p., Harvest Pharmaceutical Co. Ltd, China) 

24  hours after LiCl. Pilocarpine (45  mg/kg i.p.; Sigma-Aldrich) was 
given 30 minutes later to induce seizure. The control animals received 
equal amounts of normal saline. The pilocarpine-induced seizures were 
evaluated according to a modified Racine scale.15 Animals with seizure 
scale greater than or equal to Racine stage 4 and lasted for 30 minutes 
(status epilepticus, SE) were included. All animals received diazepam 
injection (10 mg/kg, i.p., Tianjin, China) 30 minutes after the onset of 
SE to terminate seizures. The experimental animals were sacrificed 
48h (n = 4), 7d (n = 4), or 35d (n = 3) after SE. The control animals (n = 4) 
were sacrificed 7d after SE.

2.8 | RNA extraction and qRT-PCR

Total RNA was extracted from hippocampus of rats using TRIzol 
(Invitrogen, CA, USA) according to the manufacturer's instructions. 
cDNA synthesis was performed using the ABScript II reverse transcrip-
tion premixed solution (Abclonal, Wuhan, China). In order to quan-
tify the transcripts of interest genes, qRT-PCR was performed using 
a SYBR Green Master Mix (Yeasen, Shanghai, China) on LightCycler 
480 (Roche, Switzerland). The target mRNA levels were normalized to 

F I G U R E  1   Gene expression distributions of microarrays in three stages of epilepsy. (A-C): Representative volcano plots of the 
microarrays in the acute, latent, and chronic stages (GSE14763). Red points represented up-regulated genes, while blue points represented 
down-regulated genes. Black points indicate genes with no significant difference. (D-F): Barplots of gene expression distributions of 
microarrays in the acute, latent, and chronic stages. Numbers of total genes, up-regulated genes, and down-regulated genes of each 
microarray were labeled at the top of the barplots

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71058
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
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GAPDH internal control gene. Expression data were analyzed accord-
ing to the 2-△△Ct method.16 Primers are listed in Table S1.

2.9 | Statistical analysis

For qRT-PCR analysis, ANOVA was used if data were normal distribu-
tion and homogeneous variance. Otherwise, the Kruskal-Wallis test 
was used. An adjusted P-value <0.05 was considered to be statisti-
cally significant. The data were reported as mean ± standard error. 
The GraphPad Prism 7 software was used for data analysis and 
plotting.

3  | RESULTS

3.1 | Information of included microarrays

According to the inclusion criteria, GSE14763, GSE49849, 
GSE73878, GSE47752, GSE49030, and GSE88992 were in-
cluded in this study. The detailed information of these datasets 

is shown in Table  1. We divided our analysis into the acute, la-
tent, and chronic stages according to the duration after model 
establishment. The acute group included GSE49030, GSE88992, 
GSE14763, and GSE47752. The latent group included GSE14763, 
GSE49849, GSE73878, and GSE47752. The chronic group included 
GSE14763, GSE49849, and GSE73878. The samples in each stage 
are listed in Table 1.

3.2 | Identification of DEGs in epilepsy models

We standardized each microarray dataset using RMA algorithm to 
achieve homogeneity between samples. The boxplots after stand-
ardization are shown in Figure  S1. The “limma” package in R soft-
ware was used to screen the DEGs according to the cutoff criteria. 
The volcano plots and barplots demonstrated the gene expression 
in the acute (Figure 1A,D), latent (Figure 1B,E), and chronic stages 
(Figure 1C,F) of TLE. The number of DEGs obtained in each microar-
ray varies greatly, ranging from over 100 to more than 700 in acute 
stage, which may be caused by differences in modeling, species, de-
tection platform, severity, and duration of SE.

F I G U R E  2   The robust differentially expressed genes (DEGs) obtained by integrating multiple microarrays using robust rank aggregation 
(RRA) algorithm in three stages of epilepsy. RRA algorithm assigned P-value and log2 |fold change (FC)| to each gene and ranked the genes 
by the assigned P-value. Genes with the Bonferroni-adjusted P-value <0.05 and |log2 FC|>0.5 were strictly kept in the final aggregated lists 
as the robust DEGs. (A-C): Heat maps of the top up- and down-regulated DEGs in the final aggregated lists identified by RRA analysis in the 
acute, latent, and chronic stages. The top 32 up-regulated and 8 down-regulated RRA genes in the acute and latent stages and all RRA genes 
in the chronic stage were displayed. Red represents up-regulated genes, while blue represents down-regulated genes. The depth of the color 
represents the size of the log2 FC

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49849
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73878
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47752
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49030
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88992
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49030
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88992
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47752
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49849
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73878
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47752
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14763
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49849
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73878
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3.3 | RRA integrated analysis

Through RRA integration, we were able to obtain the robust DEGs 
that were stably up-regulated or down-regulated across microar-
rays in each stage. We identified 60 robust DEGs in acute period 
(45 up-regulated and 15 down-regulated), 75 in latent period (66 up-
regulated and 9 down-regulated), and 17 in chronic period (15 up-
regulated and 2 down-regulated). The robust DEGs in each period 
are shown in Figure 2 and Table S2.

3.4 | Pathway and process enrichment analysis

The pathway and process enrichment analyses were then per-
formed on the robust DEGs identified by RRA analysis in each 
stage (Figure 3, Table S3). A pronounced role of inflammation was 
exhibited persistently in all three phases of epilepsy, especially in 
the acute and latent stages. Biological processes including regula-
tion of angiogenesis, apoptotic signaling pathway, endothelial cell 

differentiation, negative regulation of cell proliferation, and leu-
kocyte migration were highly enriched in acute stage compared to 
the other two stages. In latent stage, biological processes such as 
neuroinflammatory response, Toll-like receptor 7 signaling pathway, 
defense response to virus, negative regulation of immune system 
process, regulation of cytokine production, and integrin-mediated 
signaling pathway were prominently enriched. Due to the small num-
ber of DEGs identified in the chronic stage of TLE, the chronic stage-
associated biological processes were relatively less compared to the 
acute and latent stages and mainly related to inflammation, immune 
responses, and apoptotic signaling pathway.

3.5 | Protein-protein interaction (PPI) network 
analysis and identification of hub genes

In the PPI analysis, the top 5 connective genes were identified as hub 
genes for their robust expression and high connectivity (Figure  4, 
Table  S4). The hub genes in acute stage were Tlr2, Stat3, Timp1, 

F I G U R E  3   The representative heat map of pathway and process enrichment analysis identified by Metascape using robust DEGs 
obtained by RRA analysis in the acute, latent, and chronic stages. In Metascape, terms with a P-value <0.01, a minimum count of 3, and an 
enrichment factor >1.5 are collected and grouped into clusters based on their membership similarities. A similarity >0.3 is considered a 
cluster. The top 20 clusters were chosen according to Log10(P) ranking and displayed. The color scale represents the value of −log10 (P). The 
items enriched are listed on the right of each row
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Cd44, and Ptgs2 (Figure 4A,D). The edges of Serpine1 were the same 
as Ptgs2; thus, Serpine1 was also considered as a hub gene in acute 
phase (Figure  4A). The protein interaction network in the latent 
stage was the most complicated among all stages (Figure 4B). The 
hub genes in latent stage were identified as Cd68, Emr1, Tyrobp, Lyz2, 
and Aif1 (Figure 4B,E). The hub genes in chronic stage were C1qa, 
C1qb, Tyrobp, Lgals3, and C3 (Figure 4C,F).

3.6 | Hub genes associated with seizure 
frequency and hippocampal sclerosis in human TLE

Among the abovementioned 16 hub genes in three stages of epilep-
togenesis (6 in the acute, 5 in the latent and 5 in the late stage), the 
hub genes Tlr2, Lgals3, and Stat3 were positively correlated with sei-
zure frequency in GSE12​7871 (Figure 5A). Lgals3 and Serpine1 were 
significantly increased in TLE patients with HS compared with those 
without HS (NO-HS) in GSE71058 (Figure 5B).

3.7 | The validation of hub genes in rat model of 
pilocarpine-induced SE

We then validated the expression of several hub genes in a rat model 
of pilocarpine-induced SE at 2d, 7d, and 35d after induction. Most of 
tested hub genes, including C1qb, Stat3, Timp1, Lyz2, and Tlr2, were 
up-regulated significantly at 48h. The mRNA expression of Serpine1 
was up-regulated at 35d. C1qa and Tyrobp were up-regulated sig-
nificantly in all three time points (Figure 6). The mRNA levels of a 
latent stage hub gene, Cd68, significantly increased in 2d and 7d. The 
mRNA level of a chronic stage hub gene C3 increased remarkably 7d 
and 35d after SE induction.

4  | DISCUSSION

Epileptogenesis in TLE is an intricate and heterogeneous process 
with different pathological mechanisms such as inflammation, 

F I G U R E  4   The protein-protein interaction (PPI) network analysis was performed using STRING database of differentially expressed 
genes (DEGs) obtained by robust rank aggregation (RRA) analysis in the three stages of epilepsy. In the PPI network, each node represents a 
protein encoded by DEGs. The edge between nodes represents the interaction of the proteins. The edges of each RRA gene were counted 
and ranked. Hub genes were genes with top 5 connectivity. A-C: PPI network of DEGs in the acute, latent, and chronic stages of epilepsy, 
respectively. Red indicates the hub genes with the top 5 connectivity. Yellow indicates several important RRA genes with connectivity 
second to hub genes. Blue represents other RRA genes. D-F: The barplots of top 30 genes with most connections in the acute and latent 
stages, and all genes in the chronic stage of epilepsy, respectively. The number labeled at the right side of the barplots represents the edges 
counts of the DEGs

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127871
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71058
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neurodegeneration, BBB disruption, and synapse reorganization.2 
To better understand the molecular mechanisms underlying epi-
leptogenesis, it is necessary to integrate the results from various 
animal TLE models. To the best of our knowledge, our study is the 
first to systematically integrate the existing microarray analyses 
in rodent TLE models using RRA and to analyze gene expression 
patterns in different phases after SE induction. The advantages of 
RRA analysis include strong robustness to noise, ability to handle 
incomplete lists, assigning p-value to each gene in the final list, 
and high computing efficiency.10 These advantages make RRA 
an excellent tool for microarray integration. We also identified 
the hub genes in each stage, and some of them were associated 
with seizure frequency or hippocampus sclerosis in TLE patients. 
Interestingly, we found that the hub genes in the latent phase, 
the most critical phase for epileptogenesis, were closely associ-
ated with the activation and phagocytic activity of microglia/mac-
rophages, suggesting that microglia/macrophages may play crucial 
roles in epileptogenesis.17

The robust DEGs obtained by RRA analysis were significantly en-
riched in inflammatory response in all three phases of epileptogen-
esis, especially in the acute and latent stage. This is consistent with 
the previous results in Gorter's microarray analysis and Walker's 
proteomic analysis.18,19 Inflammation could participate in epilepsy 
through increasing the BBB permeability, regulating neurotrans-
mitter transport, promoting neuron degeneration, and influencing 
neurogenesis.2,20 Some promising antiinflammatory small molecules 
have been evaluated for their capacities to fight against epilepsy and 
epileptogenesis.21,22 Our RRA analysis further supports the impor-
tance of inflammatory response in epileptogenesis of TLE.

In our study, the acute stage is defined as the first 3 days after 
SE induction.23 The enriched biological processes in acute stage 
were found to be involved in inflammatory response, neuron 
apoptosis, angiogenesis, and leukocyte migration, which are im-
portant pathological changes in the acute stage and may affect the 
severity of seizure.2,24 The six hub genes identified in the acute 
phase have also been reported in previous microarrays studies.8 
Specifically, we found Tlr2, Stat3, and Lgals3 were positively cor-
related with seizure frequency. In addition, Lgals3 and Serpine1 
were also associated with HS, further strengthening the impor-
tance of these hub genes. Tlr2, Stat3 and Ptgs2 are well-known 
mediators of neuroinflammation and are potential antiseizure or 
antiepilepsy targets.21,25-27 CD44 is an extracellular adhesion 
molecule expressed by glial cells and neurons. It regulates neurite 
outgrowth, leukocyte homing, synaptic transmission, and BBB in-
tegrity.28 It is reported that CD44 expression coincided with early 
mossy fiber sprouting at 3  days following pilocarpine-induced 
SE.29 Our qRT-PCR results showed that the hub gene Timp1 was 
strongly up-regulated in the acute stage. TIMP1, as a metallopro-
teinases inhibitor, may affect BBB integrity through inhibiting the 
activity of matrix metalloproteinases-9 (MMP-9).30 TIMP1 may 
also inhibit neuron apoptosis independent of MMP-9.31 Jourquin 
et al found that TIMP-1 deficiency had no influence on MMP-9 
activity and kainate-induced seizure. However, TIMP-1–deficient 
mice became resistant to excitotoxicity and exhibited reduced 
mossy fiber sprouting in kainate-induced seizure.32 SERPINE1, 
a member of serine protease inhibitor family, plays roles in reg-
ulating microglial cell adhesion and phagocytosis, cell migration, 
glioblastoma cell adhesion, and fibrinogen deposition in ischemic 

F I G U R E  5   The hub genes associated with seizure frequency and hippocampal sclerosis in patients with temporal lobe epilepsy (TLE). 
A. Scatter plots showing the correlations between hub genes and seizure frequency in TLE patients in GSE12​7871. r = Spearman's rank 
correlation coefficient between the cpm of genes and seizure frequencies. The dark lines are the regression lines fitted by linear modeling. B. 
Barplots showing the differential expression of hub genes analyzed by DESeq2 package between the no-HS and HS groups in TLE patients 
in GSE71058. Bottom of each plot showing the P-values, FDR-adjusted P-value, and log2 (fold change (FC)) of genes

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127871
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71058
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stroke.33-35 SERPINE1 may protect neurons against N-methyl-
D-aspartate receptor–mediated excitotoxicity.36 More studies 
should be conducted to further examine the function of CD44, 
TIMP1, and SERPINE1 in epilepsy.

The latent stage is defined as a critical period when an epilep-
togenic neural network progressively matures and culminates in the 
appearance of SRS. The average length of latent period, starting from 
the initial injury to the first SRS, is 14 days.23 Our analysis showed 
that the changes in gene expression profile and protein interaction 
network were complicated in the latent stage, reflecting high molecu-
lar activities. The RRA DEGs in the latent stage were mostly enriched 
in neuroinflammatory response, regulation of cytokine production, 
and integrin-mediated signaling pathway, which might associate with 
neural circuit reorganization in epileptogenesis.2 Surprisingly, the 5 
hub genes identified in the latent stage were all related to microg-
lia/macrophage activation and phagocytosis. Aif1 encodes IBA1, an 
actin-binding protein, and a popular cell-type marker for microglia/
macrophages. IBA1 expression is highly up-regulated in microglia and 
macrophages after CNS injuries.37,38 Cd68 encodes CD68, a trans-
membrane glycoprotein highly expressed by the monocyte lineage 
cells, including circulating and tissue macrophages.39 Emr1 encodes 
F4/80, a cell-type marker for microglia/macrophages. Tyrobp encodes 

an adapter protein that transmits the signals from Trem2 and CR3 
activation, and appears to be critical in microglial phagocytosis.40 Lyz2 
encodes a lysosome protein that is related to macrophage phagocy-
tosis.41 The mRNA level of Cd68 and Tyrobp was also significantly 
up-regulated in the latent stage after epilepsy in the current study. 
These results suggest that the activation and phagocytic activity of 
microglia/macrophage could play a critical role in epileptogenesis of 
TLE. Indeed, activated microglia has been detected in brain tissues of 
both TLE animals and TLE patients.42,43 Microglia and macrophages 
exert pleiotropic roles in epilepsy and other forms of CNS inju-
ries.44-47 Activated microglia/macrophages produce M1 proinflamma-
tory factors to exacerbate seizure or M2 antiinflammatory factors to 
promote tissue repair.20,48 Microglia also regulates neuronal network 
excitability and synapse reorganization by secreting neurotrophic fac-
tors.48 In addition, microglia could prevent abnormal neurons from 
incorporating into dentate neural circuit by eliminating newborn or 
apoptotic cells in the epileptic hippocampus.49 Like in other nervous 
system diseases,50,51 microglia may participate in the neural circuit 
remodeling through synapse pruning in epilepsy. Future work is war-
ranted to elucidate the molecular mechanisms for microglia functions 
and identify targets to adjust proepileptogenic/antiepileptogenic mi-
croglia/macrophage responses.

F I G U R E  6   The expression of several hub genes was validated in the rat hippocampus by real-time quantitative PCR at 48h (n = 4), 7d 
(n = 4), and 35d (n = 3) after pilocarpine-induced status epilepticus. The control animals received equal amounts of vehicle (n = 4). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Data were expressed as mean ± standard error
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The chronic period was the time when SRS occurs and ep-
ileptic neural network matures.52 Our analysis showed that in-
flammation still played important roles in chronic stage. Hub 
genes identified in the chronic stage, including C1qa, C1qb, C3, 
Tyrobp and Lgals3, are also robustly up-regulated in the latent 
stage (C1qa, C1qb, C3, and Tyrobp) or in all three stages (Lgals3). 
Importantly, Lgals3 was associated with seizure frequency and HS 
in TLE. All of these results supported a sustained role of epilepto-
genic genes in the chronic phase. Although the exact mechanisms 
how C1qa, C1qb, and C3 contribute to epileptogenesis remain 
unclear, some studies suggest that they may work in concert with 
activated microglia to enhance synapse pruning.2,53 Another key 
gene in chronic stage, Tyrobp, acts as a signaling adaptor protein 
for TREM2 and CR3 in dendritic cells, macrophages and microglia. 
Recent studies revealed a critical role of TREM2/TYROBP sig-
naling in the regulation of microglial phagocytosis in Alzheimer's 
disease and other neurological diseases.54,55 The role of TYROBP 
in epilepsy is still unknown and deserves further exploration. 
LGALS3 is abundantly expressed and secreted by activated mi-
croglia and acts as an endogenous TLR4 ligand to promote mi-
croglial activation.56 Despite a strong up-regulation in microglial 
cells, mice lacking LGALS3 only exhibited limited neuroprotection 
in cerebral cortex and no effect in hippocampus 3 days following 
pilocarpine injection.57 The role of LGALS3 in epilepsy needs to 
be further determined.

Our study has several limitations. First, the microarray de-
tects the alterations in transcriptional level but not protein level. 
Proteomics research should be performed to confirm our conclu-
sions. Second, due to limited amount of high-throughput RNAseq 
data in epileptic animal models in GEO database, we only analyzed 
the microarray data which are not as accurate in detecting gene 
expression as high-throughput sequencing. Third, we integrated 
both the rat and mouse microarrays to obtain the genes robustly 
expressed across different species. However, different species 
may respond to SE differently, which may confound our data inter-
pretation. In addition, a cutoff of |log2 FC|> 0.5 was used to screen 
robust DEGs in RRA analysis to avoid missing important genes. 
A loose cutoff, however, could also bring several less significant 
genes.

In summary, using RRA analysis, we found that the robust DEGs 
were enriched in inflammation response in all three phases. We also 
identified the hub genes in each stage of epileptogenesis. Some hub 
genes were associated with seizure frequency or hippocampus scle-
rosis. Our results provide novel insights into the molecular mecha-
nisms of TLE and highlight the importance of microglia/macrophage 
responses and neuroinflammation in epileptogenesis.

ACKNOWLEDG EMENTS
The authors would like to thank Zengsong Zhang for help on bioin-
formatics analysis. This work was supported by project grants from 
National Natural Science Foundation of China (Code: 81771308 and 
31771184).

DISCLOSURE
None.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Jing Ding   https://orcid.org/0000-0001-5135-4210 

R E FE R E N C E S
	 1.	 Blumcke I, Spreafico R, Haaker G, et al. Histopathological findings 

in brain tissue obtained during epilepsy surgery. New Engl J Med. 
2017;377(17):1648-1656.

	 2.	 Pitkanen A, Lukasiuk K. Mechanisms of epileptogenesis and poten-
tial treatment targets. Lancet Neurol. 2011;10(2):173-186.

	 3.	 Majores M, Eils J, Wiestler OD, Becker AJ. Molecular profiling of 
temporal lobe epilepsy: comparison of data from human tissue sam-
ples and animal models. Epilepsy Res. 2004;60(2–3):173-178.

	 4.	 Bascunana P, Brackhan M, Leiter I, et al. Divergent metabolic 
substrate utilization in brain during epileptogenesis pre-
cedes chronic hypometabolism. J Cereb Blood Flow Metab. 
2020;40(1):204-213.

	 5.	 Chen H, Xu G, Du H, Yi M, Li C. Integrative analysis of gene expres-
sion associated with epilepsy in human epilepsy and animal models. 
Mol Med Rep. 2016;13(6):4920-4926.

	 6.	 Wang YY, Smith P, Murphy M, Cook M. Global expression profil-
ing in epileptogenesis: does it add to the confusion? Brain Pathol. 
2010;20(1):1-16.

	 7.	 Mirza N, Vasieva O, Marson AG, Pirmohamed M. Exploring the ge-
nomic basis of pharmacoresistance in epilepsy: an integrative analysis 
of large-scale gene expression profiling studies on brain tissue from 
epilepsy surgery. Hum Mol Genet. 2011;20(22):4381-4394.

	 8.	 Sharma A. Genome-wide expression analysis in epilepsy: a syn-
thetic review. Curr Top Med Chem. 2012;12(9):1008-1032.

	 9.	 Fu Y, Wu Z, Guo Z, et al. Systems-level analysis identifies key regu-
lators driving epileptogenesis in temporal lobe epilepsy. Genomics. 
2020;112(2):1768-1780.

	10.	 Kolde R, Laur S, Adler P, Vilo J. Robust rank aggregation for gene 
list integration and meta-analysis. Bioinformatics (Oxford, England). 
2012;28(4):573-580.

	11.	 Naorem LD, Muthaiyan M, Venkatesan A. Identification of dysreg-
ulated miRNAs in triple negative breast cancer: a meta-analysis ap-
proach. J Cell Physiol. 2019;234(7):11768-11779.

	12.	 Song ZY, Chao F, Zhuo Z, Ma Z, Li W, Chen G. Identification 
of hub genes in prostate cancer using robust rank aggrega-
tion and weighted gene co-expression network analysis. Aging. 
2019;11(13):4736-4756.

	13.	 Zhou Y, Zhou B, Pache L, et al. Metascape provides a biologist-ori-
ented resource for the analysis of systems-level datasets. Nat 
Commun. 2019;10(1):1523.

	14.	 Szklarczyk D, Gable AL, Lyon D, et al. STRING v11: protein-protein 
association networks with increased coverage, supporting func-
tional discovery in genome-wide experimental datasets. Nucleic 
Acids Res. 2019;47(D1):D607-D613.

	15.	 Racine RJ. Modification of seizure activity by electrical stim-
ulation. II. Motor seizure. Electroencephalogr Clin Neurophysiol. 
1972;32(3):281-294.

	16.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression 
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) 
method. Methods (San Diego, Calif). 2001;25(4):402-408.

https://orcid.org/0000-0001-5135-4210
https://orcid.org/0000-0001-5135-4210


1276  |     CHEN et al.

	17.	 Wyatt-Johnson SK, Brewster AL. Emerging roles for microglial phago-
cytic signaling in epilepsy. Epilepsy Curr. 2020;20(1):33-38.

	18.	 Gorter JA, van Vliet EA, Aronica E, et al. Potential new antiepilepto-
genic targets indicated by microarray analysis in a rat model for tem-
poral lobe epilepsy. J Neurosci. 2006;26(43):11083-11110.

	19.	 Walker A, Russmann V, Deeg CA, et al. Proteomic profiling of ep-
ileptogenesis in a rat model: Focus on inflammation. Brain Behav 
Immun. 2016;53:138-158.

	20.	 Vezzani A, Balosso S, Ravizza T. Neuroinflammatory pathways 
as treatment targets and biomarkers in epilepsy. Nat Rev Neurol. 
2019;15(8):459-472.

	21.	 Dey A, Kang X, Qiu J, Du Y, Jiang J. Anti-inflammatory small mole-
cules to treat seizures and epilepsy: from bench to bedside. Trends 
Pharmacol Sci. 2016;37(6):463-484.

	22.	 D'Ambrosio R, Eastman CL, Fattore C, Perucca E. Novel frontiers 
in epilepsy treatments: preventing epileptogenesis by targeting in-
flammation. Expert Rev Neurother. 2013;13(6):615-625.

	23.	 Cavalheiro EA, Leite JP, Bortolotto ZA, Turski WA, Ikonomidou C, 
Turski L. Long-term effects of pilocarpine in rats: structural damage 
of the brain triggers kindling and spontaneous recurrent seizures. 
Epilepsia. 1991;32(6):778-782.

	24.	 Rigau V, Morin M, Rousset MC, et al. Angiogenesis is associated 
with blood-brain barrier permeability in temporal lobe epilepsy. 
Brain. 2007;130(Pt 7):1942-1956.

	25.	 Grabenstatter HL, Del Angel YC, Carlsen J, et al. The effect of 
STAT3 inhibition on status epilepticus and subsequent spontaneous 
seizures in the pilocarpine model of acquired epilepsy. Neurobiol 
Dis. 2014;62:73-85.

	26.	 Medel-Matus JS, Reynolds A, Shin D, Sankar R, Mazarati A. 
Regulation of kindling epileptogenesis by hippocampal Toll-like re-
ceptors 2. Epilepsia. 2017;58(8):e122-e126.

	27.	 Chen S, Dong Z, Cheng M, et al. Homocysteine exaggerates microg-
lia activation and neuroinflammation through microglia localized 
STAT3 overactivation following ischemic stroke. J Neuroinflamm. 
2017;14(1):187.

	28.	 Dzwonek J, Wilczynski GM. CD44: molecular interactions, sig-
naling and functions in the nervous system. Front Cell Neurosci. 
2015;9:175.

	29.	 Borges K, McDermott DL, Dingledine R. Reciprocal changes 
of CD44 and GAP-43 expression in the dentate gyrus inner 
molecular layer after status epilepticus in mice. Exp Neurol. 
2004;188(1):1-10.

	30.	 Rempe RG, Hartz AMS, Soldner ELB, et al. Matrix metallopro-
teinase-mediated blood-brain barrier dysfunction in epilepsy. J 
Neurosci. 2018;38(18):4301-4315.

	31.	 Ashutosh CC, Borgmann K, Brew K, Ghorpade A. Tissue inhibitor of 
metalloproteinases-1 protects human neurons from staurosporine 
and HIV-1-induced apoptosis: mechanisms and relevance to HIV-1-
associated dementia. Cell Death Dis. 2012;3:e332.

	32.	 Jourquin J, Tremblay E, Bernard A, et al. Tissue inhibitor of 
metalloproteinases-1 (TIMP-1) modulates neuronal death, 
axonal plasticity, and learning and memory. Eur J Neuorsci. 
2005;22(10):2569-2578.

	33.	 Jeon H, Kim JH, Kim JH, Lee WH, Lee MS, Suk K. Plasminogen ac-
tivator inhibitor type 1 regulates microglial motility and phagocytic 
activity. J Neuroinflammation. 2012;9:149.

	34.	 Seker F, Cingoz A, Sur-Erdem İ, et al. Identification of SERPINE1 as a 
regulator of glioblastoma cell dispersal with transcriptome profiling. 
Cancers. 2019;11(11).

	35.	 Denorme F, Wyseure T, Peeters M, et al. Inhibition of throm-
bin-activatable fibrinolysis inhibitor and plasminogen activa-
tor inhibitor-1 reduces ischemic brain damage in mice. Stroke. 
2016;47(9):2419-2422.

	36.	 Docagne F, Nicole O, Gabriel C, et al. Smad3-dependent induction 
of plasminogen activator inhibitor-1 in astrocytes mediates neuro-
protective activity of transforming growth factor-beta 1 against 
NMDA-induced necrosis. Mol Cell Neurosci. 2002;21(4):634-644.

	37.	 Dang DD, Saiyin H, Yu Q, Liang WM. Effects of sevoflurane pre-
conditioning on microglia/macrophage dynamics and phagocy-
tosis profile against cerebral ischemia in rats. CNS Neurosci Ther. 
2018;24(6):564-571.

	38.	 Zhang W, Zhao J, Wang R, et al. Macrophages reprogram after isch-
emic stroke and promote efferocytosis and inflammation resolu-
tion in the mouse brain. CNS Neurosci Ther. 2019;25(12):1329-1342.

	39.	 Holness CL, Simmons DL. Molecular cloning of CD68, a human 
macrophage marker related to lysosomal glycoproteins. Blood. 
1993;81(6):1607-1613.

	40.	 Haure-Mirande JV, Audrain M, Fanutza T, et al. Deficiency of 
TYROBP, an adapter protein for TREM2 and CR3 receptors, is neu-
roprotective in a mouse model of early Alzheimer's pathology. Acta 
Neuropathol. 2017;134(5):769-788.

	41.	 Hipolito VEB, Ospina-Escobar E, Botelho RJ. Lysosome remodel-
ling and adaptation during phagocyte activation. Cell Microbiol. 
2018;20(4).

	42.	 Morin-Brureau M, Milior G, Royer J, et al. Microglial phe-
notypes in the human epileptic temporal lobe. Brain. 
2018;141(12):3343-3360.

	43.	 Wyatt-Johnson SK, Herr SA, Brewster AL. Status epilepticus triggers 
time-dependent alterations in microglia abundance and morpholog-
ical phenotypes in the hippocampus. Front Neurol. 2017;8:700.

	44.	 Broekaart DWM, Anink JJ, Baayen JC, et al. Activation of the in-
nate immune system is evident throughout epileptogenesis and is 
associated with blood-brain barrier dysfunction and seizure pro-
gression. Epilepsia. 2018;59(10):1931-1944.

	45.	 Corps KN, Roth TL, McGavern DB. Inflammation and neuroprotec-
tion in traumatic brain injury. JAMA Neurol. 2015;72(3):355-362.

	46.	 Zhao J, Mu H, Liu L, et al. Transient selective brain cooling con-
fers neurovascular and functional protection from acute to chronic 
stages of ischemia/reperfusion brain injury. J Cereb Blood Flow 
Metab. 2019;39(7):1215-1231.

	47.	 Garcia-Culebras A, Duran-Laforet V, Pena-Martinez C, et al. 
Myeloid cells as therapeutic targets in neuroinflammation after 
stroke: specific roles of neutrophils and neutrophil-platelet interac-
tions. J Cereb Blood Flow Metab. 2018;38(12):2150-2164.

	48.	 Jankowsky JL, Patterson PH. The role of cytokines and 
growth factors in seizures and their sequelae. Prog Neurobiol. 
2001;63(2):125-149.

	49.	 Luo C, Koyama R, Ikegaya Y. Microglia engulf viable newborn cells 
in the epileptic dentate gyrus. Glia. 2016;64(9):1508-1517.

	50.	 Paolicelli RC, Bolasco G, Pagani F, et al. Synaptic pruning by microg-
lia is necessary for normal brain development. Science (New York, 
NY). 2011;333(6048):1456-1458.

	51.	 Vasek MJ, Garber C, Dorsey D, et al. A complement-microglial axis 
drives synapse loss during virus-induced memory impairment. 
Nature. 2016;534(7608):538-543.

	52.	 Maguire J. Epileptogenesis: more than just the latent period. 
Epilepsy Curr. 2016;16(1):31-33.

	53.	 Presumey J, Bialas AR, Carroll MC. Complement system in neural 
synapse elimination in development and disease. Adv Immunol. 
2017;135:53-79.

	54.	 Ma J, Jiang T, Tan L, Yu JT. TYROBP in Alzheimer's disease. Mol 
Neurobiol. 2015;51(2):820-826.

	55.	 Kurisu K, Zheng Z, Kim JY, et al. Triggering receptor expressed on my-
eloid cells-2 expression in the brain is required for maximal phagocytic 
activity and improved neurological outcomes following experimental 
stroke. J Cereb Blood Flow Metab. 2019;39(10):1906-1918.



     |  1277CHEN et al.

	56.	 Burguillos M, Svensson M, Schulte T, et al. Microglia-secreted 
galectin-3 acts as a toll-like receptor 4 ligand and contributes to 
microglial activation. Cell Rep. 2015;10(9):1626-1638.

	57.	 Bischoff V, Deogracias R, Poirier F, Barde YA. Seizure-induced neu-
ronal death is suppressed in the absence of the endogenous lectin 
Galectin-1. J Neurosci. 2012;32(44):15590-15600.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Chen Q-L, Xia L, Zhong S-P, Wang Q, 
Ding J, Wang X. Bioinformatic analysis identifies key 
transcriptome signatures in temporal lobe epilepsy. CNS 
Neurosci Ther. 2020;26:1266–1277. https://doi.org/10.1111/
cns.13470

https://doi.org/10.1111/cns.13470
https://doi.org/10.1111/cns.13470

