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Abstract

Background: Epilepsy is a disease caused by paroxysmal abnormal supersynchronous electrical activity of brain neurons, and it is also
one of the most common illnesses in neurology. Among the causes, hippocampal sclerosis may be one of the main causes of temporal
lobe epilepsy. However, the pathogenesis of hippocampal sclerosis in epilepsy remains unclear. Methods: We established an epilepsy
model by intraperitoneal injection of pentetrazol (PTZ) into Sprague-Dawley rats, and applied isobaric tags for relative and absolute
quantitation (iTRAQ) technology to identify differentially expressed proteins (DEPs) in the hippocampus. We quantified a total of 3782
proteins. DEPs were defined as proteins with a fold change>1.2 (or<0.83) and a Q value (p-adjusted)<0.05. Results: Comparing the
epilepsy group and the control group, we identified 170 DEPs, comprising 109 upregulated and 61 downregulated proteins. According
to bioinformatics analysis, the DEPs were primarily involved in long-term potentiation, the calcium signalling pathway, aldosterone
synthesis and secretion, carbon metabolism, and dopaminergic synapses. Four of these proteins were validated using parallel reaction
monitoring (PRM), including Glud1, Atp1a2, Prkcg and Arpc3. Conclusions: Our research results may provide further insight into the
molecular pathology of hippocampal injury in epilepsy.
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1. Introduction
Epilepsy is a neurological disorder characterized by

recurrent and spontaneous seizures due to abnormally ex-
cessive or synchronized neuronal activity in the brain [1].
According to theWHO, nearly 50million people around the
world suffer from epilepsy, and the quality of life of these
patients is severely affected [2–4]. Compared to the gen-
eral population, people with epilepsy are at greater risk of
death, and the most common cause of epilepsy-associated
deaths is sudden unexpected death in epilepsy (SUDEP) or
status epilepticus [5]. Although numerous studies related
to epilepsy have been conducted, the pathophysiological
mechanism of SUDEP is still unclear [6]. The aetiology
of epilepsy is complex and varied, often caused by a com-
bination of predisposing factors, developmental disorders,
and external influences [7]. According to some reports, the
pathological processes of epilepsy include apoptosis, prolif-
eration, inflammation and the immune response, the patho-
genesis of epilepsy has not been fully defined [8,9]. A mis-
diagnosis of epilepsy is usually the result of an inadequate
medical history and an abnormal EEG, and the lack of the
correct treatment often leads to severe clinical outcomes for
patients [10]. With the development of reproductive biol-
ogy techniques over the past few years, the search for reli-

able biomarkers of epilepsy has become a social concern,
and some progress has been made thus far.

The hippocampus is the simplest cortical structure, di-
vided into the CA1, CA2, CA3 and CA4 regions [11]. It is
currently believed that the function of the hippocampus is
related to memory, and damage to the hippocampus mainly
leads to memory impairment, especially short-term mem-
ory and spatial memory impairment [12]. According to pre-
vious studies, temporal lobe epilepsy (TLE) is generally
associated with hippocampal characteristic neuronal de-
generation and astrocytosis [13]. James Allebone’s group
observed hippocampal atrophy in psychosis of epilepsy
[14,15]. The most common pathological feature of medial
temporal lobe epilepsy (MTLE) is hippocampal sclerosis,
which has always been a research hotspot in the field of
epilepsy [16,17].

At present, the pathogenesis of epilepsy related to HS
is still unclear. In recent years, with the rapid development
of molecular biology techniques, isobaric tags for relative
and absolute quantitation (iTRAQ) has been developed and
is now a mature technique. iTRAQ has become a high-
throughput screening technology widely used in quantita-
tive proteomics [18]. We used iTRAQ in this study to con-
firm differentially expressed proteins (DEPs) in hippocam-
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pal tissues of epileptic rat models. Bioinformatics analy-
sis based on the proteomics results of iTRAQ was used to
identify proteins involved in the pathogenic mechanism of
hippocampal lesions in epilepsy. Four selected altered pro-
teins were verified by parallel reaction monitoring (PRM).
The findings will enable us to better understand hippocam-
pal lesions at the after seizures molecular level, and they
may provide potential targets for the early clinical diagno-
sis and treatment of epilepsy, which in turn helps reduce the
incidence of SUDEP [19].

2. Materials & Methods
2.1 Establishment of the Experimental Animal Model
2.1.1 Animal Model of Epilepsy

Male Sprague-Dawley rats (Specific Pathogen Free,
N = 20, 200–250 g) were purchased from the Animal Care
and Use Committee of Chongqing Medical University. The
animal experiment was approved by the Animal Care and
Use Committee of Chongqing Medical University. The an-
imals were randomly divided into epilepsy group and con-
trol group, with 10 animals in each group. The epilepsy
group received pentatetrazole injections (70 mg/kg, in-
traperitoneal injection) once every 2 days, a total of 3 times
[20]. The control group received the same amount of nor-
mal saline. One hour after each injection, two independent
experimenters observed and recorded the seizure latency
and severity score. The intensity of seizures was assessed
by Racine scoring method [21]. During the establishment
of the model, all animals in the epilepsy group had three
generalized tonic-clonic seizures. All animals were killed
one day after the modeling was completed.

2.1.2 Electroencephalography Experiments
The electroencephalogram (EEG) of all rats (N = 20,

10 in each group) was carried out by RM6240C multichan-
nel physiological signal acquisition and processing system
(Chengdu Instrument Factory, Chengdu, Sichuan, China),
and the results were analyzed [22,23].

2.1.3 Sample Collection
All animals were anaesthetized with pentobarbital

(1%, 10 mL/100 g, intraperitoneal injection). After achiev-
ing anaesthesia, the animals were sacrificed by cervical dis-
location, their cranial cavities were opened and the whole
brains were quickly collected. At the same time, the brains
were rinsed with normal saline. Then, the hippocampal
tissues were rapidly isolated (the whole process was oper-
ated on ice), the 6 hippocampal samples in each group were
stored at –80 °C for subsequent protein extraction, and the
remaining hippocampal samples were fixed for subsequent
histopathological studies to assess hippocampal morphol-
ogy.

2.2 Histopathological Examination
The fixed hippocampus samples (N = 8, 4 in each

group) were sliced into 4 µm paraffin sections, then
stained with haematoxylin and eosin (HE) to observe the
histopathological features.

2.3 Protein Extraction and Digestion
The hippocampal samples (N = 6, 3 in each group)

were ground in liquid nitrogen and incubated in lysis buffer
for 5 minutes. Then, 10 mM DL-Dithiothreitol (DTT) was
added to each sample, sonicated on ice for 10 minutes, and
then centrifuged at 4 °C, 13000 rpm for 20 minutes. 4 vol-
umes of pre-cooled acetone were added to the supernatant
and placed at –20 °C for 2 hours. The mixture was then
centrifuged, air-dried and resuspended in 8M urea/100 mM
Tetraethylammonium bromide (TEAB) (pH 8.0). The pro-
tein samples were added with 10 mM DTT at 56 °C and
placed for 30 min, and then added with 50 mM iodoac-
etamide and stood in the dark for 30 min at room temper-
ature. Pre-cooled acetone was added for washing and then
suspended again. Then, Bradford method is applied to mea-
sure the total protein concentration. Next, 100 µg protein
was digested by trypsin and digested for 14 hours at 37 °C.
Desaltedwith C18 chromatographic column after digestion,
and dried after desalting. The peptide powder was redis-
solved in 20 µL of 0.5 M TEAB for peptide labelling.

2.4 iTRAQ Labeling, Fractionation and Liquid
Chromatography-Mass Spectrometry (LC–MS/MS)
Analysis

Samples were labeled according to the manufacturer’s
instructions (AB Sciex, Framingham, MA, USA) prior to
detection, and all labelled samples were mixed equally.
Then the labeled samples were fractionated at high pH us-
ing high performance liquid chromatography (HPLC) sys-
tem (Thermo DINOEX Ultimate 3000 BioRS, AB SCIEX,
Framingham, MA, USA). The collected fractions were
vacuum-dried and centrifuged. Finally, the polypeptide
samples were analyzed by TripleTOF 5600plus mass spec-
trometer coupled with the Eksigent nanoLC System (AB
SCIEX, Framingham, MA, USA).

2.5 Protein Identification and Bioinformatics
The Proteomics data were obtained by Analyst QS

1.1 software (MDS Sciex, Toronto, Ontario, Canada). ABI
ProteinPilot 4.0 software (AB SCIEX, Framingham, MA,
USA) was used for protein identification and quantification
[24,25]. The relative protein expression of epilepsy group
and control group was compared, and the fold changes
(FCs) of the two groups were calculated. Among them, pro-
teins with an FC>1.2 (or<0.83) and a Q value<0.05 were
considered as DEPs [26–28]. The DEPs were imported
into the STRING database for protein functional interac-
tion analysis (https://string-db.org/). The GO annotation of
the proteins identified by iTRAQ using online DAVID Soft-
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Fig. 1. Histopathological observation of hippocampal tissue in epilepsy group and control group. (A,C) Epilepsy group; (B,D)
control group. Morphological changes in hippocampal neurons were observed by HE staining. (A,C) Hippocampal neuronal necrosis
and glial cell hyperplasia in the epilepsy group. (B,D) Normal hippocampal tissue in the control group. (E) The number of necrotic cells
was counted, “*” indicates p < 0.05 compared with the control group.

ware (https://david-d.ncifcrf.gov/).

2.6 Protein Validation by PRM

To further verify the expression of the DEPs, we fur-
ther quantified the expression levels of the 4 selected pro-
teins by PRM analysis using the remaining cryopreserved
hippocampus samples (N = 6, 3 in each group). The method
of protein extraction and trypsin digestion was the same as
iTRAQ experiment, then peptide samples were analyzed
using TripleTOF 5600+ mass spectrometry combined with
Eksigent microLC system (AB SCIEX, Framingham, MA,
USA). The obtained MS/MS data were processed using
ProteinpilotTM V4.5 search engine, then processed with
Skyline software to obtain PRM spectrum files and the
quantitative information of proteins.

2.7 Statistical Analyses

The proteomic data based on iTRAQ analysis were
obtained using the Analyst QS 1.1 software system (AB
SCIEX, Framingham, MA, USA). The identification and
quantitative information of protein was obtained using Pro-
teinPilot 4.0 software system, which used the Paragon
database for peptide identification. The mass spectrome-
try proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [29] partner repository
with the dataset identifier PXD035226. Quantitative data
were compared between the two groups by student’s t-test,
and Q value (p-adjusted) <0.05 was considered to indicate
significance. The sections stained with HE in each group
were photographed under high magnification (×400) in 10
fields, and the number of necrotic cells was counted with
Image J software. The comparison of necrotic cells count
between groups was performed by one-way ANOVA, and
p-values <0.05 was considered statistically significant.

3. Results
3.1 Histopathological Observation of the Hippocampus

HE staining showed that in the epilepsy group, the
pyramidal cells in the hippocampus were reduced in num-
ber and disordered, the morphology was fusiform, the cell
bodies were obviously constricted, and the staining was
deep. In contrast, in the control group hippocampi, pyra-
midal cells and their apical dendrites were arranged neatly
and densely, the nuclei were large and round, the nucleoli
were clear, the cells were arranged regularly, and the struc-
tures were complete (Fig. 1).

3.2 EEG Recording

The EEG results indicated that all animals in the
epilepsy groups had epileptiform discharges and obvious
paroxysmal rhythms; that the wave amplitude gradually
increased; and that the epileptic waves included signifi-
cant paroxysmal spikes, sharp waves, sharp slow complex
waves, and spike slow complexwaves. andNo EEG epilep-
tic activity was recorded in the controls. The EEG read-
ings of normal rats exhibited mainly alpha waves with a
frequency of 7–9 Hz and an amplitude of <50 µV (Fig. 2).
The results of EEG confirmed the successful establishment
of the epilepsy model.

3.3 Identification of Differentially Expressed Proteins
(DEPs)

Three hippocampal samples from each group were
randomly selected for iTRAQ-based proteomics analysis to
obtain differentially expressed proteins. In total, 3782 pro-
teins were quantified. The detailed data were provided in
the supplementary material. For each comparison, the
proteins with FC >1.2 (or <0.83) and a Q value <0.05
were considered to be DEPs. Through comparative anal-
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Fig. 2. Representative EEG recordings from the prefrontal
cortices of rats in the epilepsy and control groups. Epileptic
waves were recorded in the epilepsy group (arrows), while no ab-
normal waveform was observed in the control group.

ysis, we identified 170 DEPs. Analysis of the interaction
network among proteins was performed to help elucidate
the core regulatory genes. The protein–protein interac-
tion (PPI) network of the DEPs in hippocampal tissues is
shown in Fig. 3; greater connectivity of a protein is asso-
ciated with a greater impact on the entire system. Candi-
date proteins were selected for subsequent research through
comparison of the proteins to the STRING database, which
showed that known proteins such as glutamate dehydro-
genase 1 (Glud1), sodium-/potassium-transporting ATPase
subunit alpha-2 (Atp1a2), protein kinase C gamma type
(Prkcg), and actin-related protein 2/3 complex subunit 3
(Arpc3) were heavily weighted in the network. Then we
found that 61 proteins were significantly downregulated,
while 109 proteins were significantly upregulated. And the
DEPs were represented with a volcano map (Fig. 4).

3.4 The Functional Annotation and Enrichment Analysis
of the DEPs

The screened DEPs were subjected to GO func-
tional annotation using the DAVID (https://david.ncifcrf.go
v) website. Based on the criterion of a corrected Q value
<0.05, the results showed that the biological processes
associated with these differentially expressed proteins in-
cluded mainly calcium ion transport, neurofilament bundle
assembly, positive regulation of protein secretion, and sub-
stantia nigra development. In addition, the cellular com-
ponents associated with these differentially expressed pro-
teins include extracellular exosomes, myelin sheaths, ax-
ons, neuron projections, and mitochondria. The differen-
tially expressed proteins were also associated with some
molecular function terms, such as the structural constituent
of cytoskeleton, calmodulin binding, actin filament bind-
ing, calmodulin-dependent protein kinase activity, ATP
binding terms, and cadherin binding involved in cell-cell
adhesion (Fig. 5).

3.5 KEGG Pathway Annotation and Enrichment Analysis
of the DEPs

KEGG pathway enrichment analysis of the DEPs with
Fisher’s exact test revealed that DEPs were involved in

Fig. 3. PPI networks of DEPs in hippocampal tissues. The
colour and size of the node represent its contribution to the net-
work (a larger node indicates a stronger contribution to the net-
work), and the colour and thickness of the edge represent the type
and intensity of the node interaction (a thicker edge indicates a
stronger interaction between nodes). Subsequently validated pro-
teins were shown in bold font.

Fig. 4. Volcano plot of protein changes in hippocampal tissues
in the epilepsy and control groups. Black represents nondiffer-
entiated proteins, DEPs are represented in red (170 proteins).

important pathways, such as gastric acid secretion, long-
term potentiation, the calcium signalling pathway, the oxy-
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Fig. 5. GO analysis of 170 DEPs. The figure including biological
process, cellular component and molecular function terms, shown
in green, orange and purple, respectively. The numbers above the
histogram represent the number of genes it contains.

tocin signalling pathway, aldosterone synthesis and se-
cretion, carbon metabolism, dopaminergic synapse-related
pathways, and biosynthesis of antibiotics (Fig. 6). These
pathways were mostly closely related to nerve conduction,
energy metabolism, immunity and stress.

Fig. 6. The top 10KEGGpathwayswith themost differentially
expressed proteins. The ordinate is the name of the pathway in
which the DEPs participate, the abscissa is the folding enrichment
of the pathway, the color of the dot represents -log10(Q value), and
the size represents the number of DEPs involved in the pathway.

3.6 PRM Results

We selected 4 proteins associated with epilepsy for
PRM analysis, including Glud1, Atp1a2, Prkcg and Arpc3.
In this study, two groups of hippocampal samples were
quantitatively analyzed by PRM (three each for the epilepsy
group and the control group). The results showed that in
the epilepsy group, Glud1 and Atp1a2 levels were down-
regulated, while Prkcg and Arpc3 levels were upregu-
lated, which were consistent with the results of proteomics
(Fig. 7). The function of Glud1 is similar to that of Atp1a2,
which might be associated with energy metabolism. Prkcg
and Arpc3 are related to the excitement of hippocampal
neurons.

Fig. 7. Comparison of protein expression by iTRAQandPRM.

4. Discussion
Epilepsy is a neurological disease involving limb

twitching or nonconvulsive seizures triggered by abnormal
firing of neurons in the brain. Many studies have shown that
hippocampal plasticity is related to temporal lobe epilepsy
[30,31]. Therefore, the hippocampus has been considered
to be the most important region in the pathogenesis of tem-
poral lobe epilepsy for many years. At present, the potential
molecular mechanisms and biological pathways involved in
hippocampal damage in epilepsy are still elusive. In this
study, the electrophysiological changes and hippocampal
histopathological characteristics of epilepsy were analyzed,
and all the proteins expressed in the hippocampal tissues of
animals with epilepsy and their characteristics were system-
atically studied from the perspective of proteomics. Dif-
ferential proteins were screened and verified by PRM, the
results of which lay an experimental basis for the study of
patients with clinical epilepsy.

Histopathological findings confirmed hippocampal
damage in epileptic rats, which is consistent with previ-
ously reported studies [32]. The results showed that degen-
eration and necrosis of hippocampal neurons are the basic
histopathological changes that occurs with seizures.

In this study, iTRAQ was used to identify DEPs re-
sponsible for hippocampal injury in epilepsy. 3782 pro-
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teins were quantified in the hippocampus using this tech-
nique. Among them, a total of 170 DEPs were screened
out. Four proteins were screened according to their bio-
logical functions in the process of hippocampal damage in
epilepsy, then the four selected proteins were successfully
verified by PRM in frozen hippocampal tissue samples.

The expression level of Glud1 in hippocampus of
epilepsy group was significantly lower than that of con-
trol group. Glud1 is localized in mitochondria and can pro-
vide energy and promote cell metabolism and proliferation
by regulating the metabolic level of glutamine. Moreover,
Glud1 may participate in learning and memory reactions
by increasing the turnover of the excitatory neurotransmit-
ter glutamate. Recent studies have shown that reduced
levels of Glud1 in epileptic nerve cells affect glutamate
metabolism, which in turn leads to seizures. Therefore, the
decreased expression of Glud1 may be attributable to hip-
pocampal ischaemia/hypoxia caused by recurrent seizures.
Furthermore, we performedKEGG pathway enrichment for
down-regulated proteins and found that Glud1 is involved
in the regulation of bicarbonate reabsorption in the proxi-
mal tubule, which is consistent with previous reports [33].
These findings also highlight the role of Glud1 in the patho-
genesis of epilepsy through a variety of pathways.

Studies have confirmed that Atp1a2 mutations are
closely related to the onset of epileptic encephalopathy [34].
The Atp1a2 gene encodes the α2 subunit of Na+, K+ -
ATPase, and Atp1a2 catalyses the hydrolysis of ATP cou-
pledwith the exchange of sodium and potassium ions across
the plasma membrane, providing energy for the transport-
tation of various nutrients. Therefore, the loss of Na+, k+-
ATPase function may lead to overexcitation of neurons,
which can lead to seizures. Furthermore, the increase of
extracellular K+ promoted cortical spreading depression
(CSD) [35].

Another protein verified in this study was Prkcg,
whose expression level in epileptic hippocampus was rel-
atively higher than that in the control group. Prkcg plays
diverse roles in neuronal cells and eye tissues, and and reg-
ulates synaptic transmission in the hippocampus. A pre-
vious study showed that Prkcg plays an important role in
seizures by enhancing excitatory synaptic transmission and
increasing the excitability of postsynaptic neurons [36].

Arpc3 is a component of the Arp 2/3 complex, which
is involved in the construction of the cellular actin skele-
ton and in physiological processes such as endocytosis,
migration and invasion of cells. In our study, Arpc3
was significantly upregulated in the hippocampus in the
epilepsy model, causing actin polymerization to extend
nerve synapses. It has been shown that the neuronal
Wiskott-Aldrich syndrome protein (N-WASP) is a key reg-
ulator of actin cytoskeleton. As a downstream product of
N-WASP, ARP2/3 is significantly expressed in the brain tis-
sues of epileptic patients, which is consistent with the re-
sults of this study [37].

5. Conclusions
In conclusion, proteomic methods were used to screen

for differentially expressed proteins associated with epilep-
tic hippocampal injury in the hippocampal tissues of epilep-
tic rats. A total of 170 DEPs were identified, and four
significantly changed proteins (Glud1, Atp1a2, Prkcg, and
Arpc3) were verified by PRM. Our results confirm the dif-
ference in protein expression between epilepsy and nor-
mal hippocampal tissues and initially explain the molecular
functions and action networks of major proteins. In addi-
tion, further studies and clinical trials are needed to confirm
our proteomic data in order to establish a more definitive
molecular mechanism of hippocampal injury in epilepsy.
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