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CXCL13–CXCR5 signaling pathway may play a possible 
pathogenic role in IE. CXCL13 and CXCR5 may represent 
potential biomarkers of brain inflammation in epileptic 
patients.
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Introduction

Epilepsy is known as a chronic neurological disorder. It is 
one of the most common serious brain disorders. Current 
antiepileptic drugs (AEDs) suppress seizures without influ-
encing the underlying tendency to generate seizures and 
are effective in 60–70% of epilepsy patients. Thus, 30–40% 
of epilepsy patients remain resistant to these drugs [1, 2]. 
Over the past 10 years, a plethora of evidence from clini-
cal and experimental studies has revealed that brain inflam-
mation plays an undeniable role in epileptogenesis. Nor-
mally, inflammatory cytokines are not expressed in brain 
tissue or are expressed at low levels. However, expression 
of these cytokines in brain tissue is increased in response 
to ischemia, trauma and excitotoxic brain damage [3]. The 
pathological process of chronic brain inflammation involves 
the activation of microglia, astrocytes and endothelial cells, 
disruption of the blood–brain barrier (BBB) and the pro-
duction of inflammatory mediators. These changes also 
occur in epilepsy. Inflammation leads to destruction of 
the BBB and its increased permeability, the activation of 
gliacytes and the secretion of pro-inflammatory cytokines. 
These reactions further increase neuronal excitability and 
induce seizures. Inflammation also causes seizure recur-
rence and promotes resistance to common AEDs. A vicious 

Abstract  The mechanisms that underlie the pathogen-
esis of epilepsy are still unclear. Recent studies have indi-
cated that inflammatory processes occurring in the brain 
are involved in a common and crucial mechanism in epi-
leptogenesis. C-X-C motif chemokine ligand 13 (CXCL13) 
and its only receptor, C-X-C motif chemokine receptor 5 
(CXCR5), are highly expressed in the central nervous sys-
tem (CNS) and participate in inflammatory responses. The 
present study aimed to assess the expression of CXCL13 
and CXCR5 in the brain tissues of both patients with 
intractable epilepsy (IE) and a rat model (lithium-pilocar-
pine) of temporal lobe epilepsy (TLE) to identify possible 
roles of the CXCL13–CXCR5 signaling pathway in epilep-
togenesis. Real-time quantitative polymerase chain reaction 
(RT-qPCR), immunohistochemical, double-labeled immu-
nofluorescence and Western blot analyses were performed 
in this study. CXCL13 and CXCR5 mRNA expression and 
protein levels were found to be significantly up-regulated 
in the TLE patients and TLE rats. Further, CXCL13 and 
CXCR5 protein levels were altered during the different epi-
leptic phases after onset of status epilepticus (SE) in the 
pilocarpine model rats, including the acute phase (6, 24, 
and 72 h), latent phase (7 and 14 days) and chronic phase 
(30 and 60 days groups). Moreover, double-labeled immu-
nofluorescence analysis revealed that CXCL13 was mainly 
expressed in the cytomembranes and cytoplasm of neurons 
and astrocytes, while CXCR5 was mainly expressed in 
the cytomembranes and cytoplasm of neurons. Thus, the 
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circle has been reported to occur between chronic brain 
inflammation and epilepsy [4].

Chemokines are cytokines are important mediators of 
leukocyte trafficking and the development of inflamma-
tion. Chemokines are able to target different subtypes of 
leukocytes to the inflammatory reaction zone and to induce 
chemotaxis of inflammatory cells within this zone. Stud-
ies of patients with epilepsy and animal models of tempo-
ral lobe epilepsy (TLE) have shown that chemokines and 
their receptors are involved in the pathophysiology of epi-
lepsy [5]. Chemokines play a critical role in the migration 
of inflammatory cells to the central nervous system (CNS) 
through the BBB. Chemokine receptors are members of the 
seven transmembrane G protein-coupled receptor (GPCR) 
families. Recent studies have indicated that chemokines 
and their receptors are involved in immune-mediated CNS 
inflammation. Chemokines may induce neuronal death 
directly through activation of neuronal chemokine recep-
tors, and chemokine receptors are also involved in neu-
ronal death and hence in the development of neurodegen-
erative diseases [6, 7]. C-X-C motif chemokine ligand 13 
(CXCL13), a cytokine belonging to the CXC chemokine 
family, also known as B lymphocyte chemoattractant 
(BLC) or B cell-attracting chemokine 1 (BCA-1), is a 
highly effective attractant for B lymphocytes and helper T 
cells that exerts its effects through C-X-C motif chemokine 
receptor 5 (CXCR5), also known as Burkitt’s lymphoma 
receptor 1 (BLR1). CXCR5 is the only known ligand for 
this molecule, and it is highly expressed in B lympho-
cytes. CXCR5 plays a crucial role in lymphocyte trafficking 
within secondary lymphoid tissues [8–10]. Recent evidence 
has indicated that CXCL13 is expressed in the CNS and 
that it participates in inflammatory responses in many brain 
disorders, and it is considered the main factor promoting 
the increase in B lymphocytes in neuroinflammatory reac-
tions. CXCL13 is involved in a variety of CNS inflamma-
tory responses in immune-related diseases such as multi-
ple sclerosis (MS), Lyme neuroborreliosis, primary CNS 
lymphoma (PCNSL), anti-N-methyl-d-aspartate receptor 
(NMDAR) encephalitis, HIV encephalopathy and neuro-
syphilis, and it may be a biomarker for these diseases [8].

Although CXCL13 is involved in a variety of CNS 
inflammatory diseases, this chemokine and its receptor, 
CXCR5, have not been assessed in studies of epilepsy to 
date. Based on the physiological roles of CXCL13 and 
CXCR5 in neuroinflammation and the roles of brain 
inflammation in epileptogenesis, it is important to deter-
mine whether they are involved in the pathogenesis of 
TLE. No study has assessed the expression of CXCL13 or 
CXCR5 in brain tissues of TLE patients or in TLE rat mod-
els. In this study, we measured the expression of CXCL13 
and CXCR5 in the temporal neocortices of TLE patients 
and in the hippocampus and adjacent cortices of lithium 

chloride-pilocarpine-induced TLE model rats at different 
time points after onset of status epilepticus (SE) by real-
time quantitative polymerase chain reaction (RT-qPCR), 
immunohistochemical, double-labeled immunofluores-
cence and Western blot analyses.

Experimental Procedures

Human Subjects

Twenty intractable TLE temporal neocortex samples and 
20 histologically normal temporal neocortex samples 
were selected randomly from the Xinqiao Hospital of the 
Third Military University and the First Affiliated Hospital 
of Chongqing Medical University, China. All intractable 
TLE temporal neocortex samples were from patients with 
TLE who had the typical clinical manifestations and char-
acteristic electroencephalogram (EEG) findings. The clini-
cal features of the intractable TLE patients are shown in 
Table 1. Twenty histologically normal temporal neocortex 
samples were obtained from severe brain trauma patients 
who required surgery, did not experience seizures after the 
trauma, and did not have a prior history of epilepsy or any 
other neurologic disorder. The clinical features of the con-
trol patients are shown in Table 2.

Experimental Animals

Healthy adult male Sprague–Dawley rats (n = 64) weigh-
ing 180–240 g were obtained from the Experimental Ani-
mal Center of Chongqing Medical University, China. The 
experimental animals were randomly divided into a normal 
control group (n = 8) and TLE model group (n = 8 per sub-
group). The TLE model group was randomly divided into 
the following seven subgroups: 6, 24, 72 h, 7, 14, 30, and 
60  days after SE. Epilepsy modeling was carried out as 
reported previously [11]. The animals were maintained in a 
temperature-controlled room (27 °C) with a 12 h light/12 h 
dark cycle (lights on 6am), and they were allowed free 
access to food and water. The rats in the TLE model group 
were administered intraperitoneal (i.p.) injection of lithium 
chloride (LiCl, 127 mg/kg, Sigma-Aldrich, St. Louis, MO, 
USA). Approximately 20 h later, atropine sulfate (1 mg/kg, 
i.p ; Sigma-Aldrich, USA) was administered to limit the 
peripheral effects of the convulsant. Pilocarpine (50  mg/
kg, i.p.; Sigma-Aldrich, USA) was provided after 30 min. 
The rats then received repeated injections of pilocarpine 
(10 mg/kg, i.p.) every 30 min until they developed seizures. 
Seizures were scored in each rat using Racine’s scale [12], 
and the rats at stage 4 or 5 were considered successfully 
kindled. At 1 h after the onset of SE, the rats were injected 
with diazepam (10 mg/kg, i.p.; Sigma-Aldrich, USA). The 
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Table 1   Clinical characteristics 
of the TLE patients

F female, M male, AEDs anti-epileptic drugs, OXC oxcarbazepine, CLB clonazepam, VPA valproic acid, 
TPM topiramate GBP gabapentin, CBZ carbamazepine, LTG lamotrigine, PB phenobarbital, LEV leveti-
racetam, PHT phenytoin, RTN right temporal neocortex, LTN left temporal neocortex, NL neuronal loss, 
ND neuronal degeneration, G gliosis

No. Sex (M/F) Age (years) Duration 
(years)

AEDs Resected tissue Pathology result

1 M 7 3 OXC, CLB, VPA, TPM LTN G
2 F 12 5 OXC, VPA, GBP LTN G, NL
3 F 23 8 OXC, VPA, TPM RTN G, NL
4 F 17 5 VPA, CBZ, TPM RTN G, NL, ND
5 M 27 5 CBZ, VPA, CLB LTN G, NL, ND
6 M 13 7 LTG, TPM, CBZ RTN G
7 F 21 4 VPA, PB, CBZ, LEV LTN G, NL, ND
8 M 36 18 CBZ, VPA, CLB, TPM LTN G, NL, ND
9 M 16 7 OXC, VPA, PHT LTN G, NL
10 F 28 11 VPA, CBZ, PHT RTN G, NL
11 M 31 15 VPA, PB, CBZ, LEV RTN G, NL, ND
12 F 45 20 CBZ, PHT, VPA, PB LTN G, NL, ND
13 M 30 7 VPA, PB, CBZ RTN G, NL, ND
14 M 25 6 PHT, VPA, PB, TPM LTN G, NL, ND
15 M 33 12 CBZ, PHT, LTG RTN G, NL, ND
16 M 20 8 CBZ, PB, LTG, LEV RTN G, NL
17 M 15 9 LTG, TPM, CBZ RTN G, NL
18 F 21 4 VPA, CBZ, PB LTN G, NL
19 M 24 5 CBZ, PHT, PB, LTG LTN G, NL, ND
20 F 25 8 CBZ, PB, LTG, LEV RTN G, NL

Table 2   Clinical characteristics 
of the control group

F female, M male, RTN right temporal neocortex, LTN left temporal neocortex

No. Sex (M/F) Age (years) Etiology diagnosis Resected tissue Seizure Pathologic result

1 F 13 Brain trauma LTN None Normal
2 M 24 Brain trauma LTN None Normal
3 M 20 Brain trauma RTN None Normal
4 M 25 Brain trauma LTN None Normal
5 F 25 Brain trauma RTN None Normal
6 M 31 Brain trauma LTN None Normal
7 M 18 Brain trauma LTN None Normal
8 M 44 Brain trauma RTN None Normal
9 F 36 Brain trauma LTN None Normal
10 F 33 Brain trauma RTN None Normal
11 F 22 Brain trauma RTN None Normal
12 M 16 Brain trauma RTN None Normal
13 M 19 Brain trauma RTN None Normal
14 F 27 Brain trauma LTN None Normal
15 M 20 Brain trauma LTN None Normal
16 F 15 Brain trauma LTN None Normal
17 F 9 Brain trauma RTN None Normal
18 M 32 Brain trauma RTN None Normal
19 F 28 Brain trauma LTN None Normal
20 M 22 Brain trauma RTN None Normal
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rats in the control group were i.p. injected with the same 
volume of physiological saline. Following the onset of SE, 
the model rats experienced an acute phase (6, 24, and 72 h), 
followed by a seizure-free period known as the latent phase 
(7 and 14  days) and then a chronic phase with spontane-
ous recurrent seizures (SRS, 30 and 60 days). The animals 
were sacrificed at various time points after SE, and the hip-
pocampus and adjacent cortex were removed from each rat 
for analysis. The animal experimental procedures were per-
formed according to the guidelines of the Ethical Commit-
tee and the Animal Care Committee of Chongqing Medical 
University, China. All efforts were made to minimize the 
number of animals used and their suffering.

Tissue Processing

Both the human temporal neocortex samples and rat brain 
tissues were divided into three portions. One portion was 
immediately stored in liquid nitrogen for Western blot and 
RT-qPCR analyses. Another portion was fixed in 4% para-
formaldehyde for 24 h and then embedded in paraffin. All 
paraffin-embedded human and rat tissues were sectioned 
into 5  μm-thick paraffin slices, which were stored at 4 °C 
for subsequent use in immunohistochemical analyses. The 
other portion was fixed in 4% paraformaldehyde for 24 h, 
successively placed in 20 and 30% graded sucrose solu-
tion for 24 h (per solution), sliced into 10 μm-thick sections 
using a freezing microtome and then stored at −20 °C for 
double-labeled immunofluorescence analysis.

Real‑Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from the human temporal neo-
cortex and rat hippocampus and adjacent cortex tis-
sues using Trizol reagent (Takara, Japan), according to 
the manufacturer’s instructions. RNA concentration and 

purity were assessed with a biophotometer (Thermo Nan-
oDrop2000, USA). RNA samples with an A260/A280 
ratio of between 1.8 and 2.0 were considered to be of suf-
ficient quality for reverse transcription. The total RNA was 
reverse transcribed into complementary DNA (cDNA) 
with the Applied Biosystems Veriti®-Well Thermal Cycler 
(Thermo, USA) using a PrimeScript RT reagent Kit with 
gDNA Eraser (Takara, Japan). The reaction conditions 
for reverse transcription were 37 °C for 15 min and 85 °C 
for 5 s. Primers were designed and synthesized by Takara 
(Japan). GAPDH (human) and β-actin (rat) were used as 
internal control genes. The sequences and product sizes for 
each target gene are listed in Table 3. cDNA was amplified 
with an Eppendorf Realplex Real Time System (Eppen-
dorf Mastercycle® ep realplex, Germany) using SYBR® 
Premix ExTaq™ II (Takara, Japan) according to the manu-
facturer’s protocol. The thermal cycling conditions for RT-
qPCR were as follows: initial denaturation for 30 s at 95 °C, 
followed by 40 cycles at 95 °C for 5 s and 60 °C for 34 s, 
one cycle at 95 °C for 15 s, and final melting curve analysis 
from 65.0 to 95.0 °C (0.5 °C increments for 5 s). After RT-
qPCR, amplification was verified, the melting curves were 
assessed, and the relative gene expression levels were cal-
culated using the comparative Ct method [13].

Double‑Labeled Immunofluorescence

The frozen sections were immersed in acetone at 4 °C for 
20  min. Next, they were washed with phosphate-buffered 
saline (PBS) three times (5  min per time) and permeabi-
lized with 0.4% Triton X-100. Then, the sections were 
heated in a microwave oven for 15  min at 92–98 °C in 
sodium citrate buffer (0.01 M, pH 6.0) for antigen retrieval. 
They were subsequently washed with PBS and incubated 
in normal donkey serum (Tianjing TBD Biotechnology, 
China) for 60 min, followed by incubation at 4 °C overnight 

Table 3   Target gene-specific 
primers used for the RT-qPCR

F forward, R reverse

Target gene (species) Primer sequence (5′–3′) Product 
size 
(bp)

CXCL13 (Homo sapiens) F:GCTTGAGGTGTAGATGTGTCC
R:CCCACGGGGCAAGATTTGAA

83

CXCR5 (Homo sapiens) F:CTGGGAACTGGACAGATTGGAC
R:TCTCCGTGGAACTGCGTGTC

209

GAPDH (Homo sapiens) F:CTTTGGTATCGTGGAAGGACTC
R:GTAGAGGCAGGGATGATGTTCT

132

CXCL13 (Rattus norvegicus) F:CCTTGCAAAAATCAGGCTTCC
R:CACCTTAGGCTGGTAATGCGTC

74

CXCR5 (Rattus norvegicus) F:CTATTTGCCTTGCCAGAACTCC
R:CACGAGCATCGGTAGCAGGA

165

β-Actin (Rattus norvegicus) F:ACGGTCAGGTCATCACTATCG
R:GGCATAGAGGTCTTTACGGATG

155
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with a mixture of a primary polyclonal goat anti-CXCL13 
antibody (1:50; Santa Cruz, CA, USA) and mouse anti-
Neun antibody (1:20; Merck Millipore, Germany) or 
mouse anti-GFAP antibody (1:200; Cell Signaling Tech-
nology, Beverly, MA, USA), or a mixture of a polyclonal 
rabbit anti-CXCR5 antibody (1:50; Beijing Biosynthe-
sis Biotechnology, China) and mouse anti-Neun antibody 
(1:20; Merck Millipore, Germany) or mouse anti-GFAP 
antibody (1:200; Cell Signaling Technology). On the next 
day, the sections were washed three times with PBS and 
then incubated with fluorescein isothiocyanate (FITC)-
conjugated donkey anti-mouse IgG (1:100; Proteintech, 
Wuhan, China) and donkey anti-goat IgG-CFL 594 (1:100; 
Santa Cruz, CA, USA) or FITC-conjugated donkey anti-
mouse IgG (1:100; Proteintech, Wuhan, China) and Alexa 
Flour 594-conjugated donkey anti-rabbit IgG (1:50; Pro-
teintech, Wuhan, China) in the dark for 60  min at 37 °C. 
Then, the sections were incubated in 4, 6-diamidino-2-phe-
nylindole (DAPI; Keygen Biotech, Nanjing, China) at 37 °C 
for 8 min. Next, they were washed with PBS and mounted 
with 50% glycerol/PBS. Laser scanning confocal micros-
copy (Leica Microsystems Heidelberg GmbH, Germany) 
with an Olympus IX70 inverted microscope (Tokyo, Japan) 
equipped with a Fluoview FVX confocal scan head (Leica 
Microsystems Heidelberg GmbH) was performed to exam-
ine fluorescence.

Immunohistochemistry

The paraffin sections were deparaffinized in xylene for 
20 min and then rehydrated in graded ethanol (100, 95, 80, 
and 70%; 5 min for each grade). Rehydrated sections were 
incubated in H2O2 (3%, 20 min) to block endogenous per-
oxide activity. Then, the sections were heated in a micro-
wave oven for 15 min at 92–98 °C in sodium citrate buffer 
(0.01 M, pH 6.0) for antigen retrieval. Non-specific bind-
ing was blocked by incubating the sections with 5% BSA 
(Boster Biological Technology, Wuhan, China) at 37 °C for 
30 min. After blocking, the sections were incubated over-
night at 4 °C with a primary polyclonal goat anti-CXCL13 
antibody (1:50; Santa Cruz, CA, USA) or polyclonal rabbit 
anti-CXCR5 antibody (1:50; Beijing Biosynthesis Biotech-
nology, China). Next, after sufficient washing with PBS, 
the sections were incubated with a rabbit anti-goat sec-
ondary antibody (Boster Biological Technology, Wuhan, 
China) or goat anti-rabbit secondary antibody (Boster Bio-
logical Technology, Wuhan, China) for 30 min at 37 °C and 
washed as described above. The sections were then treated 
with avidin-biotin-peroxidase complex (Boster Biological 
Technology, Wuhan, China) at 37 °C for 20 min and sub-
jected to further extensive washing with PBS. Immunore-
activity was visualized with 3, 3-diaminobenzidine (DAB; 
Boster Biological Technology, Wuhan, China). After the 

appearance of brown particles under the microscope, the 
sections were washed with distilled water to stop the reac-
tion. Then, counterstaining was performed with Harris 
hematoxylin. Negative controls were obtained by appli-
cation of PBS instead of the primary antibody. Finally, 
images were captured after the dehydration and transpar-
ent sealing of the sections. An Olympus BX51 automatic 
microscope (Osaka, Japan) was used to collect digital 
images. Cells with buffy staining of the cytoplasm or mem-
brane were considered positive for CXCL13 and CXCR5. 
An average optical density (OD) value for each image was 
automatically calculated by the computer. CXCL13 and 
CXCR5 expression levels were quantitatively analyzed 
using Image-Pro Plus 6.0 software.

Western Blot Analysis

The human temporal neocortex, rat hippocampus and 
adjacent cortex tissues were homogenized. Total pro-
teins were extracted from the homogenized brain tissues 
using a whole protein extraction kit (Beyotime, Haimen, 
China). The protein concentrations were determined using 
an enhanced BCA Protein Assay Kit (Beyotime, Haimen, 
China). Equal amounts (50–100  μg per lane) of protein 
were separated by SDS–PAGE (5% stacking gel, 60  V, 
30 min; 10% separating gel, 120 V, 60 min, Bio-Rad Labo-
ratories) and then electrotransferred to polyvinylidene fluo-
ride (PVDF) membranes (pore size 0.22; Millipore Corp., 
MA, USA) at 250 mA for 50–70 min. Next, the membranes 
were incubated in 5% skim milk at room temperature for 
60 min to block nonspecific binding and subsequently incu-
bated with a primary polyclonal goat anti-CXCL13 anti-
body (1:500; Santa Cruz, CA, USA), primary polyclonal 
rabbit anti-CXCR5 antibody (1:200; Beijing Biosynthesis 
Biotechnology, China), or primary polyclonal rabbit anti-
GAPDH antibody (1:3000; Hangzhou Goodhere Biotech-
nology, China) at 4 °C overnight. On the following day, the 
membranes were washed three times with Tween-20-Tris-
buffered saline (TBST; 10  min per time), incubated with 
a horseradish peroxidase-conjugated rabbit anti-goat IgG 
antibody (1:3000; Proteintech, Wuhan, China) or horserad-
ish peroxidase-conjugated goat anti-rabbit IgG antibody 
(1:3000; Proteintech, Wuhan, China) at room temperature 
for 60  min and washed with TBST three times (10  min 
per time). The protein bands were visualized using an 
enhanced chemiluminescence substrate kit (Beyotime Insti-
tute of Biotechnology, China) and digitally scanned (Vilber 
Lourmat Fusion Fx5, France). The ODs of the bands were 
quantified using ImageJ software. Then, the mean ODs of 
CXCL13 and CXCR5 were normalized to that of GAPDH.
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Statistical Analysis

The results are expressed as the mean ± standard devia-
tion (SD). There were eight groups of rat model, including 
control group and seven subgroups of pilocarpine-Induced 
TLE group, differences between TLE groups and control 
group of rat model were determined by one-way ANOVA 
analysis. Student’s t-test was used for statistical analyses 
between the TLE group and the control group in human. 
P values of <0.05 were considered statistically significant. 
All statistical analyses were conducted using SPSS 22.0 
statistical software.

Results

Demographic and Clinical Characteristics 
of the Human Subjects

The patients in the TLE group had a mean age of 
23.35 ± 9.05  years and included 12 males and 8 females. 
The mean disease duration of these patients was 
8.35 ± 4.68  years. The control group had a mean age of 
23.95 ± 8.45 years and consisted of 11 males and 9 females. 

There was no significant difference in age or sex between 
the TLE and control groups (P > 0.05).

mRNA Expression of CXCL13 and CXCR5 
in Intractable TLE Patients and TLE Rats

RT-qPCR was performed to detect the mRNA expression 
of CXCL13 and CXCR5 in the temporal neocortices of the 
TLE patients. The results revealed that these mRNA levels 
were up-regulated compared with the controls (P < 0.05) 
(Fig. 1a, b). In addition, their expression was up-regulated 
(P < 0.05) in the hippocampus of the TLE rats (30 and 
60 days groups, in which the rats presented with SRS) and 
in the adjacent cortices of the TLE rats (Fig. 1c, d).

Localization of CXCL13 and CXCR5 in TLE Patients 
and Model Rats

Double-labeled immunofluorescence analysis was con-
ducted to determine the cellular distribution of CXCL13 
and CXCR5 in the temporal neocortices of the TLE patients 
and in the hippocampus and adjacent cortices of the pilo-
carpine model rats. The results revealed that the CXCL13 

Fig. 1   The CXCL13 and CXCR5 mRNA levels were measured by 
RT-qPCR, and the changes in mRNA expression in the intractable 
TLE patients and TLE rats were expressed as fold changes relative 
to the expression in controls; GAPDH (human) and β-actin (rat) were 
used as internal control genes. The CXCL13 and CXCR5 mRNA lev-
els were up-regulated in the temporal neocortices of the TLE patients 
and in the hippocampus and adjacent cortices of the TLE rats. a 

CXCL13 mRNA expression in the temporal neocortices of the intrac-
table TLE patients. b CXCR5 mRNA expression in the temporal neo-
cortices of the intractable TLE patients. c CXCL13 mRNA expres-
sion in the hippocampus and adjacent cortices of the TLE rats. d 
CXCR5 mRNA expression in the hippocampus and adjacent cortices 
of the TLE rats. *P < 0.05 versus control
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protein was expressed in the cytomembranes and cyto-
plasm of neurons and astrocytes, as shown by co-expres-
sion with the mature neuron marker NeuN and the astro-
cyte marker GFAP in the temporal neocortices of the TLE 
patients (Fig. 2a, b) and in the brain tissues of the model 

rats (Fig. 3). However, the CXCR5 protein was expressed 
in the cytomembranes and cytoplasm and was only colocal-
ized with NeuN, and not GFAP, in the temporal neocortices 
of the TLE patients (Fig. 2c, d) and in the brain tissues of 
the model rats (Fig. 4).

Fig. 2   Double-labeled immunofluorescence staining revealed the pres-
ence of CXCL13-positive and CXCR5-positive cells in the temporal 
neocortices of the intractable TLE patients. CXCL13 (red) was co-
expressed with NeuN-positive neurons (green) and GFAP-positive astro-
cytes (green) but was not co-expressed with DAPI-positive nuclei (blue) 
in the temporal neocortices (a, b). CXCR5 (red) was co-expressed with 
NeuN-positive neurons (green) but was not co-expressed with GFAP-

positive astrocytes (green) or DAPI-positive nuclei (blue) in the temporal 
neocortices (c, d). These results indicated that CXCL13 was simultane-
ously expressed in the cytomembranes and cytoplasm of neurons and 
astrocytes of the TLE patients and that CXCR5 was mainly expressed in 
the cytomembranes and cytoplasm of neurons. White arrows: CXCL13-
positive and CXCR5-positive cells; yellow arrows: NeuN-positive and 
GFAP-positive cells. Scale bar 50 μm. (Color figure online)
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Up‑regulated CXCL13 and CXCR5 Expression 
in the Temporal Neocortices of the TLE Patients 
and in the Hippocampus and Adjacent Cortices 
of the Pilocarpine Model Rats

Immunohistochemical staining was performed to deter-
mine CXCL13 and CXCR5 expression in the brain 

tissues. The results showed that CXCL13 was primarily 
expressed in neurons and astrocytes. CXCL13 immuno-
reactivity was observed in the cytomembranes and cyto-
plasm of positive cells, and strong immunoreactivity for 
CXCL13 was detected in the positive cells in the tempo-
ral neocortices of the TLE patients and in the hippocam-
pus and adjacent cortices of the TLE rats. In contrast, 

Fig. 3   Double-labeled immunofluorescence staining revealed the 
presence of CXCL13-positive cells in the hippocampus and adja-
cent cortices of the pilocarpine TLE model rats. CXCL13 (red) was 
co-expressed with NeuN-positive neurons (green) and GFAP-pos-
itive astrocytes (green) but not with DAPI-positive nuclei (blue) in 
the temporal neocortices (a, b) and in the hippocampal CA1 region 

(c, d). These results indicated that CXCL13 was simultaneously 
expressed in the cytomembranes and cytoplasm of neurons and astro-
cytes of the TLE model rats. White arrows: CXCL13-positive cells; 
yellow arrows: NeuN-positive and GFAP-positive cells. Scale bar 
50 μm. (Color figure online)
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faint immunoreactivity for CXCL13 was detected in the 
temporal neocortices of the human controls, as well as in 
the hippocampus and cortices of the rat controls. Statis-
tical analysis revealed that the average OD of CXCL13 
was significantly higher in the TLE patients and TLE rats 
than in the controls (P < 0.05) (Fig.  5). CXCR5 immu-
noreactivity was observed in the cytomembranes and 
cytoplasm of neurons, and up-regulated expression was 

detected in the brain tissues of the TLE patients and in 
the hippocampus and cortices of the TLE rats compared 
with that in the controls (P < 0.05) (Fig. 6). Additionally, 
the negative controls, in which the primary antibody was 
omitted, showed no immunoreactivity in neurons or glial 
cells.

Western blotting was performed to further verify 
the increased CXCL13 and CXCR5 immunostaining 

Fig. 4   Double-labeled immunofluorescence staining revealed the 
presence of CXCR5-positive cells in the hippocampus and adjacent 
cortices of the pilocarpine TLE model rats. CXCR5 (red) was co-
expressed with NeuN-positive neurons (green) but not with GFAP-
positive astrocytes (green) or DAPI-positive nuclei (blue) in the 

temporal neocortices (a, b) and in the hippocampal CA1 region (c, 
d). These results indicated that CXCR5 was mainly expressed in the 
cytomembranes and cytoplasm of neurons of the TLE model rats. 
White arrows: CXCR5-positive cells; yellow arrows: NeuN-positive 
and GFAP-positive cells. Scale bar 50 μm. (Color figure online)
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in the brains of the model rats. A CXCL13 immunore-
active band was observed at approximately 21  kDa, a 
CXCR5 immunoreactive band was detected at 50  kDa, 
and a GAPDH immunoreactive band was observed at 
approximately 37  kDa. CXCL13 and CXCR5 expres-
sion was normalized by calculating the intensity ratios 
of the bands relative to the GAPDH band. The results 
revealed that the CXCL13 and CXCR5 protein levels 
were significantly increased in the temporal neocortices 
of the intractable TLE patients compared with those in 
the controls (P < 0.05) (Fig.  7a–c). In the temporal neo-
cortices of the model rats, the CXCL13 protein level was 
altered between the different groups (F (7, 24) = 19.743, 
P = 0.000) and was increased at 24  h, 30 and 60  days 
after SE compared with that in the controls (P < 0.05). In 

addition, the CXCR5 protein level was altered between 
the eight groups (F (7, 24) = 14.447, P = 0.000) and was 
increased from 24 h to 60 days compared with that in the 
controls (P < 0.05). This increasing trend was the most 
pronounced at 24 h after SE (Fig. 7d–f). In the hippocam-
pus of the model rats, the CXCL13 (F (7, 24) = 5.419, 
P = 0.001) and CXCR5 (F (7, 24) = 14.538, P = 0.000) 
protein levels were altered between the different groups. 
The CXCL13 protein level did not change from 6  h to 
7 days after SE. However, it gradually increased from 14 
to 60  days after SE compared with that in the controls 
(P < 0.05), and significant increases in this level were 
observed at 14 and 60 days after SE. Further, the CXCR5 
protein level was up-regulated from 6 h to 60 days after 

Fig. 5   CXCL13 expression was measured by immunohistochemistry. 
a, b CXCL13-positive cells in the temporal neocortices of the control 
and intractable TLE patients. c The bar graph shows that the average 
optical density of CXCL13-positive cells from the TLE patients was 
increased compared with that of the controls (n = 20 for each group). 
d, e, g, h CXCL13-positive cells in the temporal neocortices and hip-
pocampal CA1 regions of the control and TLE rats. f, i The respective 

bar graph shows that the average optical density of CXCL13-positive 
cells was increased in the temporal neocortices and hippocampal CA1 
region of the TLE rats compared with that of the controls (n = 5 for 
each group). *P < 0.05 versus control. The red and black arrows indi-
cate the two different morphologies of the CXCL13-positive cells. 
Scale bar 100 μm. (Color figure online)
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SE, especially at 6 h, compared with that in the controls 
(P < 0.05) (Fig. 7g–i).

Discussion

Epileptogenesis is thought to occur in three stages: an ini-
tial insult or precipitating event; a latent period, which is 
a seizure-free period that can last from weeks to months 
and is characterized by cellular and molecular changes; 
and a chronic epilepsy phase, in which SRS occur [14]. In 
this study, we examined changes in CXCL13 and CXCR5 
expression in the hippocampus and adjacent cortices of 
TLE model rats during the different epileptic phases, 
including the acute damage phase, latent phase and chronic 

phase, because only the chronic phase of TLE can be stud-
ied using human tissues.

Five major findings were initially obtained in this study. 
First, CXCL13 was found to be mainly expressed in neu-
rons and astrocytes in the brains of the TLE patients and 
pilocarpine TLE model rats. CXCR5 was mainly expressed 
in neurons, but not in glial cells, in the brain tissues of the 
TLE patients and pilocarpine TLE model rats. Second, 
CXCL13 and CXCR5 mRNA expression was up-regulated 
in the temporal neocortices of the TLE patients and in the 
hippocampus and adjacent cortices of the TLE rats. Third, 
immunohistochemical rasults indicated that CXCL13 
and CXCR5 expression was up-regulated in the brains 
of the intractable TLE patients and TLE rats. Fourth, the 
CXCL13 and CXCR5 protein levels were up-regulated in 

Fig. 6   CXCR5 expression was measured by immunohistochemistry. 
a, b CXCR5-positive neurons in the temporal neocortices of the con-
trol and intractable TLE patients. c The bar graph shows that the aver-
age optical density of CXCR5-positive cells was increased in the TLE 
patients compared with the controls. d, e, g, h CXCR5-positive cells 
in the temporal neocortices and hippocampal CA1 regions of the con-

trol and TLE rats. f, i The respective bar graph shows that the average 
optical density of the CXCR5-positive cells was increased in the tem-
poral neocortices and hippocampal CA1 regions of the TLE rats com-
pared with that of the controls. *P < 0.05 versus control. The black 
arrows indicate CXCR5-positive neurons. Scale bar 100 μm
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Fig. 7   CXCL13 and CXCR5 protein levels were detected by West-
ern blot analysis. The relative optical densities of the CXCL13 and 
CXCR5 protein bands were normalized to that of the GAPDH band. 
a CXCL13 and CXCR5 protein expression in the temporal neocorti-
ces of the control and intractable TLE patients. b, c The respective 
bar graph shows that the CXCL13 and CXCR5 protein levels were 
up-regulated in the TLE patients compared with the controls. d, g 
CXCL13 and CXCR5 protein expression in the hippocampus and 

adjacent cortices of the control and TLE model rats. Lane 1 shows 
CXCL13 or CXCR5 expression in the controls, and lane 2–8 depicts 
CXCL13 or CXCR5 expression in the hippocampus and adjacent cor-
tices of the model rats at different time points after SE. e, f, h, i The 
respective bar graph shows that the CXCL13 and CXCR5 protein 
levels were altered at different time points after SE in the TLE model 
rats compared with the controls. *P < 0.05 versus control
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TLE patients and at 30 and 60 days, chronic phase of TLE 
with SRS, in the hippocampus and temporal neocortices of 
the model rats. This finding is in agreement with the results 
of immunohistochemical and RT-qPCR. The finding of sig-
nificant increases in the CXCL13 and CXCR5 mRNA and 
expression in the brain tissues of the TLE patients and TLE 
rats may suggest that this signaling pathway plays a patho-
genic role in epileptogenesis. Finally, the CXCL13 and 
CXCR5 protein levels were obviously up-regulated at 24 h 
after onset of SE in the temporal neocortices of the pilocar-
pine-induced model rats. In the hippocampus of the model 
rats, the CXCL13 protein level exhibited a gradual increase 
from 14 to 60 days after SE. In addition, the CXCR5 level 
increased from 6  h to 60  days, especially at 6  h. These 
results indicated that inflammation may have occurred 
after acute damage of the brain tissues during seizures and 
that this inflammation may have induced the increases in 
the CXCL13 and CXCR5 levels; CXCL13 and CXCR5 
expression was up-regulated from the latent phase to the 
chronic phase in the hippocampus and adjacent cortices of 
the model rats. Their increased expression during the latent 
phase may have induced SRS during the chronic phase. 
The exact pathophysiological mechanism requires further 
study in future drug testing and intervention experiments. 
In addition, the finding of alterations in the CXCL13 and 
CXCR5 protein levels at different time points after SE will 
aid in the selection of optimal intervention times.

Approximately 30% of individuals with epilepsy even-
tually develop intractable epilepsy (IE). This condition 
seriously affects the quality of life of TLE patients and 
increases the economic burden on patients’ families. Evi-
dence in the literature suggests that neuroinflammation is 
involved in the pathophysiology of IE. Studies of epilep-
tic animal models have demonstrated that seizure activity 
can induce neuroinflammation and that chronic inflamma-
tion is maintained by recurrent seizures [15]. Inflamma-
tion may be an etiology of epilepsy, and it can also result 
from epileptic seizures. Inflammation can repeatedly pro-
long the disease course, promote the development of resist-
ance to conventional AEDs and induce the development of 
drug-resistant epilepsy. Inflammation is not an accidental 
symptom in the pathological process of epilepsy. Knowl-
edge of these inflammatory mechanisms may facilitate the 
identification of novel drug targets that can both control the 
symptoms of and prevent the formation of drug-resistant 
epilepsy.

Although the mechanisms of epileptogenesis are still 
unknown, pro-inflammatory cytokines may play a critical 
role in the pathogenesis of epilepsy [16]. Various experi-
mental and clinical evidence suggests that inflammation 
plays a common and important role in the pathogenesis of 
human epilepsy. In a study of kainic acid (KA)-induced 
epileptic rats, Vezzani et al. have found that the expression 

of various pro-inflammatory cytokines and autoimmune 
markers, such as nuclear factor-kappa B (NF-κB), cycloox-
ygenase-2 (COX-2), Toll-like receptor family members, 
monocyte chemoattractant protein and various complement 
components, is up-regulated in neurons and glial cells [17]. 
Voutsions-Porche et  al. have found that NF-κB, COX-2, 
and interleukin-1 beta (IL1-B) expression was also up-reg-
ulated in the hippocampus of the lithium-pilocarpine TLE 
model rats. Moreover, the damage to brain tissue caused by 
these inflammatory cytokines is closely associated with the 
duration of epileptic seizures [18]. In the hippocampus of 
KA-induced SE model rats during different developmental 
periods, neuronal injury has been reported to occur only 
when inflammatory cytokine expression is up-regulated. 
This characteristic of inflammatory cytokines in epilepsy 
differs from what is observed in inflammation of brain tis-
sue caused by infection [19].

It is known that chemokines and chemokine receptors 
participate in a regulatory network characterized by and 
involved in the regulation of diversity in leukocyte recruit-
ment [7]. In animal models of epilepsy, leukocyte traffick-
ing mechanisms have been shown to induce BBB damage, 
leading to seizures [20]. Furthermore, chemokines modu-
late neuronal activity by: (a) modulating voltage-dependent 
channels (sodium, potassium, and Ca2+); (b) activating 
the G-protein-activated inward rectifier potassium current; 
and (c) increasing neurotransmitter release (gamma-amino 
butyric acid (GABA), glutamate, and dopamine), often 
through Ca2+-dependent mechanisms [21, 22]. CXCL13 
is critical for B lymphocyte recruitment, and the CXCL13 
protein level is often elevated in the inflamed CNS. Intrath-
ecal accumulation of B lymphocytes and immunoglobulins 
is a prominent feature of many infectious and inflamma-
tory disorders of the CNS [23]. CXCL13 plays a key role 
in the migration of B lymphocytes into the cerebrospinal 
fluid (CSF) through the BBB. A significant elevation in 
the CSF CXCL13 level has been reported in patients with 
CNS inflammatory diseases, such as MS, Lyme neurob-
orreliosis, neurosyphilis and anti-NMDAR encephalitis 
[24–27]. In addition, Legler et al. have assessed the activ-
ity of CXCL13 in transfected human blood B lymphocytes 
and have found that CXCL13 induces chemotaxis and 
Ca2+ mobilization via CXCR5 [9]. In our study, CXCL13 
was found to be expressed in neurons and astrocytes and 
CXCR5 was mainly detected in neurons in the brains of 
the TLE patients and pilocarpine TLE model rats. There-
fore, we suggest that after the CXCL13 protein binds to its 
receptor, CXCR5, in neurons, these molecules may mobi-
lize Ca2+, thereby enhancing GABA release. Kowarik M 
et  al. have measured the concentrations of chemokines/
cytokines in CSF and sera of patients with immune-related 
diseases of the CNS, such as clinically isolated syndrome 
(CIS), MS, Lyme neuroborreliosis and other inflammatory 
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neurological diseases. They found that only CXCL13 was 
significantly elevated in the CSF of all patients with the 
above-mentioned neuroinflammatory diseases. CXCL13, 
which recruits B cells to the CNS compartment, seems to 
be the major indicator of chronic immune inflammation in 
the CNS [28]. Our study revealed that CXCL13 mRNA and 
protein expression was up-regulated in the TLE patients 
and TLE rats compared with that in the controls. These 
findings indicate that CXCL13 may be involved in epilep-
togenesis. In addition, they suggest that chronic inflamma-
tion plays an important role in the pathological process of 
epilepsy. In research of mammalian hippocampal neurobi-
ology, CXCR5 has been demonstrated to impair the main-
tenance of hippocampal neuroblasts and neuronal precur-
sor cell populations. CXCR5 may have a detrimental effect 
on the hippocampal neuroblast precursor cell populations 
through an inflammatory or pro-apoptotic mechanism [29, 
30]. Our study revealed that the CXCR5 protein level was 
up-regulated in the TLE patients and TLE rats, especially 
in the epileptic model rats with no SRS. These results 
demonstrate that CXCR5 may play a crucial role in epilep-
togenesis by inducing nerve apoptosis.

In conclusion, to the best of our knowledge, our study is 
the first report of abnormal CXCL13 and CXCR5 expres-
sion in intractable TLE patients and lithium-pilocarpine 
epilepsy model rats. The results of this study indicate that 
the up-regulation of CXCL13 and CXCR5 expression 
may contribute to the pathogenesis of epilepsy by promot-
ing inflammation and mobilizing Ca2+, thereby enhanc-
ing GABA release and inducing nerve apoptosis. Thus, 
CXCL13 and CXCR5 may serve as potential biomarkers 
for predicting TLE. However, the exact pathophysiological 
mechanism of the CXCL13–CXCR5 signaling pathway in 
epileptogenesis remains unclear, and further studies should 
be conducted in the future.
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