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inhibiting GABA metabolism in epileptic mice
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Abstract: Objective: Epilepsy is a common central nervous system disorder with pathological mechanisms including 
inflammation, ion channel impairment, and neurotransmitter imbalance. Despite the rapid development of current 
anti-epileptic drugs, epilepsy is not well controlled, so there is still a need for research on the mechanisms and new 
drug targets for epilepsy. CXCL14 is a member of the CXC family of chemokines, and its receptor is currently un-
known. Chemokines are the third major communication mediators in the central nervous system and play a role in 
many diseases. Therefore, we explore the expression of CXCL14 in epilepsy and its possible mechanisms. Materials 
and methods: We chose the kainic acid (KA) mouse model as the epilepsy model, and studied the expression of 
CXCL14 in this model by western blot. Subsequently, after knocking down CXCL14, we explored the effect of CXCL14 
on seizures by electrophysiology and FJB (Fluoro-Jade B) staining. Western blot and ELISA were used to explore the 
possible mechanism of CXCL14 affecting seizures. Results: CXCL14 expression gradually increased after a seizure 
until it peaked at 72 hours and then gradually decreased again. The knockdown of CXCL14 resulted in prolonged 
seizure latency, decreased seizure grade, and reduced degenerative necrosis of neurons in mice. Levels of GABA 
(γ-aminobutyric acid), GAD67 (glutamate decarboxylase 67) and GABAA receptor (γ-aminobutyric acid A receptor) 
were increased. Conclusion: Our results suggest that CXCL14 expression is increased after seizures and may exac-
erbate seizures by regulating GABA metabolism. Based on this, CXCL14 could be a new target for epilepsy treatment 
and antiepileptic drug development.
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Introduction

Epilepsy is a common, chronic central nervous 
system disorder that affects 70 million people 
worldwide [1]. It is characterized by persistent 
spontaneous seizures [2]. For most people with 
epilepsy, antiepileptic drugs are the primary 
form of treatment, intending to stop seizures as 
soon as possible without causing side effects 
that affect the quality of life [1]. Despite the 
introduction of antiepileptic drugs in recent 
years, a small number of patients still have dif-
ficulty controlling their seizures with drugs and 
eventually develop drug-refractory epilepsy [3, 
4]. For this reason, it is necessary to study the 
pathogenesis of epilepsy and discover new 
drug targets.

The pathologic process of seizures is associat-
ed with synaptic, receptor, and ion channel dys-

function, impaired immune system function, 
mitochondrial dysfunction, oxidative stress, gly-
cogen degradation, and inflammatory respons-
es [5]. When there is an imbalance between 
damaging and anti-damaging cytokines, it can 
lead to or further aggravate the above patho-
logic processes, thus exacerbating a seizure. 
Considerable data suggest that chemokines 
are the third major communication mediators in 
the central nervous system in addition to neu-
rotransmitters and neuropeptides, and can act 
as pro-damage mediators following tissue injury 
and disease [6, 7]. Some chemokine-chemo-
kine receptor pairs such as CCL2-CCR2, CCL5/
RANTES-CCR5 and CXCL10/IP10-CXCR3 are 
highly expressed in the epileptic hippocampus 
and are associated with exacerbation of sei-
zures [8, 9]. CXCL14, a member of the CXC che-
mokine family, is one of the oldest chemokines 
and is constitutively expressed in many regions 
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of the brain [10], such as the cortex, basal  
ganglia, hippocampus, and hypothalamus [11, 
12]. However, CXCL14 is a chemokine with an 
unclear function because its receptor has not 
been defined [13]. Although the receptor is 
unclear, CXCL14 is expressed in the brain and 
is presumed to perform certain functions in the 
physiology of the brain. Several studies have 
confirmed that GABAergic neurons in the hip-
pocampal dentate gyrus express CXCL14 and 
that synaptically released GABA (γ-aminobutyric 
acid) can be inhibited by CXCL14 [14, 15]. 
Although it is well known that GABA is the main 
inhibitory neurotransmitter in the central ner-
vous system and its metabolic imbalance is 
one of the causes of epileptic seizures [16, 17], 
the detailed relationship between CXCL14 and 
epilepsy remains unclear and needs to be fur-
ther explored.

Therefore, in this study, we used a kainic acid 
(KA)-induced mouse epilepsy model to investi-
gate the expression of CXCL14 in epilepsy and 
whether it affects seizures by influencing the 
metabolism of GABA.

Materials and methods

Animals

To avoid the protective effect of estrogen, all 
experimental animals were male, weighing 
20-25 g, aged 6-8 w, and were purchased  
from the Animal Experiment Center of North 
Sichuan Medical College. All animal experi-
ments follow the guidelines of the Animal 
Research Committee of North Sichuan Medical 
College and have been approved by the North 
Sichuan Medical College Ethics Committee 
(Approval Number NSMC(A)2021(21)). During 
the study, experimental animals lived in a con-
trolled environment, maintained at a constant 
temperature of 18-24°C with a 12-h day/night 
cycle and free access to water and food. 

Experimental animal intervention and group-
ing

According to the experimental design, our ani-
mal experiments were conducted in two parts. 
In the first part of the experiment, we determine 
the expression of CXCL14 at different time 
points (6 h, 24 h, 72 h, 1 w, 4 w) in a mouse 
model of epilepsy (n = 5 per group). In the sec-
ond part, we use CXCL14 adeno-associated 

virus (AAV) to interfere with CXCL14 in the 
mouse brain and next investigate whether 
CXCL14 affects seizures through GABA (n = 25 
per group).

Acute KA-induced seizure model

The acute KA-induced seizure model is one  
of the classic animal epilepsy models, so we 
chose this model to simulate seizures. Mice 
were anesthetized with oxygen containing 3-4% 
isoflurane (RWD, Shenzhen, China), then plac- 
ed on a stereotaxic apparatus (Stoelting, USA) 
and anesthesia was maintained intraoperative-
ly by inhalation of oxygen containing 1-2% iso-
flurane through a face mask. The hair on the 
top of the head and the skin was cut with oph-
thalmic scissors, and the skull was exposed 
and perforated with a cranial drill (2.0 mm  
anterior and 1.8 mm left lateral to bregma). 
Then 0.3 μl KA was drawn with a 1 μl Hamilton 
syringe and subsequently injected at 0.06 μl/
min from the previously identified bone cavity 
to the right hippocampus CA3 region (2.0 mm 
depth relative to bregma). After injection for 5 
min, the needle was left for 5 min and then 
slowly and consistently withdrawn. Seizures 
occurred when mice awakened from anesthe-
sia. Two colleagues who were unaware of the 
experimental subgroup rated seizure activity 
based on the Racine standard criteria [18].

Virus injection

We customized CXCL14 low expression adeno-
associated virus and the control virus from bio-
technology companies (Obio Technology Corp, 
Ltd) (Shanghai), named as sh-CXCL14 and 
sh-NC, respectively. The sh-sequence of sh-
CXCL14 is GCGCAGGGTCTACGAAGAATA, which 
the sh-NC is CCTAAGGTTAAGTCGCCCTCG. Both 
sh-CXCL14 and sh-NC express the green fluo-
rescent protein (GFP) of adeno-associated 
viruses, which can be used as one of the mark-
ers of successful viral transfection. Mice were 
randomly distributed into the injected virus  
and injected virus vector groups. After the 
above method of anesthesia, the mouse brain 
was fixed on the stereotaxic apparatus (Stoelt- 
ing, USA), the head hair was removed, and the 
bone cavity was drilled. The virus was injected 
into the bilateral hippocampal region (bregma 
as origin: posterior: -2.0 mm, medial/lateral: 
±1.8 mm, and ventral: -2.0 mm) using a Hamil- 
ton Microliter Syringes at a speed of 0.03 μl/
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min. To prevent reflux, injections were per-
formed slowly for 10 minutes, and upon com-
pletion the needle was left in place for 10 min-
utes, followed by a slow and uniform withdrawal 
of the needle. After the injection was complet-
ed, the mice were fed for 3 weeks until the virus 
transfection reached its peak for subsequent 
experiments.

In vivo electrophysiological recordings in the 
hippocampus

OmniPlex® D neural data acquisition system 
(Plexon, Dallas, TX, USA) was used to record the 
local field potential in vivo mice. We implanted 
microwire arrays (25 μm diameter, 4×4 chan-
nels, Yisikepu, China) for recording LFPs (local 
field potentials) into the right hippocampus 
[19]. After baseline stabilization, LFP activity 
was recorded continuously and digitized at a 
frequency of 4 kHz, followed by filtering (0.1-
1,000 Hz) and pre-amplification (×1,000) for 
30 min. LFPs and power spectrograms were 
analyzed offline by Neural Explorer® (Plexon, 
Dallas, TX, USA). Statistical analysis and image 
processing were completed by using IBM SPSS 
Statistics (v 25.0; IBM Corporation, USA) and 
GraphPad Prism (v 9.0.0; La Jolla, USA).

Western blot analysis

When the predetermined time point was reach- 
ed, mice brain tissue samples were immediate-
ly obtained. Brain tissue was ground in tissue 
lysate, and the homogenate was centrifuged  
in a low temperature ultracentrifuge (12,000 
rpm, 15 min, 4°C), and the supernatant was 
collected. The total protein concentration of 
each sample was measured by the BCA (Bicin- 
choninic acid) kit (Beyotime, China). Protein 
samples of the same mass (30 μg) were first 
electrophoresed in SDS-PAGE (sodium dodecyl 
sulfate-polyacrylamide; 5% spacer gel; 10% 
separating gel) gels and then electro-transferr- 
ed onto PVDF (polyvinylidene difluoride) mem-
branes (Millipore, USA). The membranes were 
sealed with 8% non-fat milk powder at room 
temperature for 1 hour and then incubated 16 
h with a primary antibody in a 4°C refrigerator. 
In this experiment, we used the following  
primary antibodies: rabbit anti-CXCL14 poly-
clonal antibody (NBP1-31398, 1:1000, Novus, 
USA), rabbit anti-GAD67 monoclonal antibody 
(ab108626, 1:1000, Abcam, UK), rabbit anti-
GABAAR monoclonal antibody (ab252430, 

1:1000, Abcam, UK), rabbit anti-α-tubulin poly-
clonal antibody (1:1000, Beyotime, China), rab-
bit anti-GAPDH monoclonal antibody (AF0001, 
1:4000, Beyotime, China). After 16 hours, the 
membrane was washed with TBST (Tris-
buffered saline with Tween-20) (10 min, 3 
times) and incubated at room temperature  
with anti-rabbit secondary antibody (ab97051, 
1:5000, Abcam, UK) for 1 hour. Visualization 
and gray value analysis of protein bands were 
performed with chemiluminescence system 
(VILBER, France) and ImageJ software (US 
National Institute of Health), respectively. 

FJB (Fluoro-Jade B) staining

Mice were anesthetized with 0.1% pentobarbi-
tal, the thorax was opened to find the heart, 
PBS and 4% paraformaldehyde were succes-
sively perfused and the intact brain was 
removed and immobilized in 4% paraformalde-
hyde for 24 hours. After 24 hours, the brain was 
sequentially dehydrated with 15% and 30% 
sucrose solutions in a gradient, then the brain 
was embedded in OCT (Sakura, Japan), frozen, 
and cut into coronal sections of 12 μm thick-
ness using a frozen sectioning machine (Leica 
Microsystems, Germany). The slices were first 
dried in the oven (50°C, 30 min), immersed in  
a NaOH solution (0.1%) for 5 min, and then 
soaked in 70% alcohol for 2 min. After washing, 
the sections were placed in potassium perman-
ganate solution at room temperature for 10 
min, the sections were again rinsed in distilled 
water, FJB dye (Chemicon International, USA) 
was added to each section, and stained in 
darkness for 30 min at room temperature. The 
sections were washed with distilled water (1 
min, 3 times) after staining, dried with a haird-
ryer, soaked in xylene for 5 min, and then the 
sections were sealed with neutral balsam. We 
photographed hippocampal FJB-positive cells 
using fluorescence microscopy. FJB-positive 
means that the cells have degenerated and 
become necrotic. The excitation wavelength is 
488 nm (green) and the emitted light is detect-
ed using a wavelength of 520 nm. The number 
of positive cells under a 40× microscope was 
calculated using ImageJ software.

Immunofluorescence

As described in FJB staining, we obtained slices 
with a thickness of 12 μm. Sections were 
washed with PBS (5 min, 3 times), then infiltrat-
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ed with 0.4% Triton in a 37°C incubator for 25 
min, repaired with citric acid, and the sections 
were sealed with 10% goat serum in a 37°C 
incubator for 1 hour. The mixed primary anti-
bodies were covered on the sections and incu-
bated overnight in a 4°C refrigerator. After 
washing the sections three times the next day, 
fluorescent secondary antibodies are added 
and incubated for 1 hour at room temperature 
protected from light. After washing again three 
times, DAPI mounting solution is added for 
blocking and then photographed. Primary anti-
bodies were as follows: rabbit anti-CXCL14 
polyclonal antibody (NBP1-31398, 1:500, Nov- 
us, USA); Guinea pig monoclonal anti-MAP2 
(188004, 1:200, Synaptic Systems, Germany). 
Secondry antibodies were as follows: Alexa 
Fluor 488-conjugated goat anti-rabbit IgG 
(A0423, 1:100, Beyotime, China); Alexa Fluor 
647 Goat Anti-Guinea pig H&L (ab150187, 
1:200, Abcam, UK). Images were acquired by 
laser confocal microscopy (Olympus, Tokyo, 
Japan) and confocal analysis was performed by 
ZEN (blue-edition) and Fv31S-SW software 
(Olympus, Japan). The number of co-localized 
cells under 40× microscopy was calculated 
using ImageJ software.

ELISA

The concentration of γ-aminobutyric acid (GA- 
BA) in brain tissue was measured by using a 
commercially available Mouse γ-Aminobuytyric 
(GABA) Elisa Kit (H168, Nanjing Jiancheng), and 
a competitive method was used. The cortical 
and hippocampal tissues were homogenized 
according to the instructions before the experi-
ment, and the supernatant was obtained. The 
kit was left to equilibrate at room temperature 
for 30 min, and the prepared samples, stan-
dards, and biotin antigen were added sequen-
tially according to the steps in the instruction 
manual, and reacted at 37°C for 30 minutes. 
Then we washed the plate 5 times, added HRP 
Conjugate Reagent, and reacted at 37°C for  
30 min. We washed the plate again, repeat 5 
times, added Chromogen solution A and B, and 
reacted at 37°C for 10 min. Finally, the stop 
solution was added, and the Microplate Reader 
was used to measure the 450 nm OD value 
within 10 minutes.

Statistical analysis

All data were analyzed by using IBM SPSS 
Statistics (v 25.0; IBM Corporation, USA). 

Graphs were prepared with Graphpad Prism 
software (v 9.0.0; La Jolla, USA). The results 
wre expressed as mean ± SEM (standard error 
of mean). Differences between the experimen-
tal and control groups were compared by using 
Student’s T-test (two groups) or one-way analy-
sis of variance (ANOVA) (multiple groups). P val-
ues <0.05 were considered significant (*P< 
0.05, **P<0.01, ***P<0.001, ****P<0.0001).

Results

CXCL14 expression in epileptic tissues at dif-
ferent time points

According to the Human Protein Altas (The 
Human Protein Atlas), we find that CXCL14 is 
widely expressed in many healthy organs and 
moderately expressed in our most focused 
area-brain, not only in mouse and pig brain,  
but also in human brain (Figure 1B). Neuronal 
cytoplasm of mouse cerebral cortex express- 
es CXCL14 and can co-localize with MAP-2 
(Microtubule-associated protein 2), a special 
marker of neurons (Figure 1C). Then we first 
examined CXCL14 protein expression in mouse 
cortex and hippocampus at different time 
points after successful seizure modeling to 
assess the differences with the control group. 
Compared to controls, we found significantly 
higher protein expression of CXCL14 at 72 h 
(P<0.05; Figure 1E, 1F) after a seizure, while 
there was no difference at other time points. 
Therefore, we chose 72 hours as the optimal 
time point to study seizures in knockdown 
CXCL14 mice.

The efficiency of adeno-associated virus inter-
ference

3 weeks after virus injection, the expression  
of CXCL14 was significantly lower in the sh-
CXCL14 group compared to the sh-NC group 
(P<0.05; Figure 2A). Meanwhile, we detected 
AAV-encoded self-green fluorescence in the 
hippocampus of mice, demonstrating success-
ful virus transfection (Figure 2B). 

Altered epileptic behavior and electroencepha-
logram in mice after CXCL14 molecular knock-
down

To investigate whether CXCL14 knockout 
affects seizures and epileptiform discharges, 
behavioral tests were performed and recorded 
EEG at 72 hours of acute seizure onset. The 
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Figure 1. CXCL14 expression at different time points after a seizure. A. The experimental protocol diagram. B. 
Expression of CXCL14 in human healthy organs. CXCL14 is moderately expressed in various regions of the human 
brain. C. Co-localization of CXCL14 and MAP-2 in control mice cortex. Positive cells are indicated by white arrows. 
Scale bars: 50 µm for 400×. MAP-2, microtubule-associated protein 2. D, E. Representative western blot images of 
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results showed that compared with the sh-NC 
group, the seizure latency was prolonged in the 
sh-CXCL14 group (P<0.05; Figure 3A), and the 
duration of epileptic seizures above grade 3 
was significantly shortened (P<0.01; Figure 
3B). Seizures occurred in both the sh-NC and 
sh-CXCL14 groups 10 minutes after KA admin-
istration, but Racine scores were lower in the 
sh-CXCL14 group than in the control group,  
and was statistically significant in the first 40 
minutes (P<0.05; Figure 3C). We recorded 
recurrent seizure-like events 72 hours after KA 
injection. As shown in Figure 3, compared to 
the control group, the sh-CXCL14 group exhib-
ited lower mean energy density, which reflect-
ing reduced energy expenditure in the brain 
(Figure 3D-F). In addition, the power spectral 
density of the sh-CXCL14 group was also lower 
than that of the control group (P<0.0001, 
Figure 3G, 3H).

CXCL14 knockdown attenuates hippocampal 
neuronal degenerative necrosis 

We assessed the effect of CXCL14 on hippo-
campal neuronal necrosis after seizures by FJB 
staining. As shown in the figure, epilepsy causes 
severe neuronal necrosis in the hippocampal 
region. FJB-positive cells in the hippocampal 
region of the sh-CXCL14 group were signifi- 
cantly lower than those in the sh-NC group 

(P<0.0001; Figure 4A, 4B). Thus, the knock-
down of CXCL14 attenuates neuronal degener-
ative necrosis caused by acute seizures. 
CXCL14 also reduced acute seizure-induced 
microglial activation in the cortex (P<0.05; 
Figure S1A) and hippocampus (P<0.01; Figure 
S1A).

Knockdown of CXCL14 increases GAD67, 
GABA, and GABAA receptor expression and at-
tenuates seizures

Neuronal excitation and inhibition may be regu-
lated by many different neurotransmitters and 
GABA is the main inhibitory neurotransmitter in 
the cerebral cortex [20]. GABAergic inhibition  
is thought to be the main brake preventing  
the generation and propagation of paroxysmal 
activity in neuronal networks. GABA production 
rate-limiting enzyme GAD67 (glutamate decar-
boxylase 67) dominates the synthesis of GABA 
and plays an important role after neuronal inju-
ry. Therefore, ELISA and weestern blots were 
used to detect the expression of GABA and 
GAD67, and GABAA receptors in the brain, 
respectively. Prior to viral intervention of CX- 
CL14 expression, we found significantly lower 
levels of GABA (P<0.001, Figure 5F) at 72 hours 
of seizure compared to controls, as well as 
lower levels of GAD67 (P<0.05, Figure 5B; the 
image can be seen in Figure 5A left panel) and 

CXCL14 expression in mice cortex at different time points after seizure and quantification of intensity. F, G. Repre-
sentative western blot bands of CXCL14 expression in mice hippocampus at different time points after seizure and 
quantification of intensity (*P<0.05, **P<0.01, means ± standard error of mean (SEM), n = 5 per group).

Figure 2. Expression of CXCL14 and GFP after the injection of adeno-associated virus. A, B. Western blot analysis 
of CXCL14 levels in the hippocampus of mice injected with adeno-associated virus (sh-CXCL14) and virus vectors 
(sh-NC) (**P<0.01, means ± SEM, n = 3 per group). C. Representative image shows green fluorescent protein (GFP) 
fluorescence in the mouse bilateral hippocampus. Scale bar = 1.6 mm.



Therapeutic targets for refractory epilepsy

6228 Am J Transl Res 2022;14(9):6222-6233

Figure 3. Behavioral and electrophysiological changes after CXCL14 knockdown. A. Latency period of seizures after 
KA injection (*P<0.05, means ± standard error of mean (SEM), n = 10 per group). B. Duration of seizure within 
80 minutes (**P<0.01, means ± standard error of mean (SEM), n = 10 per group). C. Seizure rating curve within 
80 minutes after seizure (*P<0.05, means ± standard error of mean (SEM), n = 10 per group). D. Traces of in vivo 
hippocampal electroencephalogram recordings in sh-NC and sh-CXCL14 group within 100 seconds. E, F. Heatmaps 
of in vivo hippocampal electroencephalogram recordings in sh-NC and sh-CXCL14 group within 100 seconds. G. En-
ergy spectrum trend curve of the two groups. H. Statistical graph of power spectral density in sh-NC and sh-CXCL14 
group (****P<0.0001, means ± standard error of mean (SEM), n = 10 per group).
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GABAA receptor (P<0.01, Figure 5D; the image 
can be seen in Figure 5A left panel). However, 
after the CXCL14 intervention, we can see that 
the contents of GABA (P<0.01, Figure 5G), 
GAD67 (P<0.05, Figure 5C, the image can be 
seen in Figure 5A right panel), and GABAA 
receptor (P<0.01, Figure 5E, the image can be 
seen in Figure 5A right panel) in the sh-CXCL14 
group were significantly higher than those of 
the sh-NC group. Our results suggest that the 
metabolism of GABA may be related to the 
expression of CXCL14.

Discussion

We demonstrated that CXCL14 expression is 
upregulated in epilepsy and may influence sei-
zures by regulating GABA metabolism. CXCL14 
was first identified from mammary gland and 
kidney tissues, is highly conserved in verte-
brates, and is widely expressed in normal tis-
sues, as well as in some pathologic tissues 
[21]. The current study suggested that CXCL14 
has the ability to promote the renewal of 
Langerhans cells in the skin, inhibit angiogene-
sis, and promote or inhibit tumor growth [22, 
23]. We found in epileptic tissues at different 
time points (6 h, 24 h, 72 h, 1 w, 4 w) that 
CXCL14 levels in brain tissue gradually incre- 
ased after seizures, peaked at 72 hours, and 
then gradually decreased during the chronic 

phase (Figure 1). This may suggest that 
CXCL14, like some other chemokines such as 
CXCL2 and CXCL13, may play a role in seizures 
[24-26]. Therefore, we inhibited CXCL14 expre- 
ssion in the mouse brain with adeno-associat-
ed virus and found that the seizure latency  
was prolonged and the duration of seizures was 
reduced in the sh-CXCL14 group of mice, as 
well as the seizure class. The field potential 
results indicated that the sh-CXCL14 group 
seemed to have fewer abnormal seizure waves 
and less energy expenditure in the brain (Figure 
3). The FJB experiment also confirmed that the 
sh-CXCL14 group had fewer necrotic neurons in 
the CA3 region of the hippocampus (Figure 4). 
In addition, CXCL14 is expressed in the cell 
membrane of neurons (Figure 1). Based on 
this, it can be concluded that the increased 
expression of CXCL14 in epileptic tissues 
aggravates seizures and the degenerative 
necrosis of neurons after seizures.

Present studies suggested that the receptor  
for CXCL14 is obscure, but it was previously 
reported that CXCL14 is thought to have high 
affinity for binding to G protein-coupled recep-
tors such as CXCR4 and CXCR7 [27, 28]. 
Hippocampal GABAergic and inhibitory neurons 
both can express CXCL14 [11]. Interestingly, 
possibly because of its high affinity for CXCR4, 
CXCL14 has a completely opposite effect to 

Figure 4. FJB staining of 72 hours after seizure. A. FJB-positive cells observed by fluorescence microscopy 72 hours 
after seizure (green; AlexaFluor-488 staining). FJB positive neurons are indicated by white arrows. Scale bars: 200 
µm for 100×, 100 µm for 200×, 50 µm for 400×. B. Statistical graph of FJB positive cells in sh-NC and sh-CXCL14 
groups (****P<0.0001, means ± standard error of mean (SEM), n = 3 per group).
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Figure 5. The knockdown of CXCL14 can increase the content of GAD67, 
GABAAR and GABA. To explore the effect of CXCL14 on GABA metabo-
lism after seizures, we examined the expression of GAD67, GABAAR and 
GABA before and after knockdown of CXCL14. A. Left panel: Representa-
tive western blot images of GAD67, GABAAR before CXCL14 knockdown. 
Right panel: Representative western blot images of GAD67, GABAAR after 
CXCL14 knockdown. B, C. GAD67 expression quantification of intensity be-
fore/after CXCL14 knockdown (*P<0.05, means ± standard error of mean 
(SEM), n = 3 per group). D, E. GABAAR expression quantification of intensity 
before/after CXCL14 knockdown (**P<0.01, means ± standard error of 
mean (SEM), n = 3 per group). F, G. GABA levels in the brain before/after 
CXCL14 knockdown (***P<0.001, **P<0.01 means ± standard error of 
mean (SEM), n = 6 per group). 

CXCL12, which amplifies the 
effects of GABA released in 
GABAergic neurons, stimulat- 
es the release of glutamate in- 
astrocytes, and affects synap-
tic activity inneurons, in addi-
tion to reducing calcium oscilla-
tions in hippocampal neurons 
[14, 29]. In contrast, in GABA- 
ergic neurons, CXCL14 sup-
pressed the tonic and phasic 
effects of synaptically released 
GABA [11]. It has been shown 
that CXCL14 induces intrace- 
llular signal transduction and 
increases neuronal excitability 
through G protein-coupled cell 
surface receptors [30]. 

Gamma-aminobutyric acid (GA- 
BA) is the major inhibitory neu-
rotransmitter in the cerebral 
cortex, discovered in 1950, and 
plays a major inhibitory role in 
20% to 44% of cortical neurons 
[31]. Within the epileptic brain, 
GABAergic neurons in the cor-
tex are reduced, and GABA con-
centrations in the hippocam-
pus and cerebrospinal fluid are 
decreased [32]. Our study con-
firmed this, with significantly 
lower levels of GABA 72 hours 
after seizure compared to mice 
without seizures. In addition to 
playing a major inhibitory role  
in epilepsy, GABA also affects 
the maturation of neural stem 
cells during nervous system 
development, as well as the 
maturation of the subventricu-
lar zone (SVZ) and subgranular 
zone (SGZ) of the adult hippo-
campus [33, 34]. GABA metab-
olism begins with α-ketogluta- 
rate, an intermediate product 
of the tricarboxylic acid cycle, 
which produces L-glutamate 
through glutamate dehydroge-
nase or transaminase, then 
L-glutamate converted to GABA 
by the rate-limiting enzyme glu-
tamic acid decarboxylase (GAD- 
67 and GAD65) and released 
into the synaptic gap to act on 
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pre- or postsynaptic GABAA receptors and 
GABAB receptors (γ-aminobutyric acid B recep-
tor) [35]. GABA content is influenced by a vari-
ety of factors in the metabolic process, and 
when abnormalities in GABA synthesis, release, 
uptake and GABA receptors occur, the balance 
of neuronal electrical activity is altered, leading 
to the development of epilepsy [36]. In vitro 
experiments have proven that activation of the 
CXCR4 signaling pathway by CXCL12 induces 
GAD67 expression in embryonic hippocampal 
neurons [37]. Since CXCL14 has completely 
opposite effects to CXCL12, it is speculated 
that CXCL14 may inhibit the expression of 
GAD67 in neurons. Besides, the vast majority 
of neurons expressing CXCL14 in the hippo-
campal DG region also express GAD [11]. In our 
study, before CXCL14 intervention, the levels  
of GABA, GABAA receptor, and GAD67 were all 
decreased compared to the mice without sei-
zures. Then, we further verified that there was 
increased expression of GAD67 in the cerebral 
cortex and hippocampus of mice in the sh-
CXCL14 group compared to the sh-NC group. 
Along the metabolic process of GABA, we  
found that the content of GABA and GABAA 
receptor was also increased. GABA performs 
most of its functions through GABAA receptors, 
and the α1 subunit we examined is the most 
abundant subunit, expressed in almost all 
parts of the brain [38]. Therefore, these results 
demonstrate that CXCL14 may play a role in  
the metabolism of GABA. As we know that sei-
zures can be suppressed by increasing GABA 
levels in the brain, and also by suppressing 
GABA levels and thus promoting seizures [39-
41]. Thus, CXCL14 may be a new target for epi-
lepsy treatment by regulating GABA.

Limitations

This study has some limitations that may need 
to be addressed by further research. Our find-
ings suggest that CXCL14 may exacerbate sei-
zures by inhibiting the production pathway of 
GABA, but we did not study glutamate amino-
transferase, succinic semialdehyde dehydroge-
nase, and the final metabolite succinic semial-
dehyde, which are required for the GABA up- 
take pathway [42]. The effect of CXCL14 on the 
GABA uptake pathway still deserves further 
investigation. Secondly, we only explored the 
effect of CXCL14 on the acute phase of epilep-
sy, not on the chronic phase, and our experi-
mental results suggest that CXCL14 may be 

reduced in expression during the chronic phase 
of epilepsy, but the exact role remains uncer-
tain. Thirdly, we explored only the effect of low 
expression of CXCL14 on seizures in this arti-
cle, but to elaborate on the role of CXCL14 in 
epilepsy, we should explore the effect of over-
expression of CXCL14 on seizures.

Conclusion

Our results confirm that CXCL14 may exacer-
bate seizures by inhibiting the GABA production 
pathway and, to our knowledge, this is the first 
article to investigate the role of CXCL14 in epi-
lepsy. Our results further confirm the role of 
chemokines in epilepsy and their possible role 
as one of the molecules that cause seizures. In 
addition, CXCL14 may serve as a new target for 
the development of new epilepsy drugs, provid-
ing a fundamental theoretical basis for the 
development of new drugs and the search for 
new biomarkers.
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Figure S1. CXCL14 attenuates microglial activation 72 hours after seizures. A demonstrates the activation of mi-
croglia after 72 hours of seizure on the basis of CXCL14 knockdown. A. Cortical and hippocampal regions with Iba1-
positive cells were observed using fluorescence microscopy (green; AlexaFluor-488 staining). Iba-1 positive cells are 
indicated by white arrows. Scale bars: 50 µm for 400×. B, C. Statistical graphs of the number of microglia in cortex 
and hippocampus (*P<0.05, **P<0.01, means ± standard error of mean (SEM), n = 3 per group).


