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Abstract. The occurrence of epilepsy is a spontaneous and 
recurring process due to abnormal neuronal firing in the 
brain. Epilepsy is understood to be caused by an imbalance 
between excitatory and inhibitory neurotransmitters in the 
neural network. The close association between astrocytes and 
synapses can regulate the excitability of neurons through the 
clearance of neurotransmitters. Therefore, the abnormal func‑
tion of astrocytes can lead to the onset and development of 
epilepsy. The onset of epilepsy can produce a large number 
of inflammatory mediators, which can aggravate epileptic 
seizures, leading to a vicious cycle. Neurons and glial cells 
interact to promote the onset and maintenance of epilepsy, 
but the specific underlying molecular mechanisms need to be 
further studied. Ciliary neurotrophic factor (CNTF) belongs 
to the IL‑6 cytokine family and is mainly secreted by astro‑
cytes and Schwann cells. In the normal physiological state, 
CNTF levels are low, but in an epileptic state, CNTF levels 
in the serum and tears of patients are elevated. Astrocyte 
activation plays an important role in epileptic seizures. CNTF 
activates astrocytes to produce a variety of secreted proteins, 
which are secreted into the astrocyte culture medium (ACM), 
thus forming a distinct culture medium (CNTF‑ACM) that 
can be used to study the effect of astrocytes on neurons 
in vitro. CNTF‑activated astrocytes increase the secretion 
of the pro‑inflammatory factor IL‑6. In the present study, 
CNTF‑ACM was applied to primary cerebral cortical neurons 
to observe the specific effects of IL‑6 in CNTF‑ACM on 
neuronal activity and excitability. The results suggested that 
CNTF‑ACM can reduce neuronal activity via the IL‑6/IL‑6R 

pathway, promote neuronal apoptosis, increase Ca2+ inflow, 
activate the large conductance calcium‑activated potassium 
channel and enhance neuronal excitability. The results of 
the present study further revealed the functional changes of 
astrocytes after CNTF activated astrocytes and the effects 
on neuronal activity and excitability, thereby providing new 
experimental evidence for the role of communication between 
astrocytes and neurons in the mechanism of epileptic seizures.

Introduction

Neuroinflammation is an important pathological feature 
of epilepsy and other brain diseases, such as Alzheimer's 
disease, Parkinson's disease, amyotrophic lateral sclerosis 
and stroke (1). It involves two key cell types called microglia 
and astrocytes in the central nervous system (CNS), which 
can undergo a myriad of molecular and functional reactive 
changes contingent upon the pathological context, ultimately 
contributing to the escalation of the disease (2‑4). Inhibition 
of neuroinflammation is a promising therapeutic strategy for 
inflammation‑related brain diseases, and the exploration of 
action targets is particularly critical.

Ciliary neurotrophic factor (CNTF) is primarily expressed 
in astrocytes in the CNS and Schwann cells in the peripheral 
nervous system (5). In both in vivo and in vitro co‑culture, the 
interaction of normal neurons and astrocytes greatly inhibited 
the expression of CNTF in astrocytes (6). In addition, evidence 
from animal models of epilepsy has indicated that after an 
epileptic seizure, the expression level of CNTF in brain tissue 
is increased, implying its potential role in pathogenesis (7). 
Moreover, elevated CNTF levels in the serum and tears are 
also considered a biomarker of focal epilepsy (8). Nevertheless, 
the specific pathological effect of CNTF changes in epilepsy 
remains obscure. It is hypothesized that as a glia‑derived 
neurotrophic factor, CNTF plays a neuroprotective role (9), 
but it may promote chronic diseases as it belongs to the IL‑6 
family of cytokines (10). Each IL‑6 family member elicits 
responses essential to the physiological control of immune 
homeostasis, haematopoiesis, inflammation, development and 
metabolism. Accordingly, distortion of these cytokine activi‑
ties often promotes chronic disease, such as inflammatory 
arthritis, multiple sclerosis, renal injury and scarring (10).
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In addition to contributing to epilepsy onset, neuroinflam‑
mation can also trigger the tangible release of inflammatory 
mediators that worsen seizures, creating a vicious cycle (11). 
Therefore, the role of neuroinflammation in the develop‑
ment of epilepsy has been actively discussed (12,13). Acute 
inflammation induced by CNTF activates astrocytes and 
microglia (14). These two neuroglial cells have both pro‑ and 
anti‑inflammatory effects (15), therefore, the mechanism by 
which these cells exhibit beneficial effects is a focus for further 
exploration. It has been shown that persistent overproduction 
of CNTF by striatal neurons induces the upregulation of the 
18kDa transporter protein (TSPO) (a marker of neuroinflam‑
mation) in astrocytes (16), which also confirms the critical role 
of astrocytes in the process of neuroinflammation affected by 
CNTF.

IL‑6, one of the major pro‑inflammatory cytokines, is 
produced within the CNS primarily by activated astrocytes 
and microglia and has environmentally dependent pro‑inflam‑
matory and anti‑inflammatory properties, making it now 
recognized as a crucial target for clinical intervention (17). 
Elevated IL‑6 expression in cerebrospinal fluid and plasma 
is strongly associated with seizure severity (18). In addition, 
numerous studies have shown that during the process of 
epileptogenesis (19,20), IL‑6 evaluates and activates different 
signaling pathways, while also altering the levels of two 
major neurotransmitters, glutamate and γ‑aminobutyric acid 
(GABA). This results in increased neuronal excitability, as both 
neurotransmitters are closely related to epileptic seizures (21). 
Inflammatory communication between neurons and neuro‑
glial cells is closely associated with promoting epileptogenesis 
and seizure maintenance (22). However, the specific molecular 
mechanisms involved warrant further investigation.

In the present study, astrocytes and neurons from the 
cerebral cortex of Sprague‑Dawley (SD) rats were isolated and 
cultured to determine the effects of CNTF‑induced inflam‑
matory activation of astrocytes. In addition, IL‑6, IL‑6Ra and 
IL‑6a were used to explore the effects of activated astrocytes 
on neuronal activity and excitability to understand the possible 
mediating mechanism of IL‑6 in this process.

Materials and methods

Primary astrocyte culture. Cerebral cortices from SD 
rats (within 24  h of being born) were finely minced and 
trypsinized in 0.125% trypsin‑EDTA (Gibco; Thermo 
Fisher Scientific, Inc.). The cell suspension was prepared 
with DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% fetal bovine serum (TransGen Biotech Co., 
Ltd.), 10% calf serum (TransGen Biotech Co., Ltd.), and 
L‑glutamine (2 mmol/l; Beyotime Institute of Biotechnology). 
The cells were then seeded in poly‑L‑lysine‑coated culture 
flasks (MilliporeSigma) and incubated at 37˚C in 5% CO2. 
The culture medium was changed every 3 days. After conflu‑
ence at 7‑10 days in vitro, the cells were cultivated at 37˚C 
and 250 rpm on a shaking incubator with a rotational radius 
of 10 cm for 16‑18 h to facilitate the separation of oligoden‑
drocytes and microglia. After astrocytes were sub‑cultured 
for 2‑4 generations, immunofluorescence staining for GFAP 
(PeproTech, Inc.) was performed and an astrocyte yield 
of >95% was achieved (23) (S1). The specific methods for 

immunofluorescence were as follows: The cell slides were 
washed with PBS twice, fixed at room temperature with 
4% paraformaldehyde for 20 min, and then permeated with 
0.1% TritonX‑100 at 4˚C. The cells were blocked with 10% 
rabbit serum (cat. no. C‑0006; BIOSS) for 30 min at room 
temperature and incubated overnight at 4˚C in rabbit anti‑rat 
GFAP antibody (cat. no. 16825‑1‑AP; 1:200; PeproTech, Inc.). 
After washing with PBS, the FITC‑labeled goat anti‑rabbit 
IgG fluorescent secondary antibody (cat. no. A0562; 1:200; 
Beyotime Institute of Biotechnology) was added, incubated 
at room temperature for 2 h. Nuclei were stained with DAPI 
(cat. no. C1006; Beyotime Institute of Biotechnology) at room 
temperature for 5 min and washed with PBS three times for 
5 min each. The slides were examined under a ZEISS Axio 
observation microscope (Carl Zeiss AG) and images were 
captured. All animal studies was approved by The Animal 
Ethics Committee of Bengbu Medical University (Bengbu, 
China; approval no. 2020‑094).

Primary neuron culture. SD rats were obtained within 24 h of 
birth and placed on ice and frozen to a state of shock. After 
which, 75% ethanol was applied to the head and neck for 
5 min. The rats were promptly decapitated and immersed in 
ice‑cold PBS buffer containing 2% penicillin‑streptomycin. 
The skulls were sliced open, the brains were removed and 
transferred to a new culture dish. The cerebral cortex 
was stripped and immersed in ice‑cold HANKS solution 
containing 2% penicillin‑streptomycin. Cerebral cortices 
from SD rats were harvested, cut into small pieces (~1 mm3), 
treated with a 0.125% trypsin‑EDTA and dissociated into 
single cells by gentle suspension. The cell suspension was 
centrifuged at 4˚C and 200 x g for 3 min and resuspended 
in DMEM/F12 with penicillin (100 U /ml), streptomycin 
(100 µg/ml; Beyotime Institute of Biotechnology) and 10% 
FBS (Hyclone; Cytiva). Suspended primary neurons were 
seeded in poly‑L‑lysine‑coated culture plate and incubated 
at 37˚C in 5% CO2 for 6 h. After which, the medium was 
replaced with a neurobasal medium supplemented with B27 
(Gibco; Thermo Fisher Scientific, Inc.), 2 mM GlutaMAX 
(Beyotime Institute of Biotechnology), 12.5 µM L‑glutamic 
acid (Beyotime Institute of Biotechnology) and 1% antibi‑
otic‑antimycotic (Beyotime Institute of Biotechnology) and 
incubated at 37˚C in 5% CO2. After the neurons were seeded in 
plates for 48 h, cytarabine (5 µmol/l; MedChemExpress) was 
added to inhibit the proliferation of glial cells for 24 h at 37˚C 
in 5% CO2, and then the culture medium was replaced with 
full volume of neurobasal medium containing B27 incubated 
at 37˚C in 5% CO2. After which, the medium was replaced by 
half volume every 3 days. The cells were cultured until the 
7th‑10th day, after which immunofluorescence staining for 
microtubule‑associated protein‑2 antibody (PeproTech, Inc.) 
was performed (the identification method is similar to that 
of astrocytes); the yield of neurons was >95% (24) (Fig. S1).

Bioinformatics analysis. The publicly available gene 
expression datasets were obtained from the Gene Expression 
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/). The 
human dataset GSE32534 (epileptic patients, n=5; controls, 
n=5) was originally reported by Niesen  et  al  (25). The 
mouse dataset GSE157689 (epileptic, n=5; controls, n=4) was 
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originally reported by Joseph et al (26). Differential expres‑
sion analysis was conducted using the limma package in R 
(version 4.2.1). This analysis aimed to identify key factors 
potentially playing significant roles in epileptic conditions. 
The significance thresholds were set at log fold change 
(logFC) >|0.5| and adjusted P‑value (adj‑P) <0.05. The results 
of the differential expression analysis were visualized using 
the ggplot2 package in R (version 4.2.1).

ELISA and collection of conditioned culture medium. The 
cultured astrocytes were randomly divided into the control 
group (astrocytes were cultured with DMEM/F12 medium 
containing 10% fetal bovine serum and 10% calf serum) and 
the CNTF treatment group (50 ng/ml; PeproTech, Inc.) at 37˚C 
in 5% CO2 for 12, 24 and 48 h. The levels of IL‑6, TNF‑α and 
IL‑1β in the culture supernatants of the corresponding groups 
were detected in accordance with the instructions of the 
ELISA kits (IL‑6, cat. no. EK0412; TNF‑α, cat. no. EK0526; 
IL‑1β, cat. no. EK0393; Wuhan Boster Biological Technology, 
Ltd.). Subsequent to rinsing with PBS thrice, the cells were 
incubated in fresh, serum‑free DMEM for 48 h. Following 
this, the CNTF‑astrocyte culture medium (ACM) was 
collected, centrifuged at 4˚C and 1,200 x g for 10 min and 
filtered through a 0.2 µm filter. The untreated ACM served 
as the control. Finally, the samples were stored at ‑80˚C until 
further analyses.

The cultured neurons were randomly divided into the 
following groups: i) N ormal control group (neurobasal 
medium containing B27); ii) CNTF‑treated group (CNTF, 
50 ng); iii) CNTF‑ACM‑treated group (astrocytes were treated 
with 50 ng/ml CNTF for 48 h, and then replaced with fresh 
serum‑free medium and continued to culture for 48 h to obtain 
the culture supernatant, and the neuronal cells were cultured 
with this supernatant); iv) CNTF‑ACM combined with IL‑6a 
(BIOSS) treated group (CNTF‑ACM + IL‑6a, 60 ng/ml) (27); 
and v) IL‑6a‑treated group (neurobasal medium containing 
B27 + IL‑6a, 60 ng/ml). All groups were incubated at 37˚C in 
5% CO2 for 48 h, the levels of GABA in the culture supernatants 
corresponding to each group were detected according to the 
instructions of the Rat GABA ELISA kit (cat. no. JN352241; 
Jining Biotech).

Cell counting kit 8 (CCK‑8) assay. To test the effect of 
CNTF‑ACM on neuronal activity and the mediating role 
of IL‑6 in this process, neurons were inoculated in 96‑well 
plates at 15,000 cells/well, and neurons were treated according 
to the same groupings used to detect GABA on the 7th day 
of culture. The previous culture medium of each well was 
replaced by the neurobasal medium containing B27 (100 µl) 
and CCK‑8 (Biosharp Life Sciences) solution (10 µl) was 
added and cultured at 37˚C for 2 h on the 9th day of culture. 
Subsequently, the optical density at 450 nm was detected by a 
microplate reader.

Microwell plate methods for glutamate content in cell 
culture supernatants of each group. The cultured astrocytes 
were randomly divided into the following groups: i) control 
group (normal culture medium); ii) IL‑6‑treated group (IL‑6, 
30 ng/ml; 24 h); and iii) IL‑6‑combined with IL‑6Ra‑treated 
group (IL‑6Ra pre‑treatment, 60  ng/ml, 1  h; followed by 

IL‑6, 30  ng/ml, 24  h). The Glutamate Content Assay Kit 
(cat. no. JN365241; 4˚C) was purchased from Jining Biotech.

The cultured neurons were grouped according to the same 
groupings used to detect GABA. The culture supernatants 
of the aforementioned groups were collected into 1.5  ml 
microfuge tube and centrifuged at 8,000 x g for 10 min at 4˚C. 
After which, the supernatant samples were aspirated. The 
enzyme counter was warmed up for 30 min and the wave‑
length was adjusted to 340 nm. Briefly, 50 µl of the sample, 
120 µl reagent I and 20 µl reagent II were added to each well 
of a 96‑well plate and incubated for 2 min, after which the 
A1 value was read at 340 nm. After which, 10 µl reagent III 
was added to each well and the 96‑well plate was allowed to 
stand for 20‑30 min, and the A2 value was read at 340 nm. 
The glutamate content was calculated as follows: Glutamate 
content (µg/ml)=[ΔA ÷ (ε x d) x V2 x Mr x 106] ÷ V1=186.84 
x ΔA, ΔA=A2‑A1.

Detection of [Ca2+]i and ROS by flow cytometry. Fluo‑3 
AM (Beyotime Institute of Biotechnology) was diluted in 
DMEM/F12 medium to a final concentration of 5 µM. Neurons 
were incubated with diluted Fluo‑3 AM for 1 h at 37˚C and 
then washed twice with PBS. Subsequently, neurons were 
again incubated with DMEM/f12 solution for 0.5 h at 37˚C 
and washed with PBS. After which, the cells were digested 
with 0.25% trypsin without EDTA for 30 s. After digestion 
was terminated, cells were gently blown until they were 
suspended in solution. The cell suspension was centrifuged 
at 200 x g for 5 min at 4˚C, and the supernatant was discarded. 
The collected cells were washed with PBS and resuspended 
in 300 µl PBS, followed by flow cytometric analysis (FlowJo 
V10; BD Biosciences) using the LSRFortessa Cell Analyzer 
(BD Biosciences). Fluo‑3 AM, as a fluorescent probe, can 
penetrate the cell membrane and enter the cell, where it is 
cleaved by esterases to form Fluo‑3. After binding with Ca2+, 
its fluorescence intensity significantly increases, making it 
suitable for flow cytometry to detect changes in intracellular 
Ca2+ concentration.

Neurons were incubated with the 2',7'‑dichlorofluores‑
cein diacetate (fluorescent probe of reactive oxygen species; 
10  µmol/l; Beyotime Institute of Biotechnology) for 1  h 
at 37˚C in the dark. The cells were washed twice with PBS 
and then were incubated with DMEM/f12 solution for 30 min 
at 37˚C. Subsequently, the cells were washed thrice with PBS 
and digested with trypsin for 30 s, followed by rewashing and 
resuspension in PBS. Flow cytometric analysis was carried out 
using LSRFortessa Cell Analyzer (Cytek Biosciences).

RT‑qPCR assay. Total RNA (cultured astrocytes treated 
with IL‑6 in combination with IL‑6Ra or alone, and cultured 
neurons treated with CNTF‑ACM in combination with IL‑6a 
or alone, and control groups) was extracted by TRIzol® 
(Ambion; Thermo Fisher Scientific, Inc.) reagent, and cDNA 
was synthesized by reverse transcription using the Revertaid 
First Strand cDNA Synthesis Kit (cat. no. K1622; Thermo 
Fisher Scientific, Inc.) at 25˚C for 5 min, 42˚C for 1 h, and 
70˚C for 5 min.The cDNA chain was amplified by Fast SYBR 
Green Master Mix kit (TransGen Biotech Co., Ltd.), and 
quantitative PCR was performed. The composition of the 
PCR reaction system is as shown: cDNA 2 µl, 2X PerfectStart 
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Green qPCR SuperMix (including SYBR Green I fluorescent 
dye, Taq enzyme, dTNP mixture) 10 µl, with 0.4 µl each of the 
upstream primer (10 µM) and downstream primer (10 µM) and 
7.2 µl ddH2O. The thermocycling program (45 cycles) was set 
at 94˚C pre‑denaturation for 30 s; denaturation at 94˚C for 5 s; 
annealing at 55‑60˚C for 15 s and a final extension at 72˚C for 
10 s. RQ=2‑∆∆Cq formula (28) was used to calculate the relative 
expression of the target gene with GAPDH used as the refer‑
ence gene. Each experiment was repeated at least thrice and 
the sequences of each gene primer are shown in Table I.

Western blotting detection of the expression of Cx43, GLT‑1, 
KCa1.1, Bcl‑2 and Bax. Cells collected from different 
groups (cultured astrocytes treated with IL‑6 in combina‑
tion with IL‑6Ra or alone, and cultured neurons treated with 
CNTF‑ACM in combination with IL‑6a or alone, and control 
groups) were lysed on ice with RIPA lysate (Biosharp Life 
Sciences; cat. no. BL504A) to extract total proteins and protein 
quantification was performed with a BCA Protein Assay Kit 
(Beyotime Institute of Biotechnology). SDS‑PAGE Protein 
Sampling Buffer (5X) was mixed in a 4:1 ratio, and protein was 
denatured in a 100˚C incubator for 5 min. Proteins (30 µg/well) 
were separated by gel electrophoresis (80 V for 0.5 h; and 120 V 
for 1 h) using 10% (w/v) SDS‑PAGE gels, followed by transfer 
to a PVDF membrane (MilliporeSigma; constant pressure of 
100 V for 1 h). The PVDF membranes were then incubated 
with 5% skim milk for 2 h at room temperature. After which, 
the following antibodies were added: Rabbit anti‑rat antibody 
KCa1.1 (Abbexa, Ltd.; cat.  no. A PC‑151;1:200), connexin 
43 (Cx43; cat.  no.  26980‑1‑AP; 1:4,000; PeproTech, Inc.), 
glutamate transporter‑1 (GLT‑1; cat. no. 21829‑1‑AP; 1:4,000; 
PeproTech, Inc.), Bax (cat. no. 50599‑2‑Ig; 1:8,000; PeproTech, 
Inc.), Bcl‑2 (cat. no. 26593‑1‑AP; 1:1,500; PeproTech, Inc.) and 
GAPDH (Biosharp Life Sciences; cat. no. BL006B; 1:2,000) 
and incubated at 4˚C for ~12 h. The samples were washed with 
TBST three times for 10 min. After which, the HRP‑labelled 
goat anti‑rabbit IgG antibody (Biosharp Life Sciences; 
cat. no. BL003A; 1:15,000) was added and incubated at 25˚C 
for 2 h. The samples were rinsed with TBST (0.05% Tween‑20) 
three times for 10 min for the final ECL (BeyoECL Plus; 
Beyotime Institute of Biotechnology; cat. no. P0018S) chemi‑
luminescence reaction. Blotting signaling was detected with 
ChemiDoc XRS+ gel imaging system (Bio‑Rad Laboratories, 
Inc.).

Statistical Analysis. Experiments were performed in triplicate, 
data are expressed as means ± SD and were analyzed using 

SPSS software (v16; SPSS, Inc.). The differences between 
groups were tested using one‑way analysis of variance, 
followed Tukey's post hoc test. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

CNTF induces astrocytes to release pro‑inflammatory factors 
IL‑6, TNF‑α and IL‑1β. ELISA results showed that the levels 
of IL‑6, TNF‑α and IL‑1β in cell culture supernatants were 
time‑dependently increased after CNTF (50 ng/ml) treatment 
of astrocytes at different time points (12, 24 and 48 h). A 
significant increase in IL‑6 (Fig. 1A), TNF‑α (Fig. 1B) and 
IL‑1β (Fig. 1C) between the 48 h group and the control group 
was noted (P<0.05; Fig. 1). The results of the differential 
analysis presented the data, highlighting IL‑6 as the most 
significantly upregulated gene in both the human (GSE32534) 
and mouse (GSE157689) datasets. (Fig. S2). Therefore, it was 
decided to focus on IL‑6 in the present study.

IL‑6 downregulates Cx43 expression and upregulates GLT‑1 
expression and glutamate release in astrocytes. To clarify the 
potential mechanism of CNTF‑induced astrocyte activation in 
neuroinflammation, the effects of IL‑6 on the expression of 
Cx43 and GLT‑1 in astrocytes were first examined by RT‑qPCR 
and western blotting. The results showed that 30 ng/ml IL‑6 
significantly decreased the mRNA and protein expression of 
Cx43 in astrocytes (P<0.05; Fig. 2A, C and D) and signifi‑
cantly increased the mRNA and protein expression of GLT‑1 
in astrocytes (P<0.01; Fig. 2B‑D). After pretreatment with 
IL‑6Ra, the mRNA and protein expression of Cx43 and GLT‑1 
showed significant reversal (P<0.05; Fig. 2). The effect of IL‑6 
on glutamate levels in astrocyte culture supernatants was also 
examined using the microplate assay, and the results showed 
that IL‑6 significantly promoted the release of glutamate from 
astrocytes (P<0.05; Fig. 2E), whereas IL‑6Ra pretreatment 
significantly down‑regulated the level of glutamate release 
(P<0.05; Fig. 2E).

CNTF‑ACM enhances oxidative stress, activates BKCa 
channels, increases neuronal excitability, decreases 
neuronal activity and promotes neuronal apoptosis via the 
IL‑6/IL‑6R pathway. To illustrate the potential mechanism 
of CNTF‑induced astrocyte activation in neuroinflammation, 
the cultured neurons were treated with CNTF‑ACM, and the 
results of flow cytometry showed that CNTF‑ACM significantly 
elevated neuronal [Ca2+]i (P<0.01; Fig. 3A and B) and ROS 

Table I. Primers sequences.

Gene	 Forward primer 5'‑3'	R everse primer 5'‑3'

Cx43	CCAC TCTCGCCTATGTCTCC	 TAGTTCGCCCAGTTTTGCTC
GLT‑1	A TTGGTGCAGCCAGTATTCC	CCAAAA GAATCGCCCACTAC
BKCa	CC GTCCACAGCAAATCGGCCA	CCA TGTGGGTACTCATGGGCTTGG
Bcl‑2	 GACTGAGTACCTGAACCGGCATC	C TAGACAGCGTCTTCAGAGACA
BAX	 TGTTTGCTGATGGCAACTTC 	 GATCAGCTCGGGCACTTTAG
GAPDH	 GGGTGTGAACCACGAGAAAT	AC TGTGGTCATGAGCCCTTC
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levels (P<0.05; Fig. 3C and D). The results of the CCK8 assay 
showed that CNTF‑ACM significantly decreased neuronal 
viability (P<0.01; Fig. 4A); RT‑qPCR and western blotting 
assays showed that CNTF‑ACM significantly upregulated the 

expression of KCa1.1 (P<0.05; Figs. 4D and 5D), promoted 
the expression of apoptosis‑related factor Bax (P<0.05; Figs. 
4C and 5C) and decreased the expression of Bcl‑2 (P<0.05; 
Figs.  4B, 5A  and  B). The results of the microplate assay 

Figure 1. CNTF induces astrocytes to release pro‑inflammatory factors. The levels of (A) IL‑6, (B) TNF‑α and (C) IL‑1β in cell culture supernatants were 
detected by ELISA after CNTF (50 ng/ml) treatment of astrocytes for 12, 24 and 48 h. All data were generated from three independent experiments. *P<0.05. 
ns, not significant.

Figure 2. IL‑6 downregulates the expression of Cx43, upregulates the expression of GLT‑1, promotes glutamate release from astrocytes in astrocytes and 
IL‑6Ra can reverse those outcomes. The effects of IL‑6 on the expression of (A) Cx43 and (B) GLT‑1 in astrocytes were detected by RT‑qPCR and (C) the 
protein levels were detected by Western blotting. (D) Relative protein expression (normalized to GAPDH) was measured by densitometry. (E) The content of 
glutamic acid in the cell culture supernatant was determined by the microplate method. *P<0.05; **P<0.01. GLT‑1, glutamate transporter‑1; Cx43, connexin 43.
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showed that CNTF‑ACM significantly increased the level of 
glutamate in the supernatants of neuronal cultures (P<0.05; 
Fig. 6A). The ELISA results showed that CNTF‑ACM signifi‑
cantly decreased the level of GABA in the supernatants of 
neuronal cultures (P<0.05; Fig. 6B). However, pretreatment of 
CNTF‑ACM with IL‑6a for 1 h significantly reversed all the 
aforementioned changes (P<0.05, Figs. 3‑6).

Discussion

There is a positive feedback loop between neuroinflamma‑
tion and epileptogenesis; hence, neuroinflammation is closely 
related to the pathogenic process associated with seizures, 
especially in refractory epilepsy  (29). The results of the 
present study showed that CNTF‑induced astrocyte‑mediated 

inflammation leads to glutamate excitotoxicity and oxidative 
stress, followed by neuronal damage, and the IL‑6/IL‑6R 
pathway plays an important regulatory role in this process, 
which reveals its significance as a therapeutic target in epilepsy.

It has been shown that astrocytes are the main cell type in 
which CNTF affects neuroinflammatory processes (16), while 
immunoinflammatory dysfunction of neuroglia is a major 
factor that induces or promotes seizures (30,31). Therefore, 
to delve into the possible role of CNTF‑induced neuroinflam‑
mation in the pathogenesis of epilepsy, the pro‑inflammatory 
effects of CNTF on astrocytes were first explored, and the 
results showed that 50 ng/ml CNTF promoted the release of 
several pro‑inflammatory cytokines, namely IL‑6, IL‑1β and 
TNF‑α, from astrocytes in a time‑dependent manner. The 
48 h time groups with significant differences compared with 

Figure 3. CNTF‑ACM promotes the increase of [Ca2+]i and ROS production in neurons. The neurons were labeled with (A) Fluo‑3 AM fluorescent probe or 
(B) DCFH‑DA detected by flow cytometry. Analysis of the mean fluorescence intensity of (C) [Ca2+]i and (D) ROS. *P<0.05; **P<0.01. CNTF, ciliary neuro‑
trophic factor; ACM, astrocyte culture medium.
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the control group were selected to obtain the CNTF‑activated 
astrocyte conditioned cultures (24,32,33) (in vitro model of 
CNTF‑mediated astrocytes activation). Based on the differ‑
ential expression of the publicly available gene expression 
datasets, GSE32534 and GSE157689, to identify key factors 
that may play an important role in epileptic conditions, IL‑6 
showed the most significant upregulation in both datasets. 
Therefore, it was decided to focus on IL‑6 in the present study.

IL‑6 is an important pro‑inflammatory cytokine in the IL‑6 
family and is elevated in a variety of neurological disorders 
including epilepsy (19,20). In CNS, IL‑6 is mainly produced by 
activated astrocytes and microglia, and excess IL‑6 continues to 
activate astrocytes in an autocrine manner, leading to a vicious 
cycle (23), which not only contributes to epilepsy onset but also 
increases the susceptibility (34). The role of astrocyte gap junc‑
tion dysfunction as well as impaired extracellular potassium 

ion and glutamate buffering in the pathogenesis of epilepsy has 
been widely validated (35‑37). Astrocytes take up excess extra‑
cellular potassium ions via Kir4.1 and then transfer them from 
high to low concentrations via gap junctions coupled between 
themselves, termed spatial buffering, which subsequently main‑
tains or influences neuronal excitability (38). The expression of 
Kir4.1 may be affected by inflammatory environments (39), and 
recent studies have shown that IL‑1β and IL‑6 promote astro‑
cyte activation and downregulate Kir4.1 expression (23,40,41). It 
is also hypothesized that IL‑1β and TNF‑α may play important 
roles in the pathological process of epilepsy and deserve further 
exploration. In future studies, the research scope will be further 
expanded based on the results of the present study, including an 
in‑depth exploration of the role of these two cytokines.

Excitotoxicity due to extracellular glutamate is a patho‑
genic mechanism in numerous CNS disorders including 

Figure 4. IL‑6 in CNTF‑ACM inhibits neuronal activity and activates BKCa channels, increases neuronal excitability and promotes neuronal apoptosis. On 
day 9, each well was replaced with a new medium (100 µl) and CCK‑8 solution (10 µl). (A) The OD at 450 nm was measured with a microplate reader instru‑
ment. (B) The relative expression of Bcl‑2, (C) Bax and (D) KCNMA1 (KCa1.1) detected by RT‑qPCR. GAPDH was used as the internal reference. *P<0.05; 
**P<0.01. CNTF, ciliary neurotrophic factor; ACM, astrocyte culture medium; OD, optical density; BKCa, large conductance calcium‑activated potassium 
channels.
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epilepsy  (42). Regulation of extracellular glutamate is 
primarily through clearance by appropriate transporters, and 

GLT‑1, predominantly found in astrocytes, is responsible 
for ~90% clearance  (43). However, dysfunction of GLT‑1 
in astrocytes is common in both patients with epilepsy (44) 
and animal models of epilepsy (45,46). In addition to extra‑
cellular glutamate uptake, astrocytes could also regulate 
glutamate homeostasis by releasing glutamate into the 
synaptic gap, which is involved in the step to excitotoxicity 
in neurological disorders (47,48). Under these circumstances, 
impaired uptake and excessive release of glutamate can lead 
to elevated glutamate concentrations in the synaptic gap, 
which subsequently brings about neuronal hyperexcitability 
and excitotoxicity  (49,50). To further explore the possible 
effects of the inflammatory environment on the glutamate 
buffering function of astrocytes, astrocytes were treated with 
30 ng/ml IL‑6 for 24 h. The results showed that the expression 
of GLT‑1 and the level of glutamate in the culture supernatant 
were significantly elevated, suggesting that IL‑6 promotes the 
release of glutamate from astrocytes, which may be a pathway 
for astrocytes to participate in the modulation of neuronal 
excitability in the local inflammatory environment. While 
the majority of previous studies have shown decreased GLT‑1 
expression in epilepsy models (51,52), the results of the present 
study found markedly elevated GLT‑1 expression in activated 

Figure 5. CNTF‑ACM mediates neuronal damage through the IL‑6/IL‑6R pathway. (A) Bcl‑2, Bax and KCa1.1 expression were analyzed by immunoblotting 
with GAPDH as the loading control. (B) Bcl‑2, (C) Bax and (D KCa1.1. Relative protein expression (normalized to GAPDH) was measured by densitometry. A 
total of three independent experiments were performed. Results are expressed as the mean ± standard deviation. *P<0.05 vs. CNTF‑ACM group. CNTF, ciliary 
neurotrophic factor; ACM, astrocyte culture medium.

Figure 6. IL‑6 in CNTF‑ACM increases glutamate release and inhibits 
GABA level in neurons. Microwell plate method for (A) Glu and (B) GABA 
content in cell culture supernatants of each group. *P<0.05 vs. CNTF‑ACM 
group. CNTF, ciliary neurotrophic factor; ACM, astrocyte culture medium; 
Glu, glutamate.
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astrocytes in the inflammatory environment, suggesting that 
the ability of astrocytes to uptake extracellular glutamate 
may be enhanced. Recently conducted research has reported 
that in a pentylenetetrazole‑induced epilepsy model, the level 
of extracellular glutamate was noticeably increased, and the 
expression of GLT‑1 was significantly upregulated, but the 
time for reuptake of glutamate was prolonged (53). This was 
consistent with the findings of the present study, and may 
confirm an adaptive mechanism for high levels of glutamate 
under certain conditions; specifically that high levels of gluta‑
mate increase the expression of glutamate transporter proteins, 
but it is not sufficient to remove excess glutamate.

Astrocytes can redistribute elevated K+ and neurotrans‑
mitters from the sites of increased neuronal activity through 
a large number of gap junction couplings (54), or they can 
release gliotransmitters through hemichannels, which affect 
neuronal excitability (55,56). Cx43 is a prime connectivity 
protein expressed in astrocytes and acts as a major component 
in the construction of astrocyte gap junctions and hemichan‑
nels (57,58). However, the expression of Cx43 in both excised 
human epileptic tissues and animal models of epilepsy showed 
different observations of decreased levels (59,60), increased 
levels  (61) or unchanged levels  (62). Epilepsy of different 
etiologies or refractory epilepsy may have different effects on 
protein expression in tissue samples (58‑62). However, in vivo 
and in vitro studies have shown that the pro‑inflammatory 
cytokines, IL‑1β and TNFα, released by microglia, inhibit gap 
junction coupling between astrocytes (59,63,64), but activate 
hemichannels (65). The results of the present study showed 
that IL‑6 downregulated Cx43 expression, indicating that 
IL‑6 may cause decreased buffering capacity of astrocytes for 
extracellular K+ and neurotransmitters through the reduction 
of gap junction coupling and aberrant opening of hemichan‑
nels, which ultimately leads to excitotoxicity of neurons. This 
hypothesis needs further experimental verification.

Taken together, IL‑6 may continuously activate astrocytes 
through autocrine secretion and subsequently downregulate 
the expression of Kir4.1 and Cx43 as well as promote gluta‑
mate release, which subsequently affects neuronal excitability. 
It is worth noting in the present study that all the aforemen‑
tioned processes were reversed by pretreatment with IL‑6a. 
These results suggest that IL‑6/IL‑6R may be a non‑neuronal 
anti‑epileptic target, and provide the experimental basis for 
clinical treatment with IL‑6 receptor blockers.

Activated astrocytes can be involved in the process of 
epileptic activity and release a variety of neuroactive factors 
that can act on neurons not only indirectly by autocrine activa‑
tion of astrocytes but also directly by affecting the structure 
and function of neurons by paracrine secretion  (66,67). 
A previous study treated primary cultured neurons with 
CNTF‑ACM and showed that fibroblast growth factor‑2 
contained in CNTF-ACM was involved in the upregulation of 
[Ca2+]i, as well as in the enhanced activity of large conductance 
calcium‑activated potassium channels that affect neuronal 
excitability  (24). Based on previous studies and to further 
investigate the direct effects of astrocyte‑mediated neuro‑
inflammation on neuronal structure and function, cultured 
neurons in the present study were treated with a combination of 
CNTF‑ACM and IL‑6a. The results showed that CNTF‑ACM 
significantly elevated [Ca2+]i and the levels of ROS, decreased 

neuronal viability and promoted neuronal apoptosis; whereas, 
IL‑6a partially reversed the aforementioned changes, 
suggesting that IL‑6 secreted by CNTF‑activated astrocytes is 
involved in the neuronal damage process previously described.

Abnormalities in intracellular Ca2+ homeostasis in 
neurons may be associated with epilepsy (31). Ca2+, a second 
messenger in cellular signaling, is predominantly stored in 
the endoplasmic reticulum and mitochondria in neurons 
and is involved in virtually all neurophysiological func‑
tions including the regulation of membrane excitability and 
mitochondrial function, synaptic transmission, intracellular 
and paracellular signaling in neurons, the formation of ROS 
and apoptosis/necrosis (68,69). Mitochondria are responsible 
for maintaining intracellular Ca2+ homeostasis through Ca2+ 
uptake and release (70), and are also the main site of ROS 
production  (71). However, mitochondrial dysfunction can 
lead to oxidative stress triggered by excessive ROS produc‑
tion, leading to neuronal death  (72). Sustained high levels 
of [Ca2+]i have been shown to cause mitochondrial calcium 
overload (73,74) and increased ROS production (75). During 
epileptogenesis, oxidative stress can induce neuronal death 
via pro‑inflammatory and pro‑apoptotic factors released from 
activated glial cells (30,76). Therefore, mitochondria play a key 
role in epilepsy‑induced cellular damage. In addition, ROS can 
cause mitochondrial dysfunction by initiating toxic signaling 
cascades against mitochondria or by damaging mitochondrial 
DNA  (77). In the present study, it was demonstrated that 
CNTF‑ACM significantly elevated the levels of [Ca2+]i and 
ROS, as well as upregulated the mRNA and protein expres‑
sion of Bax, downregulated the mRNA and protein expression 
of Bcl‑2 and decreased neuronal viability. It is suggested that 
neuronal apoptosis and reduced neuronal activity resulting 
from astrocyte‑mediated neuroinflammation may be associ‑
ated with intracellular calcium overload and oxidative stress.

The large conductance calcium‑activated potassium 
channel is a potassium channel whose activity is dependent 
on intracellular calcium ions (78). It is not only involved in 
the maintenance of neuronal resting potential and the onset 
and development of action potentials, but is also coupled to 
intracellular calcium ions (78), regulating the synthesis and 
secretion of a variety of neurotransmitters, such as Glu and 
GABA, that in turn modulate the excitability of neurons (79). 
Numerous studies have confirmed that hyperactivity of large 
conductance calcium‑activated potassium channels (BKCa) 
increases neuronal excitability (80‑82), and it has also been 
demonstrated that epileptic seizures promote BKCa func‑
tion (83), suggesting that activation of BKCa may be the cause 
of epilepsy or the result of epileptic development. In addition, 
loss of function due to mutations in the BKCa gene can cause 
seizures (84). This suggests that the functional abnormalities 
of BKCa are closely related to epileptogenesis and have a 
complex pathologic role. It has been shown that LPS enhances 
the expression and function of BKCa channels in mesen‑
chymal stem cells (MSCs), and the use of blockers of BKCa 
channels significantly reduces the level of IL‑6 secreted by 
LPS‑stimulated MSCs (85). However, IL‑6 at a concentration 
of 10 ng/ml inhibited BKCa channel activity in smooth muscle 
cells (86). At present, little is known about the association 
between neuroinflammation and BKCa activity. The results 
of the present study showed that CNTF‑ACM upregulated 
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neuronal BKCa expression, promoted neuronal glutamate 
release and inhibited neuronal GABA release, while IL‑6a 
partially reversed these changes. The results of the present 
experiment suggest that CNTF‑induced astrocyte‑derived 
IL‑6 upregulates neuronal BKCa expression and increases 
neuronal excitability. Although the association between BKCa 
expression and glutamate release was not investigated in the 
present experiment, a possible inflammatory pathway in the 
development of epilepsy was elucidated.

In summary, CNTF‑induced astrocyte‑mediated neuro‑
inflammation further leads to neuronal intracellular calcium 
overload through the released pro‑inflammatory factor IL‑6. 
Subsequently, the overloaded intracellular calcium ions may 
promote the overproduction of ROS, leading to oxidative 
damage in neurons. They may also promote the expression 
of BKCa and the release of glutamate, leading to excitotoxic 
damage in neurons.

In conclusion, neuroinflammation is a crucial mecha‑
nism in numerous neurological disorders. In the present 
study, the possible mechanisms by which CNTF induces 
astrocyte‑mediated inflammatory responses that are involved 
in neuronal damage through autocrine and paracrine modes 
were explored, and the significance of IL‑6 as a target for 
the treatment of inflammatory evidence‑associated neuro‑
logical diseases was elucidated. It was found that CNTF 
mediates the neuroinflammatory response by inducing 
astrocytes to secrete IL‑6. The role of CNTF in triggering 
neuronal immune signaling was demonstrated and evidence 
that the CNTF‑IL‑6/IL‑6R axis mediated the immune cascade 
across the AST‑Neuron‑glutamate/GABA network was 
shown. These findings revealed an as yet unknown pathway 
in the inflammation of the nervous system, with implications 
for the mechanisms behind epileptic seizures. However, the 
causal relationship between inflammation‑induced intracel‑
lular calcium overload and ROS overproduction, as well as the 
direct relationship between BKCa and the release of glutamate 
need to be further investigated.
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