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Abstract
Astrocytes are critical regulators of the immune/inflammatory response in several human central nervous system (CNS) 
diseases. Emerging evidence suggests that dysfunctional astrocytes are crucial players in seizures. The objective of this study 
was to investigate the role of transient receptor potential vanilloid 4 (TRPV4) in 4-aminopyridine (4-AP)-induced seizures 
and the underlying mechanism. We also provide evidence for the role of Yes-associated protein (YAP) in seizures. 4-AP 
was administered to mice or primary cultured astrocytes. YAP-specific small interfering RNA (siRNA) was administered to 
primary cultured astrocytes. Mouse brain tissue and surgical specimens from epileptic patient brains were examined, and the 
results showed that TRPV4 was upregulated, while astrocytes were activated and polarized to the A1 phenotype. The levels 
of glial fibrillary acidic protein (GFAP), cytokine production, YAP, signal transducer activator of transcription 3 (STAT3), 
intracellular Ca2+([Ca2+]i) and the third component of complement (C3) were increased in 4-AP-induced mice and astro-
cytes. Perturbations in the immune microenvironment in the brain were balanced by TRPV4 inhibition or the manipulation 
of [Ca2+]i in astrocytes. Knocking down YAP with siRNA significantly inhibited 4-AP-induced pathological changes in 
astrocytes. Our study demonstrated that astrocytic TRPV4 activation promoted neuroinflammation through the TRPV4/Ca2+/
YAP/STAT3 signaling pathway in mice with seizures. Astrocyte TRPV4 inhibition attenuated neuroinflammation, reduced 
neuronal injury, and improved neurobehavioral function. Targeting astrocytic TRPV4 activation may provide a promising 
therapeutic approach for managing epilepsy.
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Introduction

Approximately 60% of epileptic disorders have unknown 
etiology [1]. Neuroinflammation promotes the occur-
rence of seizures and neuronal damage after seizures [2], 
which is accompanied by the release of cytokines, includ-
ing interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor-α (TNF-α) [3]. Proinflammatory cytokines 
are primarily released by abnormal glia [4]. Thus, inhibiting 
neuroinflammation is thought to be of great clinical value in 
alleviating neuropathological changes that follow seizures, 
such as neuronal damage.

Transient receptor potential (TRP) channels are a group 
of nonselective cationic ion channels. These channels are 
expressed in a wide range of systems in humans. As a mem-
ber of the TRP family, TRPV4 is activated by a wide range 
of stimuli, including physical factors (cell swelling [5–7], 
heat [7], and mechanical stimuli [8]), endogenous and exog-
enous chemical factors (endocannabinoids [9], arachidonic 
acid and its metabolites [9], 4α-phorbol esters and its deriva-
tives [10]), GSK1016790A [11], low pH (pH < 6) [12], and 
natural compounds isolated from Andrographis paniculata 
[13]. TRPV4 is extensively expressed in the CNS, including 
hippocampal neurons [14], astrocytes [15], microglia [16], 
and oligodendrocytes [17], but it is mainly enriched in astro-
cytes [15]. Recent studies have shown that TRPV4 activation 
enhances inflammatory responses and cell damage. A reduc-
tion in tissue osmolarity activates TRPV4 and subsequently 
enhances the production of the proinflammatory cytokines 
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IL-6 and IL-1β [18]. In fetal epithelial cells, the TRPV4 ago-
nist GSK1016790A increases the release of IL-6 via the p38 
and ERK pathways [19]. TRPV4 activation stimulates neu-
ropeptide secretion from afferent nerves and induces neuro-
genic inflammation [20]. During cerebral ischemia, TRPV4 
activation induces neuronal apoptosis in the hippocampus 
by downregulating the expression of phosphatidylinositol 3 
kinase (PI3K)/protein kinase B (Akt) and NR2B-N-methyl-
d-aspartate glutamate (NMDA) receptors and upregulating 
p38 mitogen-activated protein kinase (MAPK) signaling 
pathways [21, 22]. Pharmacological inhibition of TRPV4 
reduces lipopolysaccharide (LPS)-induced proinflamma-
tory cytokine production [23]. TRPV4 inhibition decreases 
infrasound‑induced IL-1β and TNF-α release in cultured 
glial cells, attenuating neuronal apoptosis [24].

Recent studies have shown that TRPV4 is closely related 
to seizures [25, 26]. In larval zebrafish, the TRPV4 antago-
nist RN-1734 almost completely inhibited hyperthermia-
induced seizures [27]. Intracerebroventricular (Icv.) injec-
tion of the TRPV4 agonist GSK1016790A increased the 
activation of microglia and astrocytes, neuronal death, and 
the release of proinflammatory cytokines. TRPV4 antago-
nists markedly attenuate neuronal death after status epilep-
ticus (SE) [28]. Activation of TRPV4 decreased Kv1.2 and 
Kv2.1 expression and delayed rectifier potassium current 
(IK), which are involved in the pathological changes after 
pilocarpine-induced SE (PISE) [29]. Compared with wild-
type mice, TRPV4-KO mice had significantly lower frequen-
cies of epileptic electroencephalographs (EEGs) [25]. These 
results indicate that TRPV4 is involved in seizure pathogen-
esis, but the mechanisms underlying seizures are complex 
and unclear. More studies are needed to explore the mecha-
nism of TRPV4 in seizures.

The Hippo pathway was first discovered in Drosophila 
[30] and is highly conserved from Drosophila to mammals 
[31]. This pathway is a master regulator of tissue homeo-
stasis, organ development, and tumor progression [31, 32]. 
YAP is the crucial transcriptional coactivator of the Hippo 
signaling pathway. Activation of this pathway enhances 
the phosphorylation of YAP and its subsequent proteaso-
mal degradation or cytoplasmic retention, while inhibiting 
this pathway increases the dephosphorylation of YAP and 
its nuclear translocation, where YAP interacts with TEAD 
family proteins to initiate gene expression, inhibiting prolif-
eration and inducing apoptotic effects under different patho-
physiological conditions [33, 34]. YAP controls organ size 
in mammals by regulating cell differentiation, proliferation, 
and apoptosis [35–37]. Previous studies on YAP have mainly 
focused on its role in the immune response and tumorigene-
sis [38–40]. However, the function of YAP in the CNS is still 
poorly understood. In the CNS, YAP is selectively expressed 
by astrocytes and neural stem cells [41]. A previous study 
showed that YAP upregulation and activation promote the 

formation of glial scars after spinal cord injury (SCI) [42]. 
TRPV4 knockdown increased YAP nuclear translocation via 
the rho kinase pathway. YAP nuclear translocation regulates 
astroglial-mesenchymal transition induced by hemoglobin 
and increases astrocyte activation [43]. Another study 
showed that TRPV4 promoted matrix stiffness and TGFβ1-
induced YAP expression and nuclear translocation [44]. 
These findings strongly suggest the presence of a signaling 
pathway involving TRPV4 and YAP.

In the present study, we investigated the role of TRPV4 
in 4-AP-induced mice and primary cultured astrocytes and 
examined the upregulation of TRPV4 expression in epilep-
tic patient brain slices. The results showed that trpv4 was a 
seizure-associated gene that was upregulated in 4-AP-induced 
mice. However, whether TRPV4 is involved in inflammatory 
responses and neuronal damage in 4-AP-induced mice is still 
unclear. This study focused on astrocytic TRPV4 to investi-
gate the mechanism, including the signaling pathway involved 
in the TRPV4-induced inflammatory response and neuronal 
damage, in 4-AP-induced mice.

Materials and Methods

Bioinformatics Analysis

Gene Expression Omnibus (GEO, https://​www.​ncbi.​nlm.​nih.​
gov) datasets were used to examine specifically dysregulated 
genes in seizures. Differentially expressed genes (DEGs) in 
the epilepsy and control groups were screened with the con-
ditions P < 0.05 and |log2 FC|≥ 1.5. Gene Ontology (GO) 
enrichment analysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis were performed based 
on the target genes using the Database for Annotation, Visu-
alization and Integration Discovery (DAVID, https://​david.​
ncifc​rf.​gov).

Animals

Eight-week-old male C57BL/6 wild-type mice (weighing 
20 ± 2 g) were approved by the Hubei Province Center for 
Animal Experiments for use in this study. All animal care 
and experiments were performed according to the Institu-
tional Animal Care and Use Committee of Wuhan Univer-
sity Medical School and the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (NIH 
Publications No. 8023, revised 1978). Mice were grouped 
randomly and maintained with a 12-h light–dark cycle at 
25 ± 1 °C with a relative humidity of 60∼80%; food and 
water were available ad libitum in the animal biosafety level 
III laboratory (ABSL-III) of Wuhan University. The exact 
number and groups of mice used in each experiment are 
described in the relevant results sections.
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Human Tissue Specimens and Blood Samples

All procedures involving humans were performed accord-
ing to the Helsinki Declaration of 1975, as revised in 2000 
(World Medical Association Declaration of Helsinki 2000), 
and were approved by the Medical Ethics Committee of 
Zhongnan Hospital of Wuhan University. After informed 
consent was obtained, human brain specimens were col-
lected from patients with epilepsy (n = 7) (1 female, 6 male) 
(25–58 years) who had undergone surgery at the Department 
of Neurosurgery of Zhongnan Hospital (Wuhan University, 
Wuhan, China). After identifying the epileptogenic zone, all 
patients underwent surgery according to electroclinical data 
and MRI evaluations. Zhongnan Hospital provided us with 
control samples (n = 9) (2 female, 7 male) (26–57 years) 
obtained from autopsies performed within 24 h of death on 
individuals who died of diverse causes but had no history 
of seizures or neurological diseases. Serum samples from 
epilepsy patients (n = 10, including the 7 epilepsy patients 
mentioned above) (3 female, 7 male) (25–66 years) were 
provided by the Department of Neurosurgery of Zhongnan 
Hospital. Ten patients were focal drug-resistant epilepsy 
patients. The control group consisted of healthy volun-
teers (n = 5) (5 male) (27–59 years) who did not have any 
neurological deficits or CNS disease antecedents and were 
enrolled at Zhongnan Hospital (Wuhan University, Wuhan, 
China).

4‑AP‑Induced Seizures in Mice and EEG Recordings

The 4-AP model was established as described previously 
[45]. Freely moving mice were anesthetized by isoflurane 
inhalation (RWD, Shenzhen, Guangdong, China). Then, the 
mice were placed in a stereotaxic instrument (RWD, Shen-
zhen, Guangdong, China), and two twisted silver steel elec-
trodes were implanted into the bilateral hippocampal CA3 
region (2.3 mm posterior to bregma, 2.1 mm lateral lobe, 
2.0 mm deep from the pial surface). One week later, the 
TRPV4 antagonist HC-067047 (10 μM/mouse) or agonist 
GSK1016790A (1 μM/mouse) was injected into the lateral 
cerebral ventricle (0.3 mm posterior to bregma, 1.0 mm lat-
eral lobe, and 2.5 mm deep from the pial surface). Twenty-
four hours later, the seizure model was induced by intraperi-
toneal (i.p.) injection of 4-AP (5.6 mg/kg), and typical brain 
discharge was recorded by EEG for 2 h after 4-AP admin-
istration. Ten mice were examined in each group. The EEG 
signals were digitized with Lab Chart software (AD Instru-
ments, Bella Vista, New South Wales, Australia). Seizure 
severity was evaluated according to the Racine scale and was 
classified into five levels: I, facial twitch; II, head nodding; 
III, unilateral forelimb clonus; IV, bilateral forelimb clonus; 
and V, tonic–clonic seizure, rearing, and failing. The brains 
were collected from the mice 24 h after 4-AP injection.

Primary Mouse Cortical Astrocyte Culture

Primary mouse cortical astrocytes were prepared as previ-
ously reported [46]. Briefly, trypsin enzymatic digestion and 
trituration were performed, and cortical cells were resus-
pended in complete medium (1 × Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (HyClone, Logan, Utah, USA), 10% 
fetal bovine serum (FBS) (GIBCO, Carlsbad, CA, USA), 1% 
l-glutamine (Biosharp, Hefei, Anhui, China), and 1% penicil-
lin/streptomycin (Beyotime, Shanghai, China)) and seeded on 
poly-d-lysine-coated Petri dishes. Then, the cells were cul-
tured in an incubator (37 °C, 5% CO2), and the medium was 
changed every 3 days to ensure adequate nutrition.

Western Blot Analysis

Proteins were extracted by homogenization in RIPA lysis 
buffer (Beyotime, Shanghai, China) with phenylmeth-
anesulfonyl fluoride (PMSF; Biosharp, China) and phos-
phatase inhibitors (Roche, Switzerland). A BCA protein  
assay (BCA, Beyotime, Shanghai, China) was used to quan-
tify the protein concentrations of the supernatants. After 
that, equal amounts of protein samples were separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) and transferred to a polyvinylidene fluoride 
membrane (PVDF; Millipore, UK). The PVDF membranes 
were then blocked with 5% BSA and incubated with pri-
mary antibodies overnight at 4 °C. Detailed information of 
the primary and secondary antibodies is listed in Table 1. 
After being incubated, the membranes were washed with 
Tris-buffered saline containing 0.2% Tween-20 (TBST) 
and subsequently incubated with a corresponding HRP-
conjugated secondary antibody. Then, the membranes were 
washed with TBST. Finally, the immunoreactive bands were 
detected by an enhanced chemiluminescence (ECL, Santa 
Cruz, Dallas, Texas, USA) detection reagent. Band intensity 
was quantified by spot densitometric analysis using ImageJ 
software (version 1.41), and the results were normalized to 
β-actin levels and are reported as the relative intensity of 
the control.

Quantitative Real‑Time PCR

Total RNA was extracted from isolated mouse brain tissue 
or primary cultured astrocytes using TRIzol reagent (Invit-
rogen Life Technologies Corporation, USA). RNA concen-
tration and quality were quantified by a spectrophotometer 
(ND-100; Thermo Fisher Scientific, Waltham, MA, USA). 
First-strand complementary DNA (cDNA) was synthe-
sized by reverse RNA transcription using a Revert Aid First 
Strand cDNA Synthesis Kit (Thermo Scientific, Rockford, 
IL, USA). Quantitative real-time PCR (qRT–PCR) was 
performed with a SYBR Green Real-Time PCR (RT–PCR) 
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master mix kit (Vazyme, Nanjing, Jiangsu, China) accord-
ing to the manufacturer’s instructions. The primers used are 
listed in Table 2. The expression of target genes is presented 
as the fold change normalized to the mRNA level of the 
internal control β-actin. The 2−ΔΔCt relative quantification 
method was used to analyze the expression of target genes.

Immunofluorescence Analysis

Cellular immunofluorescence was used to illustrate the 
experimental procedure. Primary cultured astrocytes 
were washed and fixed with 4% paraformaldehyde (PFA, 
Biosharp) at room temperature for 30 min. After being 

washed, the cells were permeabilized with filtered PBS con-
taining 0.05% Triton-X 100 (Sigma-Aldrich) for 20 min. The 
primary cultured astrocytes were incubated with a blocking 
solution (5% FBS) and then incubated overnight at 4 °C in 
3% BSA (Sigma-Aldrich, St. Louis, MO, USA) contain-
ing primary antibodies. On the second day, the cells were 
washed and incubated with a corresponding secondary anti-
body for 2 h at 37 °C. Detailed information on the primary 
and secondary antibodies is listed in Table 1. Then, DAPI 
(300 nM, Sigma-Aldrich) (3 min at 37 °C in the dark) was 
used to label the nuclei. Finally, immunofluorescence images 
were obtained using a confocal laser scanning microscope 
(Leica-LCS-SP8-STED, Leica, Wetzlar, Hesse, Germany).

Table 1   Antibodies for Western 
blot and Immunofluorescence

The antibody dilution used for immunofluorescence is enclosed in brackets

Antibody Host Company Cat. No Dilution Duration

TRPV4 Rabbit Abcam ab39260 1:1000 (1:200) Overnight 4 °C
GFAP Mouse Cell signaling #3670 1:1000 (1:100) Overnight 4 °C
YAP Mouse Protein tech 66,900–1-Ig 1:1000 (1:400) Overnight 4 °C
p-YAP(Ser127) Rabbit Cell signaling #13,008 1:1000 Overnight 4 °C
STAT3 Rabbit Proteintech 10,253–2-AP 1:1000 (1:200) Overnight 4 °C
p-STAT3(Tyr705) Rabbit Cell signaling #9145 1:2000 Overnight 4 °C
SOCS3 Rabbit Proteintech 14,025–1-AP 1:1000 (1:200) Overnight 4 °C
IL-6 Rabbit Bioss bs-0782R 1:1000 Overnight 4 °C
TNF-α Rabbit Abclonal A11534 1:1000 Overnight 4 °C
IL-1β Rabbit Abcam ab9722 1:1000 Overnight 4 °C
β-Actin Mouse Proteintech HRP-60008 1:10,000 Overnight 4 °C
Anti-mouse IgG-HRP Goat PMK Biotech PMK-014-091 M 1:20,000 2 h RT
Anti-rabbit IgG-HRP Goat PMK Biotech PMK-014–090 1:20,000 2 h RT
594 goat anti-mouse IgG
594 goat anti-rabbit IgG
488 goat anti-mouse IgG
488 goat anti-rabbit IgG

Goat
Goat
Goat
Goat

Abbkine
Abbkine
Abbkine
Abbkine

A23410-1
A23420
A23210
A23220

1:500
1:500
1:500
1:500

2 h RT
2 h RT
2 h RT
2 h RT

Table 2   q-PCR primer 
sequences applied

Primer Forward primer 5–3′ Reverse primer 5–3

Trpv4 TCA​ACT​CGC​CCT​TCA​GAG​ACA​ AAG​TAG​CCT​CCC​TCA​TCC​TTGG​
Gfap TAA​AGA​CTG​TGG​AGA​TGC​GGG​ CAG​AAG​GAA​GGG​AAG​TGC​TGG​
Socs3 CAA​GGC​CGG​AGA​TTT​CGC​TTC​ TCA​CGG​CGC​TCC​AGT​AGA​ATC​
Yap AGA​CAA​CAA​CAT​GGC​AGG​ACC​ GGA​TGT​GGT​CTT​GTT​CTT​ATG​GCT​
Il-6 TAG​TCC​TTC​CTA​CCC​CAA​TTTCC​ TTG​GTC​CTT​AGC​CAC​TAC​TTC​
Tnf GAG​GCA​CTC​CCC​CAA​AAG​AT GGC​CAT​TTG​GGA​ACT​TCT​CATC​
Il-1β TGC​CAC​CTT​TTG​ACA​GTG​ATG​ ATG​TGC​TGC​TGC​GAG​ATT​TG
inos GGG​TCA​CAA​CTT​TAC​AGG​GAGT​ CTC​CGT​TCT​CTT​GCA​GTT​GAC​
β-actin CAC​GAT​GGA​GGG​GCC​GGA​CTC​ATC​ TAA​AGA​CCT​CTA​TGC​CAA​CAC​AGT​
Cd109 GAC​CCG​GAG​CAA​ATG​TGA​CTA​ AGG​TAG​TGC​CGG​AAG​AAC​GAG​
S100a10 CAT​GAT​GCT​TAC​GTT​TCA​CAG​GTT​ TGG​TCC​AGG​TCC​TTC​ATT​ATT​TTG​
Emp1 GTG​CTA​CTG​GCT​GGT​CTC​TTT​ ACC​ACA​AGG​GAG​ATG​ATG​GAG​
Amigo2 ATC​CCG​GTG​TCG​TTT​GTC​AAG​ AGC​TCT​TGG​AAT​GTG​GCA​CTC​
C3 GCA​GAG​TTT​GAG​GTG​AAG​GAA​ GTA​ATA​AAA​TGT​CTC​TGT​GGG​CTC​
Gbp2 CTG​ACC​CTG​AAA​AAA​GGA​GCTGA​ CGT​GGC​CCA​TTG​ACT​ATG​ATGC​
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Nissl Staining

Nissl staining was used to assess neuronal damage and loss. 
After fixation, paraffin embedding, and sectioning (4 μm), 
the brain tissue was deparaffinized, hydrated, and stained 
with toluidine blue solution (Boster Biotech, China).

Immunohistochemistry

Fixed mouse brains were paraffin-embedded and sliced into 
4-μm sections. After antigen retrieval was performed, the 
sections were blocked with 10% normal goat serum and then 
stained overnight with GFAP (1:100, Cell Signaling Tech-
nology, #3670) or YAP (1:100, Protein tech, 66,900–1-Ig) 
antibodies. On the second day, the sections were incubated 
with a horseradish peroxidase (HRP)–conjugated anti-
mouse antibody (1:500, Abbkine, China) and developed 
using DAB peroxidase substrate (Beyotime Biotechnology, 
China). Finally, an Olympus AH-2 light microscope (× 200; 
Olympus) was used to photograph the sections, and ImageJ 
software was used to count the number of visualized cells.

Transfection

YAP-siRNA was designed and synthesized by GenePharma 
Company (Shanghai, China). The siRNA was transfected 
according to the protocol provided by the manufacturer 
(Polyplus, Strasbourg, France). Briefly, primary astrocytes 
were cultured, the transfection mixture was prepared, and 
the cells were transfected. Primary astrocytes were seeded 
on a 6-well plate in DMEM/F12 containing 10% FBS and 
incubated in 95% O2 and 5% CO2 at 37 °C. Astrocytes were 
transfected when they reached 60–80% confluence. The 
siRNA was diluted in jetPRIME buffer, vortexed for 10 s, 
and centrifuged. Next, jetPRIME reagent was added, and the 
mixture was vortexed for 10 s, centrifuged, and incubated 
for 10 min at room temperature. The siRNA transfection 
mixture was then added to the plate, and astrocytes were 
harvested 24 h after transfection.

Fluorescent Calcium Imaging

[Ca2+]i were measured by Fluo-4 AM (Beyotime, Shanghai, 
China). Primary cultured astrocytes were seeded in confocal 
dishes, stimulated with 4-AP (5 mM) for 24 h, and then incu-
bated with Fluo-4 AM at 37 °C for 30 min in the dark. Then, 
the astrocytes were washed with HBSS (HyClone, Logan, 
Utah, USA) 3 times and incubated for 40 min in HBSS at 
37 °C. Images were obtained by fluorescence microscopy 
(Leica). The ΔF/F0 ratio was calculated as (F–F0)/F0. F0 is 
the mean value of F before GSK1016790A (200 nM) treat-
ment (baseline), and ΔF was the difference between the F 

value at each time point of the experiment and the corre-
sponding F0.

Enzyme‑Linked Immunosorbent Assay

The protein concentrations of GFAP and C3 in the serum of 
normal and epileptic patients were quantified using ELISA 
(Newqidi Biological Technology, Wuhan, China) kits 
according to the manufacturer’s instructions.

Statistical Analysis

All data are presented as the mean ± standard error of the 
mean (SEM). GraphPad Prism v7.00 (GraphPad, La Jolla, 
CA, USA) was used to analyze the data and construct the 
graphs. Student’s t test and one-way analysis of variance 
(ANOVA) were performed to determine the significant dif-
ferences between groups. For multiple groups, one-way 
ANOVA was used for statistical analysis. Fisher’s exact test 
was performed to compare the mortality of mice in the dif-
ferent groups. For in vivo experiments, the n values refer to 
the number of individual animals in each group. For in vitro 
studies, the n values indicate the number of times the experi-
ment was independently replicated in cultures derived from 
different mice, as indicated in the figure legends. P < 0.05 
indicated that the difference was statistically significant.

Results

Trpv4 Is a Seizure‑Associated Gene

The gene chips GSE88992, GSE40490, and GSE44903 
were selected from GEO datasets, and DEGs in the epilep-
tic and control groups were screened by GEO tool online 
analysis with the screening criteria P < 0.05 and |log2 
FC|≥ 1.5. Figure 1a–c shows the volcano plots of the DEGs 
in epileptic patients and healthy individuals in these 3 gene 
chips. Compared with those in the control group, 6895, 
3778, and 962 DEGs were screened from the GSE88992, 
GSE40490, and GSE44903 datasets, respectively (Fig. 1d). 
A total of 31 DEGs were screened from the 3 gene chips 
(Fig. 1e). KEGG pathway analysis (Fig. 1f) and GO enrich-
ment analysis (Fig. 1g) were performed on these 31 genes 
using DAVID. KEGG pathway analysis showed enrichment 
in 18 signaling pathways, including inflammatory mediator 
regulation of TRP channels (Fig. 1f). GO analysis showed 
significant enrichment in 11 processes, including the regula-
tion of calcium ion import, which had the most significant 
difference (Fig. 1g), indicating that Ca2+ may play a vital 
role in seizures. We investigated intracellular and extracel-
lular Ca2+ in subsequent experiments.
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Since most TRP channels are involved in [Ca2+]i regula-
tion, we examined whether TRP family members were dif-
ferentially expressed in animals with seizures. There are 28 
members in the TRP family in mammals (Fig. 1h). Venn dia-
gram analysis of the TRP family members and the 31 DEGs 
showed that only Trpv4 was common to the two groups 
(Fig. 1i). To explore the underlying relationships between 
DEGs, the Cytoscape, DAVID, and STRING platforms were 
used to analyze the protein–protein interaction network (PPI 
network) of the 31 DEGs. Furthermore, we found that 18 
seizure susceptibility genes including Trpv4 constituted the 
PPI network (Fig. 1j). Therefore, we selected Trpv4 as the 
target gene and analyzed its expression in the GSE88992, 
GSE40490, and GSE44903 gene chips (Fig. 1k). The data 
showed that Trpv4 was a seizure-associated gene, and its 
expression was modified in seizures.

TRPV4 Inhibition Reduces 4‑AP‑Induced Seizure 
Susceptibility in Mice

We then verified the role of TRPV4 in the 4-AP seizure 
model and the underlying mechanisms. A TRPV4 ago-
nist (GSK1016790A, 1 μM) and antagonist (HC-067047, 
10 μM) were injected into the lateral cerebral ventricle (from 
bregma: −0.3 mm posterior, + 1.0 mm lateral, −2.5 mm ven-
tral) in mice using a stereotaxic instrument. A mouse seizure 
model was established by intraperitoneal injection of 4-AP 
(5.6 mg/kg).

Spontaneous EEG recordings and neurobehavioral 
observations were performed to evaluate the model’s suc-
cess and assess seizure severity (Fig. 2a–e, n = 10). The 
behavior of the mice was observed and recorded for 2 h 
after 4-AP injection. 4-AP-induced mice showed intermit-
tent but not continuous seizures within 120 min, and the 
seizure grade of the mice was restored to level 2 before 
the cessation of the last seizure. During the seizures, the 
mice gradually recovered from grades 4–5 to grades 2–3 
and eventually returned to baseline levels. The EEG record-
ings showed that compared with control mice, mice in the 
4-AP and 4-AP + GSK1016790A groups had higher sei-
zure severity (Fig. 2b), shorter seizure latency (Fig. 2c), 
and longer seizure duration (Fig.  2d). Mortality in the 
4-AP + GSK1016790A group was higher than that in the 

4-AP and 4-AP + HC-067047 groups (Fig.  2e), but the 
difference was not significant. These results suggested 
that TRPV4 inhibition decreased 4-AP-induced seizure 
susceptibility.

Then, we performed Nissl staining to investigate the effect 
of TRPV4 on neuropathic changes after seizures (Fig. 2f–i, 
n = 6). Compared with those in the sham group, many neu-
rons in the DG, hilar, and CA3 regions of the hippocampus 
exhibited darker Nissl staining, cytoplasmic shrinkage, and 
triangulated pyknotic nuclei in the 4-AP, GSK1016790A, 
and 4-AP + GSK1016790A groups. In contrast, most of 
the neurons in the 4-AP + HC-067047 group were evenly 
stained light blue and had regularly shaped cell bodies. This 
result indicated that the TRPV4 antagonist HC-067047 dra-
matically attenuated 4-AP-induced hippocampal neuronal 
damage.

Overall, TRPV4 inhibition reduced seizure susceptibil-
ity and neuronal damage in 4-AP-induced mice. Next, we 
investigated the underlying molecular mechanism.

Astrocyte Activation and Proinflammatory 
Cytokine Production in 4‑AP‑Induced Mice Is 
TRPV4‑Dependent

Our bioinformatics results suggested that inflammatory 
mediator regulation by TRP channels was involved in sei-
zures (Fig. 1f), and TRPV4 was upregulated in the three 
gene chips (Fig. 1k). We next examined the expression of 
TRPV4 in 4-AP-induced mice and explored inflammatory 
changes in the brain microenvironment and the subcellular 
localization of TRPV4. To verify the role of TRPV4 in the 
occurrence and development of seizures and whether astro-
cytes were altered in 4-AP-induced mice, we first examined 
astrocyte activation and TRPV4 expression in the hippocam-
pus of 4-AP-induced mice (in vivo). Then, we examined 
TRPV4 expression and astrocyte activation in 4-AP (5 mM)-
induced primary cultured astrocytes (in vitro).

The expression of TRPV4 was upregulated at 6, 12, 
and 24 h after 4-AP injection, as demonstrated by immu-
nofluorescence analysis (Figs. 3a and 4a, n = 3), West-
ern blotting (Figs.  3b, d and 4b, d, n = 3), and qPCR 
(Figs. 3c and 4c, n = 3) in vivo and in vitro. However, 
there was no difference in TRPV4 expression in 4-AP-
induced primary cultured hippocampal neurons and BV2 
microglia (Additional File 1). The expression of GFAP 
was gradually increased at 12 and 24 h, as demonstrated 
by immunofluorescence analysis (Figs. 3a and 4a, n = 3), 
q-PCR (Figs.  3e and 4e, n = 3), and Western blotting 
(Figs. 3b, f and 4b, f, n = 3) in vivo and in vitro. The 
inflammatory status of 4-AP-induced mice worsened at 
12 and 24 h because the mRNA levels of the proinflam-
matory factors IL-6, TNF, IL-1β, and iNOS (Fig. 3g–j) 
were upregulated at these time points (n = 3). In addition, 

Fig. 1   TRPV4 is a seizure-associated gene. (a–c) Volcano plots of the 
3 gene chips: GSE88992, GSE40490, and GSE44903. (d) Upregu-
lated and downregulated genes in the 3 gene chips. (e) Venn diagrams 
of the overlapping DEGs. (f–g) Images of KEGG pathway enrich-
ment analysis (f) and biological processes determined by GO analy-
sis (g) in the overlapping DEGs. (h–i) Members of the TRP family 
(h) and the Venn diagram showing the TRP family and 31 DEGs (i). 
(j) The protein–protein interaction network (PPI network) of 31 com-
mon DEGs. (k) Expression of Trpv4 in GSE88992, GSE40490, and 
GSE44903

◂
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4-AP significantly increased IL-6, TNF, IL-1β, and iNOS 
mRNA levels (Fig. 4g–j) at 6, 12, and 24 h in primary 
cultured astrocytes (n = 3).

Taken together, these results suggested that 4-AP signif-
icantly increased TRPV4 expression, astrocyte activation, 

and proinflammatory cytokine production in vivo and 
in vitro. Since the expression levels of GFAP and TRPV4 
gradually increased during the experimental period (3, 6, 
12, and 24 h) after 4-AP treatment, we chose 24 h for sub-
sequent experiments.

Fig. 2   TRPV4 inhibition decreased 4-AP-induced spontaneous EEG 
seizures and neuronal damage in mice. a The behavior of mice was 
recorded for 2 h after 4-AP injection. Representative traces of EEG 
recordings and the corresponding enlarged part in control, 4-AP, 
4-AP + HC-067047, and 4-AP + GSK1016790A mice at the middle 
of the 2 h window (n = 10). b–e Seizure severity (b), seizure latency 
(c), seizure duration (d), and mortality (e) of mice after 4-AP treat-

ment in the presence or absence of a TRPV4 agonist and antagonist 
(n = 10). f HC-067047 markedly attenuated 4-AP-induced hippocam-
pal neuronal damage (n = 6). g–i Nissl staining in the hippocampal 
DG, hilar, and CA3 regions in the 6 groups of mice. The brains were 
collected 24  h after 4-AP injection. The data are presented as the 
means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s test after 
one-way analysis of variance (ANOVA)
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Signaling Pathway Involved in 4‑AP‑Induced 
Astrocyte Activation and Proinflammatory Cytokine 
Release

The abundant expression of TRPV4 in 4-AP-induced astro-
cytes and the brain tissue of 4-AP-induced mice suggested 
that TRPV4 may play a significant role in astrocyte activa-
tion. To verify whether cerebral cortical astrocytes were 
activated, mouse cerebral cortex astrocytes were isolated 
and cultured. Primary cultured astrocytes were exposed 
to 4-AP for 24 h. The TRPV4 agonist GSK1016790A 
(200 nM) and TRPV4 antagonist HC-067047 (10 μM) 
were used.

In astrocytes treated with 4-AP and TRPV4 agonist 
GSK1016790A, individually or in combination, the expres-
sion of the astrocyte activation marker GFAP was upregu-
lated. The expression of SOCS3, a negative regulator of 
the STAT3 inflammatory pathway, was downregulated. 
Moreover, the TRPV4 antagonist HC-067047 suppressed 
4-AP- and GSK1016790A-induced astrocyte activation and 
SOCS3 downregulation (Fig. 5a–b, e–f, n = 3). Additionally, 
the mRNA and protein expression levels of the proinflam-
matory cytokines IL-6 (Fig. 5b, g–h), TNF-α (Fig. 5i), IL-1β 
(Fig. 5j), and iNOS (Fig. 5k) were increased (n = 3). Fur-
thermore, the STAT3 signaling pathway, which is a classic 
inflammatory pathway associated with astrocyte activation, 

Fig. 3   TRPV4 and GFAP expression levels and proinflammatory 
cytokine production were upregulated. a Confocal images demon-
strate TRPV4 and GFAP expression in the hippocampus (n = 3). 
b–d The protein (b, d) and mRNA levels (c) of TRPV4 at 3, 6, 12, 
and 24 h after intraperitoneal injection of 4-AP (5.6 mg/kg) in mice 
(n = 3). b, e, f The protein (b, f) and mRNA levels (e) of GFAP at 

3, 6, 12  h, and 24  h in 4-AP-induced mice (n = 3). g–j The mRNA 
expression levels of IL-6 (g), TNF-α (h), IL-1β (i), and iNOS (j) at 3, 
6, 12, and 24 h in 4-AP-induced mice (n = 3). The data are presented 
as the means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s 
test after ANOVA
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was elevated in 4-AP- and GSK1016790A-treated astrocytes 
(Fig. 6a, e) (n = 3). However, inhibiting TRPV4 expression 
reversed the 4-AP- and GSK1016790A-induced phospho-
rylation of STAT3 (p-STAT3), astrocyte activation, and pro-
inflammatory cytokine production.

To understand the role of YAP in 4-AP-induced astro-
cytes, we further examined its expression and phosphoryla-
tion. YAP expression was significantly increased (Fig. 6a–c), 
whereas the phosphorylation of YAP (p-YAP) (normalized 
to total YAP) was reduced (Fig. 6d) after 4-AP administra-
tion (n = 3). We then examined whether TRPV4 promoted 

the activation of YAP by enhancing YAP nuclear localiza-
tion. Immunofluorescence staining demonstrated that 4-AP 
and GSK1016790A mediated the translocation of YAP from 
the cytoplasm to the nucleus, and this effect was reversed by 
HC-067047 (Fig. 6f, n = 3).

To further explore the role of YAP, YAP-specific siRNA 
was administered to astrocytes. YAP-specific siRNA 
effectively reduced the expression of YAP (Fig. 7a–b) in 
astrocytes (n = 3). YAP-specific siRNA abolished 4-AP-
induced GFAP upregulation (Fig. 7c, d, f, and g, n = 3), 
suggesting that YAP played a vital role in 4-AP-induced 

Fig. 4   The expression of TRPV4, GFAP, and proinflammatory 
cytokines in 4-AP-induced primary cultured astrocytes. a Representa-
tive confocal imaging showing TRPV4 and GFAP expression at 3, 6, 
12, and 24 h after 4-AP (5 mM) administration in primary cultured 
astrocytes (n = 3). b–d The protein (b, d) and mRNA levels (c) of 
TRPV4 at 3, 6, 12, and 24 h after 4-AP administration in primary cul-
tured astrocytes (n = 3). b, e, f The protein (b, f) and mRNA levels (e) 

of GFAP at 3, 6, 12, and 24 h after 4-AP administration in primary 
cultured astrocytes (n = 3). g–j The mRNA levels of IL-6 (g), TNF-α 
(h), IL-1β (i), and iNOS (j) at 3, 6, 12, and 24 h after 4-AP adminis-
tration in primary cultured astrocytes (n = 3). The data are presented 
as the means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s 
test after ANOVA
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astrocyte activation. In addition, 4-AP downregulated the 
protein and mRNA levels of SOCS3, and this effect could 
be reversed by YAP siRNA (Fig. 7d, h–i, n = 3). Moreover, 
YAP siRNA inhibited the 4-AP-induced upregulation of 
p-STAT3 protein expression (Fig. 7d, j, n = 3). Further-
more, the upregulated mRNA and protein levels of the 
proinflammatory cytokines IL-6 (Fig. 7e, k–l), TNF-α 
(Fig. 7e, m–n), IL-1β (Fig. 7e, o–p), and iNOS (Fig. 7q) 

were attenuated by YAP siRNA (n = 3), indicating that 
knocking down YAP could reduce 4-AP-induced activa-
tion of inflammation-related signaling pathways and pro-
inflammatory cytokine production in astrocytes and sub-
sequently improve the inflammatory state of astrocytes. 
These results demonstrate that YAP is essential for 4-AP-
induced astrocyte activation and proinflammatory cytokine 
production, while YAP knockdown inhibits this process.

Fig. 5   TRPV4 promoted astrocyte activation, the production, and the 
release of proinflammatory cytokines in 4-AP-induced astrocytes. a 
Representative confocal imaging showing GFAP (green) and SOCS3 
(red) expression in primary cultured astrocytes after treatment for 
24 h with 4-AP, the TRPV4 antagonist HC-067047 (10 μM), or the 
TRPV4 agonist GSK1016790A (200  nM) (n = 3). b Representa-
tive immunoblots showing the protein expression of GFAP, SOCS3, 
and IL-6 in primary cultured astrocytes after the different treatments 

(n = 3). c–d Quantitative analysis of the mRNA (c) and protein (d) 
levels of GFAP (n = 3). e–f Quantitative analysis of the mRNA (e) 
and protein (f) levels of SOCS3 (n = 3). g, h Quantitative analysis of 
the mRNA (g) and protein (h) levels of IL-6 (n = 3). i–k The mRNA 
levels of TNF-α (i), IL-1β (j), and iNOS (k) (n = 3). The data are pre-
sented as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s 
test after ANOVA

M. Zeng et al.670

1 3



Fig. 6   TRPV4 promoted astrocyte activation and proinflammatory 
cytokine production via YAP/STAT3 signaling pathway activation. 
a Representative immunoblots showing the inflammatory signal-
ing pathways in primary cultured astrocytes after the different treat-
ments (n = 3). b, c Quantitative analysis of the protein (b) and mRNA 
(c) levels of YAP (n = 3). d, e Quantitative analysis of the absolute 

p-YAP level (normalized to total YAP) (d) and p-STAT3 level (nor-
malized to total STAT3) (e) (n = 3). f Representative confocal images 
showing that 4-AP or the TRPV4 agonist GSK1016790A increased 
YAP nuclear localization. The TRPV4 antagonist reversed this 
effect (n = 3). The data are presented as means ± SEM, *P < 0.05, 
**P < 0.01, ***P < 0.001, Tukey’s test after ANOVA
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Fig. 7   Activation of YAP signaling promoted 4-AP-induced astrocyte 
activation and proinflammatory cytokine production. a, b YAP pro-
tein expression was examined in the NC, si-YAP, and MOCK groups. 
(NC: negative control, transfected with scrambled siRNA; MOCK: 
mock transfection). YAP expression was significantly knocked down 
by the specific siRNA compared with that in the NC and MOCK 
groups (n = 3). c Double immunostaining of SOCS3 (red) and GFAP 
(green) in astrocytes after transfection with YAP-specific siRNA 
(n = 3). d Western blot showing that knocking down YAP reversed 
the upregulation of GFAP and p-STAT3 and the downregulation of 

SOCS3 induced by 4-AP in astrocytes (n = 3). e Western blot show-
ing that knocking down YAP reduced the release of proinflamma-
tory cytokines (IL-6, TNF-α, and IL-1β) from astrocytes after 4-AP 
administration (n = 3). f–j Quantitative analysis of the protein and 
mRNA levels of GFAP (f, g), SOCS3 (h, i), and p-STAT3 (nor-
malized to total STAT3) (j) (n = 3). k, l Quantitative analysis of the 
mRNA and protein levels of IL-6 (k, l), TNF-α (m, n), and IL-1β (o, 
p) (n = 3). q Quantitative analysis of the mRNA level of iNOS (n = 3). 
The data are presented as means ± SEM, *P < 0.05, **P < 0.01, 
***P < 0.001, Tukey’s test after ANOVA
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Calcium Manipulation Modifies the YAP/STAT3 
Inflammatory Signaling Pathway and Affects 
Astrocyte Activation and Proinflammatory Cytokine 
Production

Since TRPV4 is a nonselective cation channel that is mainly per-
meable to Ca2+, our bioinformatics results suggested that Ca2+ 
may play a vital role in seizures (Fig. 1g). We hypothesized that 

Ca2+ acted downstream of TRPV4 activation. We next studied 
whether the TRPV4 channel was functional in astrocytes. As 
shown in Fig. 8a–c, GSK1016790A (200 nM), a selective agonist 
of TRPV4, increased the [Ca2+]i in astrocytes (n = 10). Compared 
with that in the control group, the increase in [Ca2+]i caused by 
GSK1016790A in the 4-AP group was significantly enhanced. 
These results indicated that the TRPV4 channel was functional 
and that its activation could increase [Ca2+]i in astrocytes.
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Then, we incubated primary cultured astrocytes with 
BAPTA-AM (10 μM) or Ca2+-free medium for 30 min before 
administering 4-AP or the TRPV4 antagonist HC-067047. 
Ca2+ chelation significantly inhibited 4-AP-induced 
GFAP upregulation (Figs. 8d, f–g and 9a, c–d), increased 
p-STAT3 (Figs. 8d, l and 9a, i), and SOCS3 downregula-
tion (Figs. 8d, h–i and 9a, e–f), while the TRPV4 antagonist 
HC-067047 did not further reverse this process in the pres-
ence of BAPTA-AM (10 μM) or Ca2+-free medium (n = 3). 
The 4-AP-induced upregulation of YAP protein expres-
sion (Figs. 8d, j and 9a, g) and downregulation of p-YAP 
(Figs. 8k and 9h) were reversed by BAPTA-AM (10 μM) or 
Ca2+-free medium (n = 3). In addition, Ca2+ chelation could 
also inhibit 4-AP-induced proinflammatory cytokine release 
(Figs. 8e, m–r and 9b, j–n), while the TRPV4 antagonist 
HC-067047 did not further reverse this process in the pres-
ence of BAPTA-AM (10 μM) or Ca2+-free medium (n = 3).

These results indicated that in 4-AP-induced astrocytes, 
TRPV4 activation could lead to astrocyte activation, upregu-
late the YAP/STAT3 inflammatory signaling pathway, and 
increase proinflammatory cytokine production through Ca2+.

Next, the brain tissue of 4-AP-treated mice was exam-
ined to confirm the presence of astrocyte activation 
(Fig. 10a–e); the expression of C3 (the A1-type astrocyte 
marker) (Fig. 10c, f) and proinflammatory cytokines (IL-
6, TNF-α, IL-1β, and iNOS) (Fig. 10h–j) were evaluated, 
and the A2-type astrocyte marker S100A10 (Fig.  10c, 
g) was downregulated in 4-AP-, GSK1016790A-, and 
4-AP + GSK1016790A-treated mice (n = 3). 4-AP and 
GSK1016790A promoted astrocyte conversion to the 
A1 phenotype (Fig.  10f) (neurotoxic) but inhibited the 

A2 (Fig.  10g) (neuroprotective) phenotype. However, 
HC-067047 significantly ameliorated these neuropathic 
changes (n = 3). In addition, the YAP/STAT3 pathway was 
involved in this process (Additional File 2), which was con-
sistent with the previous in vitro results (Fig. 6). In 4-AP-
induecd mice, YAP expression was significantly upregulated 
(Additional File 3a). In addition, the colocalization of YAP 
with astrocytes was also increased (Additional File 3b), 
while YAP colocalization with microglia or neurons was 
not observed, which has been previously verified by others 
[41, 42, 47].

Enhanced Coexpression of TRPV4 and GFAP 
in the Brain Tissues of Epileptic Patients

Finally, we examined the expression of TRPV4 and GFAP 
in normal and surgical specimens from epileptic patients. 
Compared with that in the normal group (n = 9), TRPV4 
expression was significantly upregulated in astrocytes in sur-
gical specimens from epileptic patients (n = 7) (Fig. 11a, b), 
which was consistent with our results in mice. The expres-
sion and colocalization of GFAP and C3 were also increased 
in surgical specimens from epileptic patients (Fig. 11c, d) 
(n = 5), indicating the presence of A1 astrocytes in surgical 
specimens from epileptic patients. We measured GFAP and 
C3 levels by ELISA and found that GFAP was upregulated 
(Fig. 11e), but C3 was not altered (Fig. 11f) in the serum of 
epileptic patients (n = 5).

In conclusion, we found that TRPV4 was upregulated 
in epileptic patients and played an important role in 4-AP-
induced seizures.

Discussion

In this study, we used the 4-AP-induced seizure model to 
explore the role of TRPV4 in seizures. 4-AP is a K+ channel 
blocker that can induce high-frequency seizure discharges 
in animal models and brain slices by increasing the excit-
ability of neurons [48] and the release of neurotransmitters 
[49–52], which makes this agent suitable for investigating 
seizures [53]. Moreover, recent studies have shown that 
4-AP can directly induce astrocyte activation. Grimaldi et al. 
[54] showed that 4-AP could increase [Ca2+]i in astrocytes 
in a concentration-dependent manner. This effect was not 
caused by the blockade of voltage-gated K+ channels. In the 
absence of neurons, 4-AP potently induces Ca2+ signaling in 
cultured astrocytes [54, 55]. However, tetrodotoxin (TTX) 
did not reduce the frequency or amplitude of 4-AP-induced 
Ca2+ oscillations in astrocytes [55]. Based on our previous 
studies using different epilepsy animal models [56–58], we 
chose 4-AP because Shao et al. [45] showed that 4-AP could 
increase astrocyte activation in a concentration-dependent 

Fig. 8   TRPV4 is a functional calcium channel in astrocytes, and 
chelating [Ca2+]i  inhibited 4-AP-induced pathological changes. a 
Representative images of astrocytes loaded with Fluo-4 AM before 
(left) and after (right) acute application of GSK1016790A (200 nM) 
(n = 10). b Traces of astrocytes responding to GSK1016790A 
(n = 10). The ΔF/F0 was calculated as (F–F0)/F0. F0 was the mean 
value of F during pretreatment. c The amplitude of Ca2+ influx in 
astrocytes in the control (black) and 4-AP (red) groups (n = 10). 
The bar chart corresponds to b. d Astrocytes were pretreated with 
BAPTA-AM (10  μM) for 30  min before 4-AP or HC-067047 treat-
ment. Representative immunoblots showing the expression levels 
of inflammation-related signaling factors in primary cultured astro-
cytes (n = 3). e Representative immunoblots showing the expression 
levels of proinflammatory cytokines in primary cultured astrocytes 
(n = 3). f, g Quantitative analysis of the mRNA (f) and protein (g) lev-
els of GFAP. h, i Quantitative analysis of the mRNA (h) and protein 
(i) levels of SOCS3 (n = 3). j–l Quantitative analysis of the protein 
level of YAP (j), the absolute p-YAP level (normalized to total YAP)  
(k), and the p-STAT3 level (normalized to total STAT3) (l) (n = 3). 
m, n Quantitative analysis of the mRNA (m) and protein (n) levels of 
IL-6 (n = 3). o, p Quantitative analysis of the mRNA (o) and protein 
(p) levels of TNF-α (n = 3). q, r Quantitative analysis of the mRNA 
levels of IL-1β (q) and iNOS (r) (n = 3). The data are presented as 
means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s test after 
ANOVA
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manner. Therefore, the direct effect of 4-AP on astrocytes 
in vivo could be simulated by stimulating primary astrocytes 
with 4-AP (in vitro).

Moreover, increase in astrocyte [Ca2+]i induces glu-
tamate release from astrocytes that leads to NMDA 
receptor–mediated increase in neuronal excitation [59]. 
Paroxysmal depolarization shifts (PDSs) are character-
ized by interictal discharges in the EEG and represent 

the cellular correlates of epileptic discharges [60]. 
Tian et al. [55] showed that 4-AP-induced PDSs were 
largely TTX-insensitive. The researchers also showed 
that 4-AP increased sequestered Ca2+ in astrocytes and 
subsequently induced glutamate release. Prolonged epi-
sodes of neuronal depolarization stimulated by astro-
cytic glutamate contribute to epileptiform discharges, 
indicating that astrocyte activation contributes to seizure 

Fig. 9   Ca2+-free medium inhibited 4-AP-induced astrocyte activation 
and proinflammatory cytokine production. a Astrocytes were pre-
treated with Ca2+-free medium for 30 min before the administration 
4-AP or the TRPV4 antagonist HC-067047. Representative immu-
noblots showing the expression levels of inflammation-related sign-
aling factors in primary cultured astrocytes (n = 3). b Immunoblots 
showing the expression levels of IL-6 in primary cultured astrocytes 
(n = 3). c, d Quantitative analysis of the mRNA (c) and protein (d) 
levels of GFAP (n = 3). e, f Quantitative analysis of the mRNA (e) 

and protein (f) levels of SOCS3 (n = 3). g–i Quantitative analysis of 
the protein level of YAP (g), the absolute p-YAP level (normalized to 
total YAP) (h), and the p-STAT3 level (normalized to total STAT3) 
(i) (n = 3). j, k Quantitative analysis of the mRNA (j) and protein (k) 
levels of IL-6 (n = 3). l–n Quantitative analysis of the mRNA levels 
of TNF-α (l), IL-1β (m), and iNOS (n) (n = 3). The data are presented 
as means ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s test 
after ANOVA
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activity. Based on these findings, we chose the 4-AP 
animal model.

In this work, we found that trpv4 was a seizure-associated 
gene through bioinformatics screening (Fig.  1) and then 
validated the upregulation of TRPV4 in 4-AP-induced mice 
(Fig. 3) and epileptic patients (Fig. 11). In the brain, TRPV4 is 
most abundantly expressed in astrocytes, and the activation of 
astrocytic TRPV4 leads to an increase in [Ca2+]i [15, 61]. Our 
results showed that TRPV4 was expressed mainly in astrocytes 
and was significantly increased by 4-AP. Moreover, astrocyte 

activation (Figs. 3, 4, and 11) and proinflammatory cytokine 
release were significantly increased (Figs. 3 and 4).

Numerous studies have shown that TRPV4 is closely 
related to inflammation and seizures. TRPV4 activation 
increased epileptic discharge by enhancing neuronal excit-
ability [25], glutamatergic transmission [62], postsynaptic 
NMDA receptor [63], and α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor activity [62] and 
inhibiting γ-aminobutyric acid (GABA)–activated current 
(IGABA) [64] and IK [29]. TRPV4 activation and upregulation 

Fig. 10   TRPV4 inhibition improved the inflammatory microenvi-
ronment of the brain 24 h after 4-AP injection. (a, b) Immunohisto-
chemical analysis of GFAP in the hippocampal CA3 region of each 
group (n = 4). (c) Western blot analysis of GFAP, S100A10, and C3 
expression in the hippocampus of control and 4-AP-, HC-067047-, 
4-AP + HC-067047-, GSK1016790A-, and 4-AP + GSK1016790A-
treated mice (n = 3). (d, e) Quantitative analysis of GFAP protein (d) 

and mRNA (e) levels in the hippocampus (n = 3). (f, g) qPCR analysis 
of the mRNA levels of A1 (f) and A2 (g) genes in the hippocampus 
of 4-AP-induced mice (n = 3). (h, i) Western blot and quantification 
showing the protein expression of IL-6 (n = 3). (j) Relative mRNA 
levels of IL-6, TNF-α, IL-1β, and iNOS (n = 3). The data are pre-
sented as means ± SEM, *P < 0.05, **P < 0.01, *P < 0.001, Tukey’s 
test after ANOVA
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are associated with neuronal damage after infrasound expo-
sure [24], cerebral ischemia [22], TBI [65], and amyloid β40 
treatment [66] and enhanced production of proinflammatory 
cytokines [18, 19], while TRPV4 inhibition reduces LPS and 
infrasound‑induced proinflammatory cytokine production 
[23, 24]. Recently, the relationship between neuroinflamma-
tion and seizures has received increasing attention. Icv. injec-
tion of the TRPV4 agonist GSK1016790A increased neuronal 
damage and neuroinflammation caused by microglial cell and 
astrocyte activation, which is involved in neuronal damage in 
PISE mice [28]. Consistently, in our study, icv. injection of a 
TRPV4 agonist increased 4-AP-induced seizure susceptibil-
ity, while TRPV4 inhibition significantly decreased seizure 
susceptibility (Fig. 2). Sustained or prolonged seizures lead 
to significant neuronal damage and cell death [67, 68]. In our 
4-AP-induced mice, hippocampal neuronal damage mainly 

manifested in the DG and hilar region of the hippocampus. 
Moreover, 4-AP- and GSK1016790A-induced neuronal dam-
age, astrocyte activation, A1 phenotypic polarization, and 
proinflammatory cytokine production were markedly blocked 
by the TRPV4 inhibitor HC-067047 (Figs. 2 and 10). These 
results suggested that TRPV4 activation-induced neuroin-
flammation resulted in 4-AP-induced seizures and neuronal 
damage after seizures.

Reducing Ca2+ influx in astrocytes during brain demy-
elination significantly attenuated brain inflammation and 
astrocyte reactivity [69]. In the CNS, the activation of 
astrocytic TRPV4 leads to an increase in [Ca2+]i through 
the influx of extracellular Ca2+ [61]. We hypothesize that 
TRPV4 activation in astrocytes leads to astrocyte activation 
and neuroinflammation by increasing [Ca2+]i. Therefore, we 
modified intracellular and extracellular Ca2+ levels with 
BAPTA-AM and Ca2+-free medium, respectively, and found 
that Ca2+ chelation inhibited 4-AP-induced astrocyte acti-
vation, STAT3 inflammatory signaling pathway activation, 
and proinflammatory cytokine production (Figs. 8 and 9). 
Thus, Ca2+ is vital in TRPV4-induced astrocyte activation, 
STAT3 inflammatory signaling pathway activation, and the 
production of proinflammatory cytokines.

YAP is selectively expressed by astrocytes and neural 
stem cells [41]. A previous report showed that YAP regu-
lates the differentiation and proliferation of astrocytes [41]. 
YAP upregulation and activation promote glial scar forma-
tion by increasing astrocytic proliferation after SCI [42]. 
YAP nuclear translocation regulates astroglial-mesenchymal 
transition induced by hemoglobin and increases astrocyte 
activation [43]. In contrast, during ischemia/stroke, YAP 
nuclear localization in astrocytes reduced reactive astroglio-
sis, neuronal death,and proinflammatory cytokine release 
(IL-1β, IL-6, and TNF-α) by inhibiting STAT3 signaling 
[70]. YAP deletion contributes to hyperactivation of the 
JAK/STAT inflammatory pathway and reactive astrogliosis 
[71]. These studies showed that YAP regulates the prolifera-
tion and activation of astrocytes but plays different roles in 
different models of CNS diseases.

Therefore, we examined whether YAP was involved in 
the regulation of astrocyte activation during seizures. Our 
results showed that YAP was upregulated and activated by 
4-AP or GSK1016790A in vivo and in vitro (Fig. 6 and Addi-
tional File 2). The nuclear translocation of YAP was robustly 
increased in 4-AP- and GSK1016790A-treated astrocytes 
(Fig. 6). Knocking down YAP with a specific siRNA reduced 
4-AP-induced astrocyte activation, STAT3 signaling, and 
proinflammatory cytokine production (Fig. 7). These results 
indicated that in 4-AP-induced mice, YAP promoted astro-
cyte activation and proinflammatory cytokine release. How-
ever, Huang et al. [43] reported that YAP-deficient astrocytes 
showed reactive astrogliosis and induced neuroinflammation. 
These results differ from ours, probably due to the different 

Fig. 11   TRPV4 and GFAP expression in the brain tissues of nor-
mal and epileptic patients. a, b Compared with that in the normal 
group (n = 9), TRPV4 was significantly upregulated in astrocytes in 
the surgical brain specimens of epileptic patients (n = 7). c, d Com-
pared with those in the normal group, GFAP and C3 were increased 
in the brains of epileptic patients (n = 5). e, f GFAP and C3 in the 
serum of normal (n = 5) and epileptic patients (n = 10) was meas-
ured by ELISA. The data are presented as means ± SEM, **P < 0.01. 
Unpaired Student’s t test
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models of CNS diseases compared with genetic ablation. 
Thus, in addition to the classic nuclear factor kappa B (NF-
κB) and nucleotide-binding oligomerization domain–like 
receptor pyrin domain containing 3 (NLRP3)/IL-1β proin-
flammatory signaling pathways [28, 72], we revealed a new 
signaling pathway (TRPV4/Ca2+/YAP/STAT3) that also 
plays a vital role in seizures.

Finally, we obtained similar results in surgical specimens 
from epileptic patient brain tissue and mouse brain tissue. We 
found that compared with that in healthy controls, TRPV4 
expression was significantly upregulated, and astrocytes were 
activated and polarized to the A1 phenotype in surgical speci-
mens from patients with epilepsy (Fig. 11), which was con-
sistent with our results in 4-AP-induced mice and cultured 
astrocytes. A previous study showed that A1 reactive astro-
cytes could impair hippocampal neurons by secreting com-
plement C3 [73]. Thus, we hypothesized that A1 astrocytes 
might be related to neuronal damage in the context of 4-AP-
induced seizures. However, this hypothesis needs to be con-
firmed by additional experiments. Although the 4-AP mouse 
model results were similar to those of the clinical samples, 
some shortcomings still exist. For example, the sample size 
was insufficient to draw an absolute conclusion. No seizure 
types in animal models can fully mimic the pathophysiological 
changes in epileptic patients. Sometimes animal models tend 
to have acute seizures, while epileptic patients usually have a 
chronic pathological change with acute seizures. Therefore, 
more animal experiments and clinical studies are needed to 
guide clinical practice.

In summary, we investigated the brains of 4-AP-induced 
mice and found that TRPV4 was activated and upregulated in 
astrocytes, which resulted in increased [Ca2+]i in astrocytes, 
increased nuclear localization of YAP, and increased p-STAT3 
and led to the upregulation of proinflammatory cytokines and 
the markers of A1 astrocytes and the downregulation of A2 
astrocyte markers, indicating A1 polarization and activation 
in astrocytes. A1 astrocytes can release more proinflamma-
tory cytokines than A2 astrocytes and subsequently increase 
neuroinflammation, leading to perturbations in the microenvi-
ronment of the mouse brain, which increases seizure severity 
and neuronal damage after seizures. Chemical inhibition of 
TRPV4 balanced the intracerebral immune microenvironment 
of mice, protecting neurons from massive damage and reduc-
ing seizure severity (Fig. 12).

In summary, our study showed that YAP promoted astro-
cyte activation and implicated the STAT3 pathway in promot-
ing proinflammatory cytokine release in 4-AP-induced mice. 
To our knowledge, this is the first study to report the role of 
YAP in seizures. In addition, we provide evidence for the role 
of TRPV4 in promoting astrocyte activation and polarization, 
the release of proinflammatory cytokines, and neuronal dam-
age in the context of 4-AP-induced seizures. TRPV4 may be 
an important therapeutic target for seizure treatment.

Conclusion

This study examined mouse brain tissue and surgery speci-
mens from epileptic patient brains and obtained similar 
results showing that TRPV4 was upregulated and astrocytes 
were activated and polarized to the A1 phenotype. TRPV4 
promoted astrocyte activation and A1 polarization and 
induced astrocyte-derived IL-6, TNF-α, IL-1β, and iNOS 
production via Ca2+/YAP/STAT3 signaling. We provide evi-
dence that TRPV4 increases seizure susceptibility in 4-AP-
induced mice. We propose that astrocytes undergo activation 
and A1 phenotype polarization after 4-AP-induced seizures, 
and TRPV4 activation facilitates YAP nuclear translocation, 
which is a novel mechanism in this process. Furthermore, we 
reveal a novel signal transduction pathway (TRPV4/Ca2+/
YAP/STAT3) in seizures. Thus, astrocytic TRPV4 may be 
an important therapeutic target for seizures.
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Fig. 12   A working model illustrating the role of astrocytic TRPV4 
in 4-AP-induced seizures. In this model, TRPV4 is upregulated and 
activated in astrocytes. Activated TRPV4 promotes the upregulation 
and activation of YAP by increasing [Ca2+]i, which contributes to the 
phosphorylation of STAT3 and further leads to the activation and A1 
polarization of astrocytes. A1 astrocytes release many proinflamma-
tory cytokines, leading to neuroinflammation and disruption of the 
immune microenvironment in the brain, thereby increasing seizure 
susceptibility
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