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Abstract
The blockage of transient receptor potential vanilloid 4 (TRPV4) greatly reduces hippocampal neuronal injury in mice with temporal lobe epilepsy through
inhibiting in�ammation. NF-κB signaling pathway is activated during epilepsy, leading to enhanced in�ammation and neuronal injury. Here, we explored
whether TRPV4 blockage could affect the NF-κB pathway in mice with pilocarpine-induced status epilepticus (PISE). Application of a TRPV4 antagonist
markedly attenuated the PISE-induced increase in hippocampal HMGB1, TLR4, phospho (p)-IκK (p-IκK), and p-IκBα protein levels, as well as those of
cytoplasmic p-NF-κB p65 (p-p65) and nuclear NF-κB p65 and p50; in contrast, the application of GSK1016790A, a TRPV4 agonist, showed similar changes to
PISE mice. Administration of the TLR4 antagonist TAK-242 or the NF-κB pathway inhibitor BAY 11-7082 led to a noticeable reduction in the hippocampal
protein levels of cleaved IL-1β, IL-6 and TNF, as well as those of cytoplasmic p-p65 and nuclear p65 and p50 in GSK1016790A-injected mice. Finally,
administration of either TAK-242 or BAY 11-7082 greatly increased neuronal survival in hippocampal CA1 and CA2/3 regions in GSK1016790A-injected mice.
We conclude that TRPV4 activation increases HMGB1 and TLR4 expression, leading to IκK and IκBα phosphorylation and, consequently, NF-κB activation and
nuclear translocation. The resulting increase in pro-in�ammatory cytokine production is responsible for TRPV4 activation-induced neuronal injury. Meanwhile,
blocking TRPV4 can downregulate HMGB1/TLR4/IκK/κBα/NF-κB signaling following PISE onset, an effect that may underlie the neuroprotective ability of
TRPV4 blockage in mice with PISE.

Introduction
Transient receptor potential vanilloid 4 (TRPV4), a member of the transient receptor potential vanilloid subfamily (Toft-Bertelsen and MacAulay 2021), is
selectively permeable to calcium (Ca2+), and its activation induces Ca2+ in�ux, which depolarizes the cell membrane and increases the intracellular free
calcium concentration ([Ca2+]i) (Nilius and Voets 2013). TRPV4 is widely expressed in neurons, glial cells, vascular endothelial cells, and smooth muscle cells
in the brain, including the cerebral cortex, hippocampus, cerebellum, and thalamus. TRPV4 can be activated by a wide range of stimuli, including mechanical,
hypotonic, and hyperthermic stimulation, as well as arachidonic acid and its metabolites (Rosenbaum et al. 2020). Because of these characteristics, TRPV4
plays an important role in both the regulation of nervous system function and the pathogenesis of nervous system diseases. Tuberous sclerosis and cortical
dysplasia are often accompanied by refractory epilepsy. The expression of TRPV4 is markedly increased in cortical nodules or the dysplastic cortex of these
patients and is signi�cantly correlated with seizure symptoms (Chen et al. 2016a, b). In mice, high-temperature stimulation can promote epileptic seizures by
activating TRPV4 (Shibasaki et al. 2020), while in zebra�sh low-temperature treatment can inhibit epileptic discharges in the forebrain by inhibiting TRPV4
(Hunt et al. 2012). The expression of TRPV4 is increased in mice with pilocarpine-induced status epilepticus (PISE), and blocking TRPV4 greatly increases the
latency for the development of pilocarpine-induced SE and reduces the success rate of PISE model preparation (Men et al. 2019). These observations suggest
that TRPV4 is involved in the pathogenesis of epilepsy.

Epilepsy is a commonly diagnosed central nervous system disease characterized by periodic and unpredictable epileptic seizures (Wang et al. 2008).
In�ammatory cytokine levels and in�ammatory responses are reportedly enhanced in the cerebrospinal �uid and peripheral blood of patients with epilepsy
and brain tissue in animal models of epilepsy (de Vries et al. 2016; Fisher et al. 2005; Mazdeh et al. 2018; Rizzi et al. 2003; Wang et al. 2019). An excessive
in�ammatory response leads to neuronal damage, resulting in the permanent impairment of the structure and function of neural networks, an important
underlying cause of the recurrent spontaneous seizures seen in chronic epilepsy (Vezzani et al. 2008). High mobility group protein B1 (HMGB1) is released
from damaged neurons or glial cells and binds to Toll-like receptor 4 (TLR4) on the cell surface, which activates nuclear factor-kappa B (NF-κB), and
consequently also the in�ammatory response (Bianchi et al. 2017). The expression of HMGB1 and TLR4 is signi�cantly increased in the serum and focal brain
tissue of epileptic patients and hippocampal tissue of rats with kainic acid (KA)- and pentylenetetrazol-induced epilepsy (Kaya et al. 2021). Inhibiting the
HMGB1/TLR4 pathway can reduce the convulsion threshold, alleviate the in�ammatory response, and lessen nerve damage after epileptic seizures, and was
suggested to exert therapeutic effects in patients with refractory epilepsy (Zhao et al. 2017).

The activation of TRPV4 has been reported to promote the release of in�ammatory cytokines in the skin, lung, cornea, gastrointestinal tissue, and adipose
tissue (Dutta et al. 2020; Okada et al. 2016; Vergnolle, 2014; Wiesner et al. 2020). A recent study reported that blocking TRPV4 markedly inhibited the
activation of astrocytes and microglia in epileptic mice and reduced the levels of in�ammatory cytokines in the hippocampus (Wang et al. 2019). TRPV4
activation can also upregulate NF-κB expression and activate it in dorsal root ganglion neurons (Wang et al. 2015). In the present study, we investigated how
TRPV4 blockage affects the HMGB1/TLR4/NF-κB pathway in mice with PISE and subsequently explored whether this signaling pathway is responsible for the
in�ammatory response and neuronal damage induced by TRPV4 activation.

Materials And Methods
Animals

Male ICR mice weighing 25–30 g were used in this study and were obtained from Oriental Bio Service Inc. (Nanjing, China). All the animals were housed in the
Animal Core Facility of Nanjing Medical University under controlled conditions (temperature: 23 ± 2 °C; relative humidity: 55 ± 5%; 12/12 h light/dark cycle; free
access to food and water). Each cage contained four to �ve mice. This study was approved by the Ethics Committee of Nanjing Medical University (No.
IACUC2009007) and all animal experiments were performed in accordance with the Guidelines for Laboratory Animal Research set by Nanjing Medical
University. Each experimental group contained nine mice (see Supplementary Methods).

Preparation of PISE model mice

Mice were �rst intraperitoneally (ip.) injected with methylscopolamine (1 mg/kg) to inhibit peripheral muscarinic activity. After 20 min, pilocarpine (300 mg/kg)
was injected (ip.) to induce SE (Wang et al. 2019). Seizure severity was rated using the Racine scale (Racine, 1972). SE was de�ned as the onset of category



Page 3/10

4–5 seizures and was terminated after 1 h using diazepam (10 mg/kg). Animals that did not develop category 4–5 seizures within 30 min of pilocarpine
injection were excluded from subsequent parts of the study. Control mice were injected with the same volume of saline.

Drug administration

GSK1016790A (a TRPV4 agonist) and HC-067047 (a TRPV4 antagonist) were administered by intracerebroventricular (icv.) injection, and TAK-242 (a TLR4
antagonist) and BAY 11-7082 (an NF-κB inhibitor) by ip. injection, as previously described (Hua et al. 2015; Miyamoto et al. 2010; Wang et al. 2019). For icv.
injection, mice were anesthetized with ketamine (100 mg/kg)/xylazine (10 mg/kg; i.p.) and then were placed in a stereotaxic device (Kopf Instruments,
Tujunga, CA, USA). A guide cannula of 23-gauge stainless-steel tubing was implanted into the right lateral ventricle (0.3 mm posterior, 1.0 mm lateral, and 2.5
mm ventral to bregma) and anchored to the skull with stainless-steel screws and dental cement. Drugs were slowly injected into the right lateral ventricle using
a 26-gauge stainless-steel needle (Plastics One, Roanoke, VA, USA) at the rate of 0.2 μL/min. GSK1016790A (1 μM) or HC-067047 (10 μM) was injected once
daily for 3 consecutive days. To block TRPV4 following SE induction, HC-067047 (10 μM) was injected 1 h after SE was terminated and then once daily for 3
days. TAK-242 (3mg/kg) and BAY 11-7082 (5mg/kg) were injected 30 min before GSK1016790A injection and subsequently once daily for 3 days. The doses
of the above drugs were chosen based on previous reports (Hua et al. 2015; Miyamoto et al. 2010; Wang et al. 2019).

Western blot analysis

Hippocampal samples were obtained 8 h after the last injection of GSK1016790A or HC-067047 or 3 days after SE induction. Total protein was extracted
using the Whole Cell Lysis Assay Kit from Nanjing KeyGen Biotech Co., Ltd (Cat: KGP250; Nanjing, China) while nuclear and cytosolic proteins were extracted
using the Nuclear/Cytosol Fractionation Kit (Cat: R0050, Beijing Solarbio Science & Technology Co., Ltd, Beijing, China) according to the manufacturers’
protocols. The protein concentrations were determined using a BCA Protein Assay Kit (Pierce, Rochford, IL, USA). Equal amounts of protein were separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene di�uoride (PVDF) membranes. After blocking using 5% nonfat
milk in Tris-buffered saline (TBS)/Tween20, the membranes were incubated with primary antibodies against TLR4 (Cat: sc-293072, 1:300,
Santa Cruz Biotechnology Inc., Dallas, TX, USA); HMGB1 (Cat: 10829-1-AP, 1:1,000), IL-1β (Cat:16806-1-AP, 1:1,000), TNF (Cat: 17590-1-AP, 1:1,000), IL-6 (Cat:
21865-1-AP, 1:1,000), and Lamin B1 (Cat:12987-1-AP, 1:3,000) (all from Proteintech Group Inc., Wuhan, China); phosphorylated (p)-NF-κB p65 (Ser536) (Cat:
AF2006, 1:1,000) and p-IκK (Ser180/Ser181) (Cat: AF3013, 1:1,000) (both from A�nity Biosciences, Zhenjiang, China); IκBα (Cat:4814, 1:1,000) and NF-κB p65
(Cat: 8242, 1:1,000) (both from Cell Signaling Technology, Beverly, MA, USA); p-IκBα (Ser36) (Cat: ab133462, 1:20,000), IκK (Cat: ab178870, 1:1,000), and NF-
κB p105/p50 (Cat:ab32360, 1:5,000) (all from Abcam, Cambridge, MA, USA); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cat: AP0063, 1:1,000,
Bioworld Technology, Minneapolis, MN, USA) at 4 °C overnight. After washing with TBST, the membranes were incubated with an HRP-labeled secondary
antibody, developed using an ECL Detection Kit (Amersham Biosciences, Piscataway, NJ, USA), and analyzed using ImageJ software (National Institutes of
Health).

Histological examination

Anesthetized mice were transcardially perfused with ice-cold phosphate-buffered saline (PBS) and then with 4% paraformaldehyde 8 h after the last injection
of GSK1016790A or HC-067047 or 3 days after the onset of SE. Excised brains were �xed at 4 °C overnight and para�n-embedded. Coronal sections (5 μm)
were cut at the level of the dorsal hippocampus and stained with toluidine blue. The surviving neurons were observed using a light microscope (Olympus
DP70, Olympus Corporation, Tokyo, Japan) and quanti�ed as previously described (Hong et al. 2015; Jie et al. 2016).

Chemicals

HC-067047 (Cat: HY-100208), TAK-242 (Cat: HY-11109), and BAY 11-7082 (Cat: HY-13453) were obtained from MedChemExpress (Shanghai, China);
pilocarpine (Cat: 14487) and methylscopolamine (Cat: 23862), ketamine (Cat: 11630) and xylazine (Cat: 14113) were obtained from Cayman Chemical
Company (Ann Arbor, MI, USA); unless otherwise stated, GSK1016790A (Cat: G0798) and all other chemicals were obtained from Sigma Chemical Company
(St Louis, MO, USA).

Statistical analysis

Data are expressed as means ± SD and were analyzed with Stata 7.0 Software (STATA Corporation, College Station, TX, USA). Normality of the distribution
was assessed using the Kolmogorov-Smirnov test and variance homogeneity was assessed using Levene’s test before statistical analysis. Unpaired t-tests or
ANOVA followed by Bonferroni’s post-hoc test were used for statistical analysis and signi�cance levels were set at P<0.05. The numbers of surviving cells or
protein levels in mice injected with drugs were expressed as percentages of those values in vehicle-injected mice. The numbers of surviving cells or protein
levels in mice with PISE were normalized to those of control mice. The protein levels in vehicle- or HC-067047-treated PISE model mice were normalized to
those of vehicle-treated control mice. The numbers of surviving cells or protein levels in vehicle- or drug-treated GSK1016790A-injected mice were normalized
to those of vehicle-treated control mice (see Supplementary Table 1).

Results
The levels of HMGB1/TLR4/NF-κB signaling pathway-related proteins increased in mice with PISE

The expression of HMGB1 was reported to be increased in the brain tissue of epileptic model rats, which promoted the synthesis of in�ammatory cytokines by
activating TLR4, thereby in�uencing in�ammatory responses (Yang et al. 2020). We have recently shown the presence of substantial neuronal damage in the
hippocampus 3 days after PISE onset concomitant with an increase in the numbers of activated astrocytes and microglia and the expression of in�ammatory
cytokines (Wang et al. 2019). In this study, therefore, experiments were performed 3 days after PISE onset. As shown in Figure 1, compared with the control
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group, the protein levels of HMGB1 and TLR4 were signi�cantly increased in the hippocampus of mice with PISE (Fig. 1A, B), in line with previously reported
results (Zhao et al. 2017).

When bound to TLR4, HMGB1 can activate the NF-κB signaling pathway, thereby promoting the release of pro-in�ammatory cytokines (Yang et al. 2020). In
most cell types, NF-κB is localized to the cytoplasm and exists primarily as an inactive p50/p65 heterodimer bound to the IκB inhibitory subunit. The activity
of IκB is regulated by inhibitor of kappa B kinase (IκK) (Suzuki et al. 2011). We then examined the expression of proteins related to the NF-κB signaling
pathway. In this study, the cytosolic protein levels of p-IκK and p-IκB were signi�cantly increased in the hippocampi of mice with PISE than in those of control
animals (Fig. 1C, D). As shown in Figure 2, compared with the control group, the cytosolic protein level of p-NF-κB p65 (p-p65) (Fig. 2A) in the hippocampus
increased markedly following SE induction; moreover, the nuclear protein levels of p65 (Fig. 2B) and NF-κB p50 (p50) (Fig. 2C) were also increased. These
results suggested that the activity of the HMGB1/TLR4/NF-κB signaling pathway was enhanced following PISE onset.

TRPV4 blockage inhibited HMGB1/TLR4/NF-κB signaling pathway following PISE onset

Blocking TRPV4 has been reported to attenuate the in�ammatory response in mice with temporal lobe epilepsy (TLE) (Wang et al. 2019). Here, we examined
whether this effect is related to HMGB1/TLR4/NF-κB signaling. First, we determined that the application of HC-067047, a speci�c antagonist of TRPV4, did
not affect the protein levels of either HMGB1 or TLR4 in the hippocampus of control mice. Subsequently, we found that, compared with vehicle-treated mice
with PISE, the hippocampal protein levels of HMGB1 and TLR4 were markedly reduced in model mice administered HC-067047 (Fig. 3A, B). HC-067047
administration did not signi�cantly affect the cytosolic protein levels of p-IκK and p-IκBα in the hippocampi of control mice, but signi�cantly reduced the levels
of both proteins in mice with PISE (Fig. 3C, D). Additionally, neither the cytosolic protein levels of p-p65 nor the nuclear protein levels of p65 or p50 were
affected by HC-067047 treatment in control mice. Notably, the cytosolic protein levels of p-p65 and the nuclear protein levels of p65 and p50 were signi�cantly
reduced in HC-067047-treated PISE model mice (Fig. 4). These results indicated that blocking TRPV4 could reduce the activity of the HMGB1/TLR4/NF-κB
signaling pathway in mice with status epileptics.

GSK1016790A, a TRPV4 agonist, increased the levels of HMGB1/TLR4/NF-κB signaling pathway-related proteins in the hippocampus

Activation of TRPV4 can enhance the in�ammatory response, leading to neuronal injury (Wang et al. 2019). We examined whether activation of TRPV4 could
affect HMGB1/TLR4/NF-κB signaling pathway. Here, we found that after application of GSK1016790A, the hippocampal protein levels of HMGB1, TLR4 (Fig.
5A, B), p-IκK, and p-IκBα (Fig. 5C, D), as well as the cytosolic protein levels of p-p65 (Fig. 6A) and the nuclear protein levels of p65 and p50 were all markedly
increased when compared with those in the control condition (Fig. 6B, C).

TAK-242, a TLR4 antagonist, reduced HMGB1/TLR4/NF-κB pathway-related protein expression in the hippocampus of GSK1016790A-injected mice

TAK-242, a TLR4 antagonist, was used to examine whether GSK1016790A-induced increase of HMGB1/TLR4/NF-κB pathway is mediated by TLR4. The
application of TAK-242, a TLR4 antagonist, did not change the protein levels of p-IκK and p-IκBα in the hippocampi of control mice. Compared with vehicle-
treated GSK1016790A-injected mice, mice injected with GSK1016790A and co-treated with TAK-242 exhibited greatly reduced p-IκK and p-IκBα protein levels in
the hippocampus (Fig. 7A, B). TAK-242 did not affect the cytosolic protein level of p-p65 or the nuclear protein levels of p65 and p50 in hippocampal cells in
control mice. Both the cytosolic protein level of p-p65 and the nuclear protein levels of p65 and p50 were markedly reduced in the hippocampi of mice co-
injected with GSK1016790A and TAK-242 compared with those in vehicle-treated GSK1016790A-injected mice (Fig. 7C–E).

TAK-242 reduced the levels of in�ammatory cytokines in the hippocampus of GSK1016790A-injected mice

The activation of TRPV4 has been reported to promote the release of pro-in�ammatory cytokines, and we then examined whether this effect could be affected
by TAK-242. Here, we found that the application of TAK-242 did not alter the hippocampal protein levels of cleaved interleukin-1 beta (c-IL-1β), IL-6 or tumor
necrosis factor-alpha (TNF) in control mice. We further observed that TAK-242 administration noticeably reduced hippocampal c-IL-1β, IL-6 and TNF protein
levels in GSK1016790A-injected mice (Fig. 8).

BAY 11-7082, an NF-κB signaling pathway inhibitor, reduced the hippocampal protein levels of pro-in�ammatory cytokines in GSK1016790A-injected mice

BAY 11-7082 can inhibit the phosphorylation of IκBα and consequently the NF-κB signaling pathway (Miyamoto et al. 2010). Here, BAY 11-7082 was used to
examine whether it could affect GSK1016790A-induced increase of pro-in�ammatory cytokines levels. As shown in Figure 9A, after BAY 11-7082
administration, the cytosolic protein level of p-p65 and the nuclear protein levels of p65 and p50 decreased in the hippocampus in control mice. Compared
with the vehicle-treated GSK1016790A-injected mice, GSK1016790A-injected mice treated with BAY 11-7082 displayed distinctly reduced cytosolic protein
levels of p-p65 and nuclear protein levels of p65 and p50 in the hippocampus. We also found that BAY 11-7082 administration reduced the protein levels of c-
IL-1β, IL-6, and TNF in control mice. Compared with the vehicle-treated GSK1016790A-injected mice, BAY 11-7082 application signi�cantly reduced the protein
levels of c-IL-1β, IL-6, and TNF in the hippocampus in GSK1016790A-injected mice (Fig. 9C, D). These results indicated that the activation of TRPV4 may
increase in�ammatory cytokine production through enhancing HMGB1/TLR4/NF-κB pathway signaling.

TAK-242 or BAY 11-7082 administration alleviated hippocampal neuronal injury in GSK1016790A-injected mice

The activation of TRPV4 has been shown to induce neurotoxicity. In this study, fewer surviving pyramidal neurons were found in the hippocampal CA1 and
CA2/3 regions of GSK1016790A-injected mice than in those of untreated animals, in line with previous report (Jie et al. 2016). The administration of either
TAK-242 or BAY 11-7082 did not change the number of surviving hippocampal CA1 or CA2/3 pyramidal neurons in control mice (Fig. 10); however, compared
with vehicle-treated GSK1016790A-injected mice, a greater number of hippocampal pyramidal neurons were found to survive in mice co-injected with
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GSK1016790A and TAK-242 or BAY 11-7082. This result indicated that HMGB1/TLR4/NF-κB signaling is likely to be involved in TRPV4 activation-induced
neuronal injury (Fig. 11).

Discussion
The present study found that the levels of HMGB1/TLR4/NF-κB signaling pathway-related proteins increased in mice with PISE and these changes were
blocked by a TRPV4 antagonist HC-067047. Application of a TRPV4 agonist GSK1016790A increased the levels of HMGB1/TLR4/NF-κB signaling pathway-
related proteins in the hippocampus, which was attenuated by a TLR4 antagonist TAK-242. Application of an NF-κB signaling pathway inhibitor BAY 11-7082
reduced the hippocampal protein levels of pro-in�ammatory cytokines in GSK1016790A-injected mice. GSK1016790A-induced hippocampal neuronal death
was attenuated by TAK-242 or BAY 11-7082.

Hippocampal neuronal loss, an important pathological change seen in TLE, leads to structural and functional alterations in hippocampal neural networks,
thereby greatly in�uencing the development of epilepsy (Pitkänen et al. 2002). During epilepsy, the in�ammatory response is a major causal factor for
neuronal injury. Patients with epilepsy have elevated expression levels of pro-in�ammatory cytokines in the cerebrospinal �uid and serum. Moreover, the
expression of IL-1β was found to be increased in the brain tissue of epilepsy patients after surgical resection, while seizures were signi�cantly relieved in some
patients taking anti-in�ammatory drugs (de Vries et al. 2016; Mazdeh et al. 2018; Wang et al. 2019; Rizzi et al. 2003). Similarly, in this study, we found that the
hippocampal expression of IL-1β, IL-6 and TNF was signi�cantly increased following PISE onset.

When activated, the NF-κB transcription factor is a key inducer of in�ammatory cytokine-related gene expression and is a critical regulator of the in�ammatory
response (Kopitar-Jerala, 2015). In the cytoplasm, IκB inhibitory subunits are complexed with p50/p65 heterodimers, and cover the nuclear localization
sequence of NF-κB, thereby preventing its translocation into the nucleus under physiological conditions. The activity of IκB is regulated by IκK. When IκK is
activated, it phosphorylates IκB, which then disassociates from p50/p65 heterodimers, leading to NF-κB activation and its subsequent translocation into the
nucleus, where it induces immune- and in�ammation-related gene expression (Suzuki et al. 2011). HMGB1 binds to TLR4, thereby activating NF-κB (Ibrahim et
al. 2013; Lu et al. 2014).The expression of HMGB1 and TLR4 is signi�cantly increased and the levels of in�ammatory cytokines are elevated in the
hippocampal tissue of rats with KA- and pentylenetetrazol-induced epilepsy (Kaya et al. 2020). Inhibiting the HMGB1/TLR4 pathway can alleviate the
in�ammatory response and nerve injury after seizures (Zhang et al. 2018). IκKβ knockout in microglia can effectively inhibit the KA-induced production of
in�ammatory cytokines in the hippocampus (Cho et al. 2008). Here, the hippocampal protein levels of HMGB1 and TLR4 were found to be increased in mice
with PISE (Fig. 1). The cytosolic protein levels of p-IκK, p-IκB, and p-p65, as well as the nuclear protein levels of p65 and p50, were also noticeably increased
following the onset of PISE (Fig. 2). These results indicated that the HMGB1/TLR4/IκK/IκB/NF-κB pathway is activated in mice with PISE, which leads to
in�ammatory cytokine production.

Studies on epithelial cells of the colon, esophagus, and urethra; endothelial cells of blood vessels, and keratinocytes of the skin have shown that TRPV4
activation can promote the expression and release of IL-1β, IL-6, and other pro-in�ammatory cytokines and also induce in�ammatory responses (Dutta et al.
2020). The TRPV4 antagonist GSK2193874 was reported to attenuate lipopolysaccharide-induced IL-1β, IL-6 and TNF production in pulmonary macrophages
(Li et al. 2019). Additionally, small interfering RNA-mediated inhibition of TRPV4 can reduce IL-1β and TNF production in cultured glial cells (Liu et al. 2010).
We have previously reported that the application of the TRPV4 agonist GSK1016790A can increase TNF, IL-1β, and IL-6 expression in the hippocampus and
lead to hippocampal neuronal injury (Wang et al. 2019). TRPV4 is implicated in the pathogenesis of epilepsy and blocking TRPV4 can reduce the levels of
in�ammatory cytokines following the onset of PISE (Men et al. 2019; Wang et al. 2019). In this study, we found that the application of the TRPV4 antagonist
HC-067047 markedly suppressed HMGB1 and TLR4 protein levels in the hippocampus in mice with PISE (Fig. 3). Additionally, following PISE onset, HC-
067047 treatment reduced the cytosolic protein levels of p-IκK, p-IκB, and p-p65, as well as the nuclear protein levels of p65 and p50 (Fig. 4). These results
indicated that blocking TRPV4 can inhibit the HMGB1/TLR4/IκK/IκB/NF-κB pathway in mice with PISE.

TRPV4 activation can lead to the activation of microglia and astrocytes in the hippocampus and increased production of in�ammatory cytokines (Wang et al.
2019). In this study, we found that application of the TRPV4 agonist GSK1016790A increased the protein levels of p-p65 in the cytoplasm and those of p65
and p50 in the nucleus of hippocampal cells, suggesting that the activation of TRPV4 promotes NF-κB activation and nuclear translocation (Fig. 6). We also
found that hippocampal HMGB1 and TLR4 protein levels were higher in GSK1016790A-injected mice than in control animals (Fig. 5). Furthermore, the
cytosolic protein levels of p-IκK and p-IκB were increased by GSK1016790A treatment, an effect that was markedly attenuated by the administration of TAK-
242, a TLR4 antagonist (Fig. 7). Moreover, in GSK1016790A-injected mice, co-treatment with TAK-242 or the NF-κB signaling pathway inhibitor BAY 11-7082
reduced the cytosolic protein level of p-p65 and the nuclear protein levels of p65 and p50 (Fig. 7, 9). These results suggested that activated TRPV4 may
enhance HMGB1/TLR4/NF-κB pathway activity. In this study, in GSK1016790A-injected mice, co-treatment with either TAK-242 or BAY 11-7082 effectively
reduced the hippocampal levels of c-IL-1β, TNF, and IL-6, and led to a notable increase in the number of surviving neurons in the hippocampus (Fig. 8, 9, 11).
These observations indicated that the activation of TRPV4 may enhance in�ammatory responses and lead to neuronal injury through enhancing
HMGB1/TLR4/IκK/IκB/NF-κB pathway activity.

Activated TRPV4 induces neurotoxicity, which subsequently leads to neuronal damage in cerebral ischemia–reperfusion injury, Alzheimer disease, Parkinson
disease, and epilepsy (Tanaka et al. 2020; Liu et al. 2020; Wang et al. Zhang et al. 2013).The activation of TRPV4 may facilitate glutamate excitotoxicity by
enhancing the function of the N-methyl-D-aspartate (NMDA) glutamate receptor and/or promoting the release of presynaptic glutamate (Li et al. 2013;
Shibasaki et al. 2014). Enhanced oxidative stress is also reported to be involved in TRPV4 agonist-mediated neuronal injury (Bai and Lipski, 2014; Hong et al.
2016). In addition, TRPV4 activation-associated cell damage may be related to the activation of apoptosis and the promotion of endoplasmic reticulum stress
(Jie et al. 2015; Liu et al. 2020; Shen et al. 2019). Here, we have provided further evidence that activated TRPV4mediates in�ammatory responses and nerve
injury in SE. Although the underlying mechanism is not completely clear, TRPV4 nevertheless represents a promising target for promoting neuroprotection in
disorders of the central nervous system.
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Figures

Figure 1

<p><strong>The hippocampal protein levels of HMGB1, TLR4, p-IκK, and p-IκBα increased in mice with PISE </strong></p><p>The hippocampal protein levels
of HMGB1 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −6.71, <em>P </em>&lt; 0.001) (<strong>A)</strong>, TLR4 (unpaired <em>t </em>test,
<em>t</em><sub>16</sub> = −11.94, <em>P </em>&lt; 0.001) (<strong>B</strong>), p-IκK/IκK (unpaired <em>t </em>test, <em>t</em><sub>16</sub> =
−13.09, <em>P </em>&lt; 0.001) (<strong>C</strong>) and p-IκBα/IκBα (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −9.50,<em> P </em>&lt;
0.001) (<strong>D</strong>) were signi�cantly higher in mice with PISE than in normal controls. *** <em>P</em>&lt; 0.001 <em>vs</em>. control (control 1,
see Supplementary Table)</p>

Figure 2

<p><strong>The hippocampal protein levels of NF-κB increased in mice with PISE</strong></p><p>The cytosolic protein levels of p-p65/p65 (unpaired <em>t
</em>test, <em>t</em><sub>16</sub> = −10.47, <em>P </em>&lt; 0.001) (<strong>A</strong>) and the nuclear protein levels of p65 (unpaired <em>t
</em>test, <em>t</em><sub>16</sub> = −7.47,<em> P </em>&lt; 0.001) (<strong>B</strong>) and p50 (unpaired <em>t </em>test, <em>t</em>
<sub>16</sub> = −13.17,<em> P </em>&lt; 0.001) (<strong>C</strong>) were markedly increased in hippocampus of mice with PISE. *** <em>P</em>&lt;
0.001 <em>vs</em>. control (control 1, see Supplementary Table)</p>

Figure 3

<p>HC-067047, a TRPV4 antagonist, reduced the hippocampal protein levels of HMGB1, TLR4, p-IκK, and p-IκBα in mice with PISE </p><p>Injection of HC-
067047 did not affect the hippocampal protein levels of HMGB1 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.94, <em>P </em>= 0.36)
(<strong>A</strong>-left), TLR4 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.44, <em>P </em>= 0.66) (<strong>B</strong>-left), p-IκK/IκK
(unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.16, <em>P </em>= 0.87) (<strong>C</strong>-left), and p-IκBα/IκBα (unpaired <em>t </em>test,
<em>t</em><sub>16</sub> = 0.31, <em>P </em>= 0.76) (<strong>D</strong>-left) in control mice, but markedly attenuated those of HMGB1 (One-way
ANOVA, F<sub>2,24</sub>= 371.01, <em>P</em> &lt; 0.001) (<strong>A</strong>-right), TLR4 (One-way ANOVA, F<sub>2,24</sub>= 245.64, <em>P</em> &lt;
0.001) (<strong>B</strong>-right), p-IκK/IκK (One-way ANOVA, F<sub>2,24</sub>= 82.10, <em>P</em> &lt; 0.001) (<strong>C</strong>-right), and p-IκBα/IκBα
(One-way ANOVA, F<sub>2,24</sub>= 107.75, <em>P</em> &lt; 0.001) (<strong>D</strong>-right) in mice with PISE. <sup>▲▲▲</sup><em>P </em>&lt;
0.001 <em>vs.</em> control (control 3, see Supplementary Table), ^^^<em>P </em>&lt; 0.001 <em>vs. </em>PISE + vehicle (see Supplementary Table),&nbsp;
</p>

Figure 4

<p>HC-067047 reduced the hippocampal protein levels of NF-κB in mice with PISE</p><p>The injection of HC-067047 did not affect the cytosolic protein
levels of p-p65/p65 (unpaired t test, t<sub>16</sub> = 0.22, <em>P</em> = 0.83) (<strong>A</strong>-left), the nuclear protein levels of p65 (unpaired <em>t
</em>test, <em>t</em><sub>16</sub> = −0.41, <em>P</em> = 0.68) (<strong>B</strong>-left) and p50 (unpaired <em>t </em>test, <em>t</em>
<sub>16</sub> = −0.48, <em>P</em> = 0.64) (<strong>C</strong>-left) in the hippocampus of control mice, but markedly attenuated those of p-p65/p65
(One-way ANOVA, F<sub>2,24</sub>= 77.56, <em>P</em> &lt; 0.001) (<strong>A</strong>-right), p65 (One-way ANOVA, F<sub>2,24</sub>= 354.72,
<em>P</em> &lt; 0.001) (<strong>B</strong>-right) and p50 (One-way ANOVA, F<sub>2,24</sub>= 592.35, <em>P</em> &lt; 0.001) (<strong>C</strong>-right)
in the hippocampus of mice with PISE. <sup>▲▲▲</sup><em>P </em>&lt; 0.001 <em>vs.</em> control<strong> </strong>(control 3, see Supplementary
Table), ^^^<em>P </em>&lt; 0.001 <em>vs.</em> PISE<strong> </strong>+ vehicle (see Supplementary Table)</p>

Figure 5

<p><strong>GSK1016790A, a TRPV4 agonist, increased the protein levels of HMGB1, TLR4, p-IκK, and p-IκBα in the hippocampus </strong></p><p>The
injection of GSK1016790A markedly increased the hippocampal protein levels of HMGB1 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −13.25,
<em>P</em> &lt; 0.001) (A), TLR4 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −10.91, <em>P</em> &lt; 0.001) (B), p-IκK/IκK (unpaired <em>t
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</em>test, <em>t</em><sub>16</sub> = −10.70, <em>P</em> &lt; 0.001) (C) and p-IκBα/IκBα (unpaired <em>t </em>test, <em>t</em><sub>16</sub> =
−14.37, <em>P</em> &lt; 0.001) (D) in control mice. <sup>###</sup><em>P </em>&lt; 0.001 <em>vs. </em>control (control 4, see Supplementary Table)</p>

Figure 6

<p><strong>GSK1016790A increased NF-κB protein levels in the hippocampus </strong></p><p>The injection of GSK1016790A markedly increased the
cytosolic protein levels of p-p65/p65 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −10.42, <em>P</em> &lt; 0.001) (<strong>A</strong>), the
nuclear protein levels of p65 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −7.31, <em>P</em> &lt; 0.001) (<strong>B</strong>) and p50
(unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −12.75, <em>P</em> &lt; 0.001) (<strong>C</strong>) in the hippocampus in control mice.
<sup>###</sup><em>P </em>&lt; 0.001 <em>vs. </em>control (control 4, see Supplementary Table)</p>

Figure 7

<p><strong>TAK-242, a TLR4 antagonist, reduced the hippocampal protein levels of p-IκK, p-IκBα, and NF-κB in GSK1016790A-injected mice</strong></p>
<p>The application of TAK-242 did not affect the hippocampal protein levels of p-IκK/IκK (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.41,
<em>P</em> = 0.69) (<strong>A</strong>-left), p-IκBα/IκBα (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 1.04,<em> P</em> = 0.31) (<strong>B-
</strong>left<strong>)</strong>, p-p65/p65 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −0.06, <em>P</em> = 0.96) (<strong>C-
</strong>left<strong>)</strong>, p65 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> =1.79, <em>P</em> = 0.09) (<strong>D-</strong>left) and p50
(unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 1.67, <em>P</em> = 0.11) (<strong>E-</strong>left) in control mice, but markedly attenuated those
of p-IκK/IκK (One-way ANOVA, F<sub>2,24</sub>= 81.49, <em>P</em> &lt; 0.001) (<strong>A</strong>-right), p-IκBα/IκBα (One-way ANOVA,
F<sub>2,24</sub>= 56.31, <em>P</em> &lt; 0.001) (<strong>B-</strong>right<strong>)</strong>, p-p65/p65 (One-way ANOVA, F<sub>2,24</sub>= 100.35,
<em>P</em> &lt; 0.001) (<strong>C-</strong>right<strong>)</strong>, p65 (One-way ANOVA, F<sub>2,24</sub>= 147.61, <em>P</em> &lt; 0.001) (<strong>D-
</strong>right), and p50 (One-way ANOVA, F<sub>2,24</sub>= 66.82, <em>P</em> &lt; 0.001) (<strong>E-</strong>right) in GSK1016790A-injected mice.
<sup>&amp;&amp;&amp;</sup><em>P </em>&lt; 0.001, <sup>&amp;</sup><em>P </em>&lt; 0.05 <em>vs.</em> control (control 6, see Supplementary Table),
<sup>~~~</sup><em>P</em>&lt; 0.001 <em>vs.</em> GSK1016790A + vehicle (GSK1016790A+vehicle-3, see Supplementary Table)</p>

Figure 8

<p><strong>TAK-242 reduced the hippocampal protein levels of in�ammatory cytokines in GSK1016790A-injected mice</strong></p><p>The application of
TAK-242 did not affect the hippocampal protein levels of c-IL-1β (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.47, <em>P</em> = 0.64)
(<strong>A</strong>-left), TNF (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 0.29, <em>P</em> = 0.76) (<strong>B</strong>-left) and IL-6
(unpaired <em>t </em>test, <em>t</em><sub>16</sub> = −0.01, <em>P</em> = 0.99) (<strong>C</strong>-left) in control mice, but markedly attenuated
those of c-IL-1β (One-way ANOVA, F<sub>2,24 </sub>= 168.63, <em>P</em> &lt; 0.001) (<strong>A</strong>-right), TNF (One-way ANOVA, F<sub>2,24
</sub>= 132.07, <em>P</em> &lt; 0.001) (<strong>B</strong>-right) and IL-6 (One-way ANOVA, F<sub>2,24 </sub>= 188.95,<em> P</em> &lt; 0.001)
(<strong>C</strong>-right) in GSK1016790A-injected mice. <sup>&amp;&amp;&amp;</sup><em>P </em>&lt; 0.001 <em>vs.</em> control (control 6, see
Supplementary Table), <sup>~~~</sup><em>P </em>&lt; 0.001 vs. GSK1016790A + vehicle (GSK1016790A+vehicle-3, see Supplementary Table)</p>

Figure 9

<p><strong>BAY 11-7082, an NF-κB signaling pathway inhibitor, reduced the hippocampal protein levels of NF-κB and in�ammatory cytokines in
GSK1016790A-injected mice</strong></p><p><strong>A. </strong>The hippocampal protein levels of p-p65/p65 (unpaired <em>t </em>test, <em>t</em>
<sub>16</sub> = 7.21, <em>P</em> &lt; 0.001), p65 (unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 7.37, <em>P</em> &lt; 0.001) and p50
(unpaired <em>t </em>test, <em>t</em><sub>16</sub> = 10.27, <em>P</em> &lt; 0.001) in control and BAY 11-7082-injected mice; <sup>△△△</sup><em>P
</em>&lt; 0.001 <em>vs. </em>control (control 7, see Supplementary Table). <strong>B. </strong>The application of BAY 11-7082 markedly reduced the
hippocampal protein levels of p-p65/p65 (One-way ANOVA, F<sub>2,24</sub>= 130.08, <em>P</em> &lt; 0.001), p65 (One-way ANOVA, F<sub>2,24</sub>=
191.69,<em> P</em> &lt; 0.001), and p50 (One-way ANOVA, F<sub>2,24</sub>= 155.46, <em>P</em> &lt; 0.001) in GSK1016790A-injected mice; <sup>

$</sup><em>P </em>&lt; 0.001, <sup>$</sup><em>P </em>&lt; 0.05 <em>vs.</em> control (control 8, see Supplementary Table), <sup>▼▼▼</sup><

$</sup><em>P </em>&lt; 0.001<em>vs. </em>control (control 8, see Supplementary Table), <sup>▼▼▼</sup><em>P </em>&lt; 0.001 <em>vs.
</em>GSK1016790A+vehicle (GSK1016790A+vehicle-4, see Supplementary Table)</p>

Figure 10

<p><strong>The effects of GSK1016790A, TAK-242 and BAY 11-7082 on hippocampal neuronal survival in control mice</strong></p><p>The numbers of
surviving pyramidal cells in the CA1 (<strong>A </strong>and<strong> C</strong>) and CA2/3 (<strong>B</strong>) regions in GSK1016790A- (unpaired
<em>t </em>test, CA1: <em>t</em><sub>16</sub> = 13.49, <em>P</em> &lt; 0.001; CA2/3:<em> t</em><sub>16</sub> = 15.38, <em>P</em> &lt; 0.001),
TAK-242- (unpaired <em>t </em>test, CA1: <em>t</em><sub>16</sub> = 0.62, <em>P</em> = 0.54; CA2/3:<em> t</em><sub>16</sub> = 1.63, <em>P</em> =
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0.12), and BAY 11-7082-injected mice (unpaired <em>t </em>test, CA1: <em>t</em><sub>16</sub> = 0.30, <em>P</em> = 0.77; CA2/3:<em> t</em>
<sub>16</sub> = −0.07, <em>P</em> = 0.95). Scale bar=50 μM, <sup>###</sup><em>P </em>&lt; 0.001<em> vs.</em> control (control 4, see Supplementary
Table).&nbsp;</p>

Figure 11

<p><strong>TAK-242 and BAY 11-7082 increased the hippocampal neuronal survival in GSK1016790A-injected mice</strong></p><p>The co-administration of
TAK-242 or BAY 11-7082 in GSK1016790A-mice markedly increased the numbers of surviving pyramidal cells in the CA1 (One-way ANOVA, TAK-242:
F<sub>2,24</sub>= 45.22, <em>P</em> &lt; 0.001; BAY 11-7082: F<sub>2,24</sub>= 57.71, <em>P</em> &lt; 0.001) (<strong>A</strong> and
<strong>C</strong>) and CA2/3 regions (One-way ANOVA, TAK-242: F<sub>2,24</sub>= 96.91, <em>P</em> &lt; 0.001; BAY 11-7082: F<sub>2,24</sub>=
146.29, <em>P</em> &lt; 0.001) (<strong>B</strong>) of the hippocampus. <sup>&amp;&amp;&amp;</sup><em>P</em>&lt; 0.001 <em>vs.</em> control
(control 6, see Supplementary Table), <sup>~~~</sup><em>P </em>&lt; 0.001 <em>vs.</em> GSK1016790A + vehicle (GSK1016790A+vehicle-3, see
Supplementary Table), <sup>$$$</sup><em>P </em>&lt; 0.001<em> vs. </em>control (control 8, see Supplementary Table), <sup>▼▼▼</sup><em>P
</em>&lt; 0.001 <em>vs. </em>GSK1016790A + vehicle (GSK1016790A+vehicle-4, see Supplementary Table)</p>
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