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Abstract Nerve agents are used in civil wars and terrorist
attacks, posing a threat to public safety. Acute exposure to
nerve agents such as soman (GD) causes serious brain
damage, leading to death due to intense seizures induced
by acetylcholinesterase inhibition and neuronal injury
resulting from increased excitatory amino-acid levels and
neuroinflammation. However, data on the anticonvulsant
and neuroprotective efficacies of currently-used counter-
measures are limited. Here, we evaluated the potential
effects of transient receptor vanilloid 4 (TRPV4) in the
treatment of soman-induced status epilepticus (SE) and
secondary brain injury. We demonstrated that TRPV4
expression was markedly up-regulated in rat hippocampus
after soman-induced seizures. Administration of the
TRPV4 antagonist GSK2193874 prior to soman exposure
significantly decreased the mortality rate in rats and
reduced SE intensity. TRPV4-knockout mice also showed
lower incidence of seizures and higher survival rates than
wild-type mice following soman exposure. Further in vivo
and in vitro experiments demonstrated that blocking
TRPV4 prevented NMDA receptor-mediated glutamate
excitotoxicity. The protein levels of the NLRP3 inflamma-
some complex and its downstream cytokines IL-1f and IL-
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18 increased in soman-exposed rat hippocampus. However,
TRPV4 inhibition or deletion markedly reversed the
activation of the NLRP3 inflammasome pathway. In
conclusion, our study suggests that the blockade of TRPV4
protects against soman exposure and reduces brain injury
following SE by decreasing NMDA receptor-mediated
excitotoxicity and NLRP3-mediated neuroinflammation.
To our knowledge, this is the first study regarding the
“dual-switch” function of TRPV4 in the treatment of
soman intoxication.
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Introduction

With the disturbing effects of sarin attacks against civilians
in Syria in August 2013, important questions regarding the
level of preparedness and the adequacy of existing medical
responses against exposure to such nerve agents have been
raised [1]. The appearance of Novichok, or “newcomer”,
which was used in the attack on a Russian dissident and his
daughter in 2018 highlights the importance of protection
against the potentially lethal effects of nerve agents [2].
The primary effect of exposure to organophosphorus nerve
agents is a decrease in acetylcholinesterase (AChE) activity
and a concurrent rise in acetylcholine (ACh) levels, which
are considered to be the decisive events that initiate
epileptiform activity. The over-elevation of ACh levels
mainly activates muscarinic receptors, and, in the cholin-
ergic phase, the administration of receptor antagonists can
halt the development of seizures and status epilepticus
(SE), but only when they are administered as pretreatments
or shortly after the onset of seizures (within 5 min). The

@ Springer


https://doi.org/10.1007/s12264-021-00662-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-021-00662-3&amp;domain=pdf
https://doi.org/10.1007/s12264-021-00662-3
www.springer.com/12264

906

Neurosci. Bull. July, 2021, 37(7):905-920

anticonvulsant potential of most anticholinergics, such as
atropine, is gradually lost when the administration is
delayed beyond 20 min, and they completely lose their
anticonvulsant potential when administered 40 min after
seizure onset [3]. These narrow time windows limit their
application. Nevertheless, some anticholinergics such as
biperiden and procyclidine can exert anticonvulsant activ-
ity even with a 40-min delay in treatment; this is because
they have anti-NMDA (N-methyl-D-aspartate) properties
to some extent [4], suggesting that seizures are sustained
and reinforced by glutamatergic rather than cholinergic
hyperexcitation [5, 6]. As seizure activity progresses, non-
cholinergic excitatory activity gradually takes control over
the seizure independent of the initiating cholinergic drive
[3]. This phenomenon is critical for the development of
drugs that target the non-cholinergic phase. Several studies
have demonstrated that in the case of nerve agent seizures,
intense activation of NMDA receptors (NMDARs) would
allow additional entry of Ca** into neurons, leading to
neurotoxicity and subsequent neuropathology [7, 8]. Brait-
man and Sparenborg (1989) first reported that pretreatment
with the NMDA antagonist MK-801 terminates nerve
agent-induced SE. Meanwhile, after a period of epilepti-
form activity, a lower dose of MK-801 is still able to
terminate SE [9]. All this evidence indicates that the
NMDAR has predominant control over nerve agent-
induced seizure activity at the later stages [10-12].

Several studies have reported that exposure to nerve
agents is associated with a cellular inflammatory response
in the form of astrocytic and microglial activation [13].
Neuroinflammatory genes, such as IL-1f, TNF-o, and IL-6,
are widely described to be implicated in nerve agent-
induced seizures [14—17]. Unfortunately, since most stud-
ies are limited to the downstream factors of the inflamma-
tory response, the biochemical processes remain unclear
and the inflammatory mechanism induced by nerve agents
needs to be further clarified. Here we attempted, at least to
some extent, to identify the intracellular signaling mech-
anisms of inflammatory responses following soman-in-
duced seizures and key factors in the process.

Transient receptor potential vanilloid 4 (TRPV4), a
member of the TRPV ion channel family, is sensitive to
various types of stimuli, including hypotonic environments,
mechanical forces, arachidonic acid metabolites, and
exogenous chemical ligands [18, 19]. Activation of TRPV4
induces Ca”" influx, thus increasing the intracellular free
Ca®" concentration ([Caﬂ]i). It has been reported that
TRPV4 plays a pivotal role in central nervous system
disorders and injuries such as Alzheimer’s disease [20],
ischemic stroke [21], traumatic brain injury [22], and
seizures [23]. An interesting finding is that the activation of
TRPV4 during cerebral ischemia injury increases NMDAR
function, which indicates that closing TRPV4 may be
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neuroprotective against NMDAR-mediated glutamate exci-
totoxicity [24]. Furthermore, a study on febrile seizures
suggests that TRPV4 channels and NMDARs both play a
role in hyperthermia-induced seizures [25]; these results
indicate that there may be an association between TRPV4
and NMDARs during epilepsy, and this is supported by a
study showing that the activation of TRPV4 depolarizes the
resting membrane potential of cultured hippocampal neu-
rons and relieves the blockade of NMDARs by Mg*" [26].
Recent research has pointed out that the TRPV4 agonist
GSK1016790A increases the expression levels of inflam-
masome components of the NLRP3 pathway and down-
stream pro-inflammatory cytokines. The increased protein
levels of NLRP3-related pro-inflammatory cytokines are
blocked by the use of a TRPV4 antagonist, which markedly
increases the number of surviving cells in a pilocarpine
model of temporal lobe epilepsy in mice [27]. Furthermore,
in a previous study, we conducted preliminary assessment
of the expression changes of various TRP subtypes
(TRPM2, TRPV1, TRPV4, TRPM7, TRPC3, and TRPC6)
in a variety of models organophosphorus compound
poisoning (including soman), and found that the expression
of TRPV4 was significantly increased in all of them.

Taking into account the involvement of NMDAR-
mediated excitotoxicity and neuroinflammation in soman-
induced seizures and secondary neuronal injury, with the
possible triggering of NMDAR function by TRPV4
activation, we hypothesized that TRPV4 could be a key
target involved in the seizures and neuronal injury caused
by soman exposure. Here, we used a wide range of
methods to determine the effects of soman on the function
of TRPV4 channels. This included behavioral studies in
rats and corresponding histopathology, as well as
immunofluorescence, biochemistry, electrophysiological
recordings, and Ca*" imaging in vitro.

Materials and Methods
Chemicals and Agents

Soman (pinacolyl methylphosphonofluoridate)  was
obtained from the Institute of Nuclear, Biological, and
Chemical Defence (Beijing, China), and was only used for
the purposes of the current study. Soman was diluted in
cold saline. HI-6 was synthesized by the Institute of
Pharmacology and Toxicology, Academy of Military
Medical Science (Beijing, China) and was dissolved in
saline. GSK2193874 (GSK) was from Selleck Chemicals
(88367, Houston, USA). GSK2193874 was dissolved in
DMSO (Sinopharm, Shanghai, China), then diluted with
Neurobasal medium immediately prior to use in cells
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(0.05% DMSO) or with sterilized water for use in rats (1%
DMSO).

Animals and Experimental Groups

Adult male Sprague-Dawley rats (7-8 weeks old, 180-220
g) and adult male C57BL/6J mice (6-8 weeks old, 18-20 g)
were from Vital River Laboratory Animal Technology Co.,
Ltd (Beijing, China). TRPV4-knockout (TRPV4-KO) mice
were bred in-house from heterozygous breeding pairs
originally derived from a colony generated by GemPhar-
matech Co., Ltd (Nanjing, China). All animals were treated
humanely and maintained in a temperature-controlled room
(22 +£ 2°C) with a 12-h light/dark cycle (lights on at 07:00
and off at 19:00), with food and water available ad libitum.
All animal experiments were conducted in accordance with
national legislation and approved by the Institutional
Animal Care and Use Committee (JACUC number:
IACUC-2018-075, TACUC-2018-098, National Beijing
Center for Animal Drug Safety Evaluation and Research,
Beijing, China).

Soman was diluted in cold saline and administered via a
single subcutaneous injection (160 png/kg, 1.4 x LDsq). To
block peripheral effects and increase the survival rate of
rats, the oxime HI-6 (125 mg/kg, i.p.) was administered 30
min prior to soman exposure. HI-6 is a bispyridinium
oxime that reactivates inhibited AChE primarily in the
periphery to control the peripheral effects of soman and
prevent death from respiratory suppression [3, 28]. Also,
HI-6 does not prevent the brain injury caused by soman
poisoning because it is unable to cross the blood-brain
barrier [29]. The rats were randomly divided into three
groups: (1) Control: (HI-6 125 mg/kg, i.p., 1% DMSO, i.v.,
n =10); (2) Soman: HI-6 (125 mg/kg, i.p.) and solvent (1%
DMSO, i.v.) administered 30 min prior to soman (160 pg/
kg, s.c.), n = 42; (3) GSK2193874 + soman: TRPV4
antagonist GSK2193874 (1 mg/kg, i.v.) and HI-6 (125 mg/
kg, i.p.), administered 30 min prior to soman (160 pg/kg,
s.c.), n = 39. To evaluate TRPV4-KO intervention, the
mice were divided into three groups (n = 10 per group): (1)
WT (wild-type): WT mice treated with HI-6 (125 mg/kg,
i.p.); (2) WT + soman: WT mice treated with HI-6 (125
mg/kg, i.p.) 30 min prior to soman (125 pg/kg, s.c.); (3)
TRPV4-KO + soman: TRPV4-KO mice treated with HI-6
(125 mg/kg, i.p.) 30 min prior to soman (125 pg/kg, s.c.).
The mortality rate was calculated as the number of
deceased rats or mice (24 h after soman exposure) divided
by the total number of rats or mice.

NMDA was diluted in cold 0.9% NaCl and administered
via a single intraperitoneal injection (100 mg/kg). Meman-
tine, an NMDA antagonist, was used as a positive control.
The rats were divided randomly into three groups (n = 20
per group): (1) NMDA: rats treated with solvent (1%

DMSO) 30 min before NMDA (100 mg/kg, i.p.); (2)
Memantine + NMDA: rats treated with memantine (20
mg/kg, i.p.) and solvent (1% DMSO) 30 min before
NMDA (100 mg/kg, i.p.); (3) GSK2193874 + NMDA: rats
treated with the TRPV4 antagonist GSK2193874 (1 mg/kg,
i.v.) 30 min before NMDA (100 mg/kg, i.p.). The mortality
rate was calculated as the number of deceased rats (24 h
after NMDA exposure) divided by the total number of rats.

Behavioral Assessment

Seizures were classified according to the Racine scale with
the following minor modifications: stage 0, no abnormality;
stage 1, facial movements, chewing; stage 2, rhythmic head
nodding; stage 3, forelimb clonus plus Straub tail, without
rearing; stage 4, forelimb clonus, bilateral forelimb clonus
plus rearing; stage 5, rearing and falling [30-33].

Histopathological Examination

Rats and mice were anesthetized with chloral hydrate, and
then 0.9% NaCl (4°C) was perfused, followed by a fixative
solution made up of 4% formaldehyde in 0.1% mol/L
phosphate-buffered saline (PBS, pH 7.4). After cervical
dislocation, the brain was removed and fixed for 24 h at
4°C (4% formaldehyde in PBS), processed, and embedded
in paraffin. The coronal sections of the CA1 hippocampal
area were selected and processed for hematoxylin-eosin
(H&E) staining. Three sections from each brain were
visualized on an inverted microscope (IX71, Olympus,
Japan).

Immunofluorescence Analysis

For immunofluorescence staining, paraffin-embedded sec-
tions were microwaved in 0.01 mol/L citrate buffer and
washed three times with 0.01 mol/L. PBS for 15 min each,
and subsequently blocked by 5% bovine serum albumin
(BSA) in 0.01 mol/L PBS for 30 min at room temperature
(22 £ 2°C). Then the sections were incubated with anti-
TRPV4 antibody (1:200) at 4°C overnight. After washing
three times with PBS for 15 min each, Texas Red-
conjugated secondary antibodies (1:1000, ZSGB-BIO)
were added and incubated for 60 min in the dark. After
washing three times with PBS, sections were treated with
Hoechst 33342 (1:2000, H3570, Invitrogen) for 5 min. The
positive rate was calculated by dividing the number of
positive cells (TRPV4*/Hoechst™) by the total number of
cells (Hoechst™).

Primary hippocampal neurons were washed three times
in PBS following the appropriate treatment, fixed with 4%
paraformaldehyde for 15 min and then washed three times
with PBS. The cells were permeated with 0.5% Triton
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X-100 (solvent in goat serum working reagent) for 10 min
on ice and blocked with 1% goat serum working reagent
for 1 h. Cells were incubated at room temperature for 5 min
with propidium iodide (PI) (1 pg/mL, ab14083, Abcam).
After washing three times with PBS, cells were treated with
Hoechst 33342 (1:2000, H3570, Invitrogen) for 5 min. The
death rate was calculated by dividing the number of dead
cells (PI'/Hoechst™) by the total number of cells
(Hoechst™).

The positive cells were measured using ImageXpress
Micro Confocal (Molecular Devices) and calculated using
MetaXpress software (Molecular Devices).

Western Blotting Analysis

Hippocampal tissue was lysed using a membrane protein
and cytoplasmic protein extraction kit together with
protease and phosphatase inhibitors (KeyGEN Biotech
Co., Ltd), and proteins were isolated according to the
manufacturer’s instructions. Membrane protein and cyto-
plasmic protein were quantified using a BCA protein
reagent kit (KeyGEN Biotech Co., Ltd). The proteins were
separated by 8% or 10% SDS-PAGE and transferred to 0.2
pm PVDF membranes (Bio-Rad). Membranes were
blocked with 5% BSA in Tris-buffered saline (TBS) with
0.1% Tween-20 for 2 h at 22 + 2°C and then incubated at
4°C overnight with the following antibodies: anti-TRPV4
(1:400, PA5-41066, Thermo Fisher), anti-NMDAR2B
(1:500, MA1-2014, Thermo Fisher), anti-p-NMDAR2B
(1472) (1:500, ab3856, Abcam), anti-NLRP3 (1:400,
A14223, Abclonal), anti-ASC (1:500, YT0365, Immuno-
Way), anti-caspase-1 (1:400, ab179515, Abcam), anti-IL-
1B (1:1000, A16288, Abclonal), and anti-IL-18 (1:500,
A16737, Abclonal). After washing with TBS containing
0.1% Tween-20, blots were incubated in horseradish
peroxidase-conjugated secondary antibody  (1:2000,
ZSGB-BIO) for 1 h at 22 £ 2°C. Bands of proteins bound
to antibodies were detected using a chemiluminescence
detection system (Pro-light HRP Chemiluminescent Kit,
TianGen Biotech). Densitometric analysis was performed
using Quantity One software (Bio-Rad). These analyses
were normalized to B-actin (1:1000, 4970S, CST).

Cell Culture and Treatment

All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC number:
TACUC-2018-107, National Beijing Center for Drug Safety
Evaluation and Research, Beijing, China). Primary cultures
of rat hippocampal neurons were aseptically obtained from
the hippocampus of E17-E18 Wistar rat embryos. The
hippocampi were treated with 0.25% trypsin in Ca>*- and
Mg*"-free Hank’s balanced salt solution for 15 min in a
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CO, incubator, and then washed with 10% fetal bovine
serum in Dulbecco’s modified Eagle’s medium to stop
trypsin activity. The samples were then transferred to
Neurobasal medium (Thermo Fisher) supplemented with
B27 (1:50 dilution, Thermo Fisher) and GlutaMAXTM-1
(1:100, Thermo Fisher). The neurons were plated at 4.0-6.0
x 10° cells/well in 96 or 6-well plates, which were
pretreated with poly-D-lysine (0.1 mg/mL). The cultures
were maintained in a humidified incubator under 5% CO,
at 37°C. Hippocampal neurons were grown for 7 days in
culture plates before being used for experiments. First, they
were treated with different concentrations of NMDA
(50-500 pmol/L) to determine an appropriate dose
(Fig. S1). To explore the protective effect of the TRPV4
antagonist GSK2193874 on primary hippocampal neurons
against NMDA-induced cytotoxicity, three comparison
groups were studied: the control group, in which neurons
were treated with solvent (0.01% DMSO); the NMDA
group, in which neurons were treated with NMDA (50-500
pmol/L) for 24 h; and the GSK group, in which neurons
were treated with GSK2193874 (50-500 nmol/L) for 24 h
before NMDA exposure.

Electrophysiological Recording

Whole-cell patch-clamp recording was performed at
22-24°C. Hippocampal neurons were visualized on an
inverted microscope (IX71, Olympus, Japan). Inward
current (Inmpa) Was recorded using an EPC-10 amplifier
(HEKA Elektronik, Lambrecht/Pfalz, Germany). Neurons
were continuously perfused with an external solution of the
following composition (in mmol/L): NaCl 140, KCl 4.0,
CaCl, 2.0, HEPES 10, and D-glucose 5. The pH was
adjusted to 7.4 with NaOH. Glass pipettes (resistance 4-5
MQ) were pulled from borosilicate glass capillaries on a
micropipette puller (P97, Sutter Instruments, USA) and
filled with an internal solution of the following composi-
tion (in mmol/L): NaCl 10, CsMes 110, MgCl, 2, HEPES
10, EGTA 10, Na,-ATP 2, and Na,-GTP 0.2. The pH was
adjusted to 7.2 with CsOH.

When recording Invpa, hippocampal neurons were held
at —70 mV. First, NMDA (100 pmol/L) and glycine (10
pmol/L) were applied by local pressure perfusion, followed
by NMDA, glycine, and GSK2193874 (0.3 and 3 pmol/L).
Strychnine (1 pmol/L), bicuculline (10 pmol/L), NBQX
(10 pumol/L), and QX314 (10 mmol/L) were added to the
solution to block glycine receptors, GABA, receptors,
AMPA receptors, and voltage-gated Na™ channels, respec-
tively. Data were collected by PatchMaster software
(HEKA FElektronik) and analyzed with IGOR-Pro
(WaveMetrics Inc.).
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Cell Viability Assay

Cells were seeded in 96-well plates at 4.0 x 10> cells/mL.
NMDA at 100 pmol/L was chosen as the appropriate dose
for experiments, based on its toxicity to cells and to ensure
a certain cell survival rate. After treatment, 20 pL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (KeyGEN Biotech Co., Ltd) was added to each
well, and the cells were incubated for 4 h at 22-24°C. After
incubation, MTT was removed and 200 pL. DMSO was
added to solubilize the formazan crystals that formed in the
intact cells. Absorbance was measured at 470 nm with
SpectraMax (Molecular Devices). Each group included 8
wells. The results are expressed as the percentage of MTT
reduction in the treated cells, assuming taking the
absorbance of the control cells as 100%. Cell viability
was calculated as ODy4yq (treatment)/ODy47¢ (control).

Lactate Dehydrogenase Release Assay

Cell death or cytotoxicity is classically evaluated by the
quantification of plasma membrane damage. Lactate dehy-
drogenase (LDH) is a marker of membrane integrity and
the amount released into the culture medium was measured
using a diagnostic kit (BioVision), according to the
manufacturer’s instructions. NMDA at 100 umol/L was
used. Each group included 10 wells.

RNA Silencing

Rat primary hippocampal neurons were transfected with a
negative control (NC) siRNA (4390843, Thermo Fisher) or
TRPV4-siRNA (5134883, Thermo Fisher) using the Lipo-
fectamine RNAIMAX kit (1295300, Thermo Fisher),
following the manufacturer’s instructions. The siRNA
duplex was diluted in Opti-MEM I medium without serum
and gently mixed with Lipofectamine RNAIMAX. Then,
they were mixed in a 1:1 ratio to form the siRNA duplex/
Lipofectamine RNAiIMAX complexes. The complexes
were incubated for 15 min at 22-24°C. The complexes
were then added to the wells at 4 x 10° cells/well to a final
siRNA concentration of 10 nmol/L. The contents were
mixed gently and cells were incubated for 24 h at 37°C in a
CO, incubator.

Calcium Imaging

[Ca”]i was measured with Fluo-4/AM Direct Calcium
Assay kits (Invitrogen). A total of 50 pL of the 2 x Fluo-4
Direct Ca>* reagent loading solution per well was added to
a 96-well plate, 1:1 with Neurobasal medium. The plates
were incubated at 37°C for 60 min and then treated with
Hoechst 33342. Each group included 6 wells. Fluorescein

isothiocyanate and DAPI fluorescence were measured
using the ImageXpress Micro Confocal system (Molecular
Devices). The mean of the average cell intensity was
calculated using MetaXpress software (Molecular
Devices).

Statistical Analysis

Data are expressed as the mean + SD. Fisher’s exact test
was used to compare the survival rates between groups.
Comparisons among more than two groups were performed
using one-way ANOVA followed by Dunnett’s multiple
comparisons test. The differences between two treatments
for the same sample were compared using the paired #-test.
The criterion for statistical significance was P <0.05.
Results were analyzed using SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA).

Results

Effect of GSK2193874 on Soman-Induced Seizures
and Histopathological Lesions in Rats

Sprague-Dawley rats were challenged with soman (160 pg/
kg, s.c., 1.4 x LDsg). To increase the survival rate, all
animals were administered HI-6 (125 mg/kg, i.p.) 30 min
before soman exposure to block peripheral effects [3] such
as respiratory depression. A behavioral seizure score of
stage 4 was reached within 30-60 min in the soman group,
and SE stopped spontaneously within 6-8 h, while
behavioral seizures were significantly suppressed by the
TRPV4 antagonist GSK2193874 within 60-90 min
(Fig. 1A, P <0.05). The mortality rate in the soman-treated
rats was 61.9% (42 in total, 26 deaths), while the
administration of GSK2193874 markedly decreased this
to 25.6% (39 in total, 10 deaths).

Hippocampal tissue was collected from rats for H&E
staining 24 h after soman exposure. Histological examina-
tion indicated that the CA1 hippocampal neurons of control
rats showed structural integrity with distinct and well-
characterized round nucleoli (Fig. 1B-I). Compared with
the control group, soman exposure caused severe damage
in the rat hippocampi, manifested as loose structure,
neuronal loss, and nuclear pyknosis (Fig. 1B-II).
GSK2193874 significantly reduced the histopathologic
lesions caused by soman exposure (Fig. 1B-III).

Effect of GSK2193874 on TRPV4 Expression in Rat
Hippocampus after Soman Exposure

To investigate the effect of soman exposure (160 pg/kg,
s.c.) on the expression levels of TRPV4 in the
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Fig. 1 GSK2193874 inhibits behavioral seizures and the develop-
ment of histopathologic lesions induced by soman. Soman group (n =
14): rats were treated with HI-6 (125 mg/kg i.p.) before soman
injection (160 pg/kg, s.c.); GSK2193874 (GSK) group (n = 12): rats
were additionally treated with the TRPV4 antagonist GSK2193874 (1
mg/kg, i.v.) immediately after HI-6 injection and before soman
injection. A Maximum Racine scale scores (means + SD; *P <0.05
vs soman group, one-way ANOVA). B Development of soman-

hippocampus, Western blot (WB) (Fig. 2A) and
immunofluorescence analyses (Fig. 2B) were performed.
WB analysis showed that the expression of TRPV4 was up-
regulated after soman exposure compared to that in the
control group (Fig. 2A, P <0.001); however, GSK2193874
treatment abrogated the TRPV4 expression (Fig. 2A,
P <0.05). Immunofluorescence analysis showed that the
percentage of TRPV4-positive cells markedly increased
from 4.83 + 1.03% to 28.18 £+ 3.03% after soman
exposure (Fig. 2B, P <0.001); however, GSK2193874
treatment significantly decreased the ratio from 28.18 £
3.03% to 13.1 £ 2.09% (Fig. 2B, P <0.05). These results
indicate that TRPV4 expression in the rat hippocampus is
significantly increased after soman exposure and this is
reversed by GSK2193874.

Effect of GSK2193874 on NMDA Receptor Function
To explore the molecular mechanisms by which the

TRPV4 channel might be involved in soman-induced
excitotoxicity, we tested the effect of a TRPV4 antagonist

@ Springer

induced histopathological lesions in the CAl hippocampal area is
attenuated by GSK2193874 (x 200, original magnification, scale
bars, 50 um). B-I Control group retains the typical appearance of
normal neurons with a clear edge and uniform size. B-II Soman
exposure decreases the volume of neurons and leads to nuclear
pyknosis (white arrow) and loss of neurons (black arrow). B-III
GSK2193874 reduces the histopathologic lesions caused by soman
exposure.

on the phosphorylation of the NMDAR 2B subunit (NR2B)
protein, a key factor in excitotoxicity [34]. WB analysis
showed that NR2B phosphorylation was significantly
increased in rat hippocampus after soman exposure com-
pared with the control group, and the phosphorylation was
remarkably reversed by GSK2193874 (Fig. 3A, P < 0.001).

Patch clamp was used to further explore whether
TRPV4 inhibition modulates NMDAR function. After
application of NMDA (100 pmol/L) and glycine (10
pmol/L) to primary cultured rat hippocampal neurons, an
inward current (Invpa) Was recorded. According to the
results, the current was blocked by the specific NMDAR
antagonist D-AP5 (100 umol/L), confirming its mediation
by the NMDAR (Fig. 3B). The NMDA-activated current
was markedly decreased by 11.13 + 2.67% from —619.7 £
68.15 pA to —557 £ 80.76 pA after application of 0.3
pumol/L GSK2193874 (Fig. 3B, n = 6, paired t-test,
P <0.01), and decreased by 19.11 &+ 2.24% from —619.7
£ 68.15 pA to —457.7 £ 89.36 pA after application of 3
pmol/L. GSK2193874 (Fig. 3B, n = 6, paired f-test,
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Fig. 2 GSK2193874 inhibits
TRPV4 expression in the hip- A

pocampus of rats exposed to Control

soman. Protein expression of
TRPV4 was assessed by

(A) Western blotting and (B)
immunofluorescence (red,
TRPV4; blue, Hoechst; x200,
original magnification; scale
bars, 50 um). TRPV4™*/
Hoechst™ cells are TRPV4-pos-
itive cells, and Hoechst™ cells
are total cells. Soman group:
rats were treated with HI-6 (125
mg/kg i.p.) before soman injec-
tion (160 pg/kg, s.c.);
GSK2193874 (GSK) group: rats
were additionally treated with
the TRPV4 antagonist
GSK2193874 (1 mg/kg, i.v.)
immediately after HI-6 injection
and before soman injection;
Control group: rats received HI-
6 and solvent instead of antag-
onist and soman (mean + SD,
n = 6; ***P <0.001 vs control
group, #P <0.05 vs soman
group, one-way ANOVA and
Dunnett’s multiple comparison
test).

TRPV4 95 kDa

P <0.001). These results imply that blocking TRPV4
inhibits NMDAR function.

Action of GSK2193874 Against NMDA-Induced
Excitotoxicity In Vitro and In Vivo

To determine whether TRPV4 is involved in NMDA-
mediated excitotoxicity, we further explored the effect of
GSK2193874 (1 mg/kg, i.v.) against NMDA-induced (100
mg/kg, i.p.) seizures and death in rats. Memantine, an
NMDAR antagonist, was used as a positive control. As
shown in Table 1, memantine (20 mg/kg, i.p.) delayed the
onset of seizures and completely prevented rat death
(Table 1, P <0.05, <0.001), but had no effect on tonic-
clonic seizure control. Meanwhile, pretreatment with
GSK2193874 delayed the onset of seizures and reduced
the tonic-clonic seizures and mortality induced by NMDA
(Table 1, P <0.05, <0.001).

To confirm the neuroprotective properties of
GSK2193874 on NMDA-induced excitotoxicity in vitro,
its effects on cytotoxicity induced by NMDA in primary
cultured rat hippocampal neurons were evaluated by the
MTT and LDH release assays. Cells were pretreated with
GSK2193874 for 24 h, then exposed to NMDA (100 pmol/
L) for a further 24 h (Fig. 4A). GSK2193874 (50, 100, 200,
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and 500 nmol/L) increased the cell viability from 61.41%
to 90.05%, 84.18%, 91.04%, and 89.81%, respectively,
compared with the GSK 0 nmol/L group (Fig. 4A, P <0.05)
while reducing the LDH release from 10.58% to 6.33%,
6.13%, 4.74%, and 4.86%, respectively (Fig. 4B,
P <0.001).

Cell death was also assessed using Hoechst/PI dual
staining. This showed that the rate of cell death increased
from 19.3% to 27. 9% after NMDA exposure (100 pmol/L)
for 24 h (Fig. 4C, P <0.05), whereas pretreatment with
GSK2193874 (200 nmol/L) for 24 h reduced the death rate
to 16% (Fig. 4C, P <0.001), compared with the NMDA
group.

To assess the effect of GSK2193874 on the [Ca2+]i after
NMDA exposure, cytoplasmic Ca®" levels were measured
by Ca*'-sensitive Fluo-4/AM staining (Fig. 4D). NMDA
treatment (100 pmol/L) increased the [Ca®™]; compared
with that of the control group (Fig. 4D, P <0.05).
Pretreatment with GSK2193874 (200 nmol/L) for 24 h
attenuated the NMDA-induced Ca®" accumulation com-
pared with that of the NMDA-treated group (Fig. 4D,
P <0.05). The above results demonstrated that TRPV4
inhibition attenuates the excitotoxicity induced by NMDA
in vitro and in vivo.
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Fig. 3 GSK2193874 inhibits NMDA receptor function. n = 6; ¥*P <0.001 vs control group, #p <0.001 vs soman group,

A GSK2193874 inhibits NR2B phosphorylation in the hippocampus
of rats exposed to soman. Soman group: rats were treated with HI-6
(125 mg/kg i.p.) before soman injection (160 pg/kg, s.c.);
GSK2193874 (GSK) group: rats were additionally treated with the
TRPV4 antagonist GSK2193874 (1 mg/kg, i.v.) immediately after HI-
6 injection and before soman injection; Control group: rats received
HI-6 and solvent instead of the antagonist and soman (mean £ SD,

Effect of TRPV4 siRNA on Rat Primary Neuron
Viability and Intracellular Ca** Accumulation
in NMDA-Induced Excitotoxicity

TRPV4 was knocked down using a specific siRNA (10
nmol/L) and transfected cells were cultured for 24 h with or

@ Springer

one-way ANOVA and Dunnett’s multiple comparison test).
B GSK2193874 inhibits Inyvpa in primary cultured rat hippocampal
neurons. In the presence of 0.3 umol/L and 3 pumol/L. GSK2193874,
Invpa decreases by 11.13 £ 2.67% and 19.11 £ 2.24%, respectively
(n=6; **P <0.01, ***P <0.001 vs NMDA 100 pmol/L group, paired
t-test).

without NMDA. Cell viability was reduced after NMDA
treatment (100, 200, and 400 pmol/L) compared with that
of the NC siRNA group, while TRPV4 siRNA reversed the
decrease in cell viability after NMDA exposure (200 and
400 umol/L) (Fig. 5A, P <0.05), similar to the effects of
GSK2193874.
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Table 1 Effect of GSK2193874
against NMDA-induced sei-
zures and death in rats

Tonic-clonic seizures

Latency for Mortality

seizure onset (s)

NMDA
Memantine + NMDA
GSK2193874 + NMDA

95% (19/20)
90% (18/20)
65% (13/20) **

363.5 + 173.8
627.4 + 224.1 *
1096.9 + 558.9 **

45% (9/20)
0% (0/20) *+*
10% (2/20) **x

Data are shown as the mean + SD, *P < 0.05, ***P <(0.001 vs NMDA group; #p <0.05 vs Memantine +

NMDA group.
A 150 B 151
/100 3 101
& @
e @ B
o °
> 50 o 5
3 T
[0)
o 5 ‘ \ | |
\\V \\V \\V \\V 0\\' \\» \\V \\» &
° & & € & «0 & & &
© %é‘ *‘b@»{-@ {_‘L@ +6°Q & s & . S »1-@0
S
(N e F & E P
NMDA 100pmol/L NMDA 100pmol/L
C Control NMDA

O Pl/Hoechst

Fluo-4/Hoechst

Fig. 4 NMDA-induced cytotoxicity is prevented by GSK2193874.
Effect of GSK2193874 against NMDA-induced cytotoxicity assessed
by MTT (A, n = 8) and LDH release (B, n = 10) assays. Neurons were
pretreated with GSK2193874 (50, 100, 200, and 500 nmol/L) for 24 h,
and then exposed to NMDA (100 pmol/L) for 24 h [means £ SD;
#P <0.05 vs control group, *P <0.05, ***P <0.001 vs GSK2193874
(0 nmol/L) group]. C PI"/Hoechst™ cells are dead cells, and the
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PI; blue, Hoechst; original magnification x200; scale bars, 50 pm;
mean = SD, n = 25; *P <0.05 vs control group, #p <0.001 vs
NMDA group. D Intracellular Ca** concentrations measured with
Fluo-4 Direct Calcium Assay kits (green, Fluo-4; blue, Hoechst;
original magnification x200; scale bars, 50 pm; mean £+ SD, n = 8§;
*P <0.05 vs control group, #P <0.05 vs NMDA group, one-way
ANOVA and Dunnett’s multiple comparison test).
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Fig. 5 Knock-down of TRPV4 with siRNA-attenuated NMDA-
induced cytotoxicity and calcium accumulation in primary cultured
hippocampal neurons. Neurons were pretreated with TRPV4 siRNA
(10 nmol/L) for 24 h, and then exposed to NMDA (100 pmol/L) for
24 h. A Cell viability evaluated by MTT assays (mean + SD, n = 6;
#P <0.05 vs NC siRNA group, P <0.05 vs NMDA 0 pmol/L group.
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Fig. 6 Activation of astrocytes and microglial cells by soman is
attenuated by GSK2193874. Soman group: rats were treated with HI-
6 (125 mg/kg i.p.) before soman injection (160 pg/kg, s.c.);
GSK2193874 (GSK) group: rats were additionally treated with the
TRPV4 antagonist GSK2193874 (1 mg/kg, i.v.) immediately after HI-
6 injection and before soman injection; Control group: rats received
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NC siRNA

Control

L]

B, C Intracellular Ca>* concentrations measured using Fluo-4 Direct
Calcium Assay kits (green, Fluo-4; blue, Hoechst; original magnifi-
cation x200; scale bars, 50 pm; mean £ SD, n = 7; *P <0.05 vs
negative siRNA group, *P <0.05 vs NMDA group, ANOVA and
Dunnett’s multiple comparison test).
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HI-6 and solvent instead of the antagonist and soman. Iba-1 and
GFAP reflect the activation state of microglial cells and astrocytes,
respectively. A, B Protein levels of Iba-1 (A) and GFAP (B) (mean +
SD, n = 3; *P <0.05 vs control group, #p <0.05 vs soman group, one-
way ANOVA and Dunnett’s multiple comparison test).
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Fig. 7 GSK2193874 inhibits A
NLRP3 inflammasome expres- -
sion and pro-inflammatory b ecad
cytokine production in rat hip- -
pocampus after soman expo-
sure. Soman group: rats were
treated with HI-6 (125 mg/kg
i.p.) before soman injection
(160 pg/kg, s.c.); GSK2193874
(GSK) group: rats were addi-
tionally treated with the TRPV4
antagonist GSK2193874 (1 mg/
kg, i.v.) immediately after HI-6
injection and before soman
injection; Control group: rats
received HI-6 and solvent IL-18
instead of the antagonist and

soman. (A-F) Western blots )
(A) and analysis of NLRP3 (B), B-actin
ASC (C), caspase-1 (D), IL-1B C
(E), IL-18 (F), and B-actin pro-

tein levels (mean £ SD, n = 3;

*P <0.05, ***P <0.001 vs con-

trol group, *P <0.05,

###p <0.001 vs soman group,

one-way ANOVA and Dun-

nett’s multiple comparison test).
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Table 2 Incidence and latency of seizures in WT and TRPV4-KO
mice after soman exposure

%Q
S =

Incidence of seizures  Latency for seizure onset (s)

419.7 £ 111.5
603.7 £+ 212.3*

WT 100% (10/10)
TRPV4-KO  70% (7/10)*

Data are shown as the mean & SD, *P <0.05, vs WT.

Moreover, NMDA treatment (100 pmol/L) increased the
[Ca®™); compared with that in the NC siRNA group,
whereas TRPV4 siRNA attenuated the NMDA-induced
Ca®" accumulation (Fig. 5B, C; P <0.05).

Relative protein level of

o

& o &
& c°

Effect of GSK2193874 on Microglia and Astrocyte
Activation in Rat Hippocampus after Soman
Exposure

Glial cells are vital for the initiation of neuroinflammatory
responses. In the present study, we explored the effects of a
TRPV4 antagonist on soman-induced microglial cell and
astrocyte activation. Iba-1 was used as a marker for
microglial cells and GFAP (glial fibrillary acidic protein)
for astrocytes. The expression level of Iba-1 protein was
increased in the rat hippocampus after soman exposure,
whereas GSK2193874 abrogated the effects of soman
exposure on Iba-1 (Fig. 6A, P <0.05). The expression of
GFAP was markedly increased after soman exposure
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(Fig. 6B, P <0.05) and attenuated by GSK2193874. These
results indicated that soman exposure leads to the activa-
tion of microglia cells and astrocytes, while GSK2193874
inhibits it.

Effect of GSK2193874 on NLRP3 Inflammasome
Activation and Downstream Pro-inflammatory
Cytokine Production in Rat Hippocampus after So-
man Exposure

The protein expression levels of NLRP3, ASC, and
caspase-1 (Fig. 7A-D) were increased in rat hippocampus
after soman exposure compared with the control group (P
< 0.05, P < 0.001). Inflammatory cytokines IL-1(
(Fig. 7A, E) and IL-18 (Fig. 7A, F) were also markedly
increased after soman exposure (P < 0.05). However,
pretreatment with GSK2193874 reversed the effect of
soman exposure on NLRP3 inflammasome activation and
IL-1B and IL-18 cytokine expression (Fig. 7A-F, P <
0.05). These results indicated that soman promotes NLRP3
inflammasome activation and neuroinflammation, and this
is reversed by TRPV4 inhibition.

TRPV4-knockout Protects Against Soman-induced
Neurotoxicity by Suppressing NMDAR and NLRP3

To confirm the role of the TRPV4 channel in soman-
induced neurotoxicity, we used TRPV4 knockout mice.
Wild-type (WT) and TRPV4-KO mice were administered
HI-6 (125 mg/kg i.p.) 30 min prior to soman exposure to
block peripheral effects, and then were challenged with
soman (125 pg/kg, s.c.). The results showed that, compared
with the WT mice, TRPV4-KO mice had fewer seizures, a
prolonged seizure latency (Table 2, P <0.05), and a higher
survival rate (Fig. 8A, P <0.05). The H&E staining
assessment of hippocampal tissue indicated that the
neurons of WT control mice were structurally intact with
distinct and well-characterized round nucleoli. Soman
exposure, however, caused severe pathological injury in
the hippocampus of WT mice, with neuronal loss and
nuclear pyknosis. Interestingly, assessment of the hip-
pocampal neurons of the TRPV4-KO mice showed reduced
histopathological lesions after soman exposure compared
with WT mice (Fig. 8B)

To confirm the impact of TRPV4 on soman-induced
hyperfunction of NMDARs, NR2B phosphorylation was
measured in WT and TRPV4-KO mice by western blot.
The results showed that NR2B phosphorylation was higher
in the hippocampus of WT mice after soman exposure than
in the WT control group, and the phosphorylation was
remarkably reversed in the TRPV4-KO group (Fig. 8C, P
<0.05).

@ Springer

Fig. 8 TRPV4-KO mice are protected against soman exposure. WT p
mice and TRPV4-KO mice were treated with HI-6 (125 mg/kg i.p.)
before soman injection (125 ng/kg, s.c.). A Survival rates calculated
as the number of living mice (24 h after soman exposure) divided by
the total number of mice (n = 10; *P <0.05 vs WT + soman group.
B Histological assessment showing severe injury, neuron loss, and
nuclear pyknosis in the WT + soman group; TRPV4-KO reduces the
histopathologic lesions in the hippocampus of mice caused by soman
exposure (x 200, original magnification, scale bars, 50 pm).
C TRPV4-KO inhibits NR2B phosphorylation in the hippocampus
of mice exposed to soman, compared to the WT + soman group
(mean % SD, n = 3; *P <0.05 vs WT group, #p <0.05 vs WT + soman
group. D, E Iba-1 reflects the activation state of microglial cells.
Activation of astrocytes and microglial cells induced by soman is
attenuated by TRPV4-KO (mean £ SD, n = 3; *P <0.05 vs WT
group, *P <0.05 vs WT + soman group). D, F GFAP reflects the
activation of astrocytes. Activation of astrocytes induced by soman is
attenuated by TRPV4-KO (mean £+ SD, n = 3; *P <0.05 vs WT
group, *P <0.05 vs WT + soman group). G-L Western blots (G) and
analysis of expression of the NLRP3 inflammasome complex proteins
NLRP3 (H), ASC (I), caspase-1 (J), and downstream inflammatory
cytokines IL-1B (K), IL-18 (L), and B-actin (mean &+ SD, n = 3;
#P <0.05 vs WT group, *P <0.05 vs WT + soman group, one-way
ANOVA and Dunnett’s multiple comparison test).

Then we explored the effects of TRPV4 deletion on
soman-induced microglial and astrocyte activation. The
protein levels of both Iba-1 and GFAP were increased in
WT mice hippocampus after soman exposure, while
knocking out TRPV4 abrogated the effects of soman
exposure on the activation of microglia and astrocytes
(Fig. 8D-F, P <0.05).

The effects of the deletion of TRPV4 on the activation
of the NLRP3 inflammasome and the production of
downstream pro-inflammatory cytokines in mouse hip-
pocampus after soman exposure were measured by western
blot. The expression levels of NLRP3, ASC, and caspase-1
protein were increased in WT hippocampus after soman
exposure compared the WT control group (P <0.05)
(Fig. 8G-J). Meanwhile, IL-1f and IL-18 were also clearly
increased after soman exposure (P <0.05) (Fig. 8G, K, L).
However, the soman-induced NLRP3 inflammasome acti-
vation and IL-1P and IL-18 production were abrogated in
the TRPV4-KO mice (Fig. 8G-L, P <0.05). These results
indicated that soman promotes NLRP3 inflammasome
activation and neuroinflammation, which can be reversed
by deleting TRPV4.

Discussion

Several studies have focused on the role of TRPV4 in
modulating nervous system functions due to its widespread
expression and Ca®" permeability. Reports have demon-
strated that the neurotoxicity caused by TRPV4 over-
activation is an important factor in intracerebral
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hemorrhage and cerebral ischemic injury [35, 36]. Seizure-
related neural activity triggered by an increase in brain
temperature is blocked by a TRPV4 antagonist in larval
zebrafish [25]. Furthermore, TRPV4 expression is signif-
icantly increased in cortical tubers of the tuberous sclerosis
complex, a known form of therapy-refractory epilepsy [37].
Taken together, these data imply that TRPV4 is involved in
the pathogenesis of epilepsy. In this study, we demon-
strated that TRPV4 blockade or deletion was protective
against soman-induced SE and neuroinflammation. Its
mechanisms of action included a decrease in NMDAR-
mediated excitotoxicity and suppression of the NLRP3-
mediated neuroinflammatory response.

Our data showed that exposure to soman led to an
increase of TRPV4 protein levels in rat hippocampal cells,
while treatment with the TRPV4 antagonist GSK2193874
protected the cells against soman poisoning, as reflected by
improved survival rates and suppressed behavioral sei-
zures. Unlike anticholinergics, GSK2193874 did not block
the onset of soman-induced seizures in rats, but did relieve
and terminate seizures, similar to the effect of NMDA
antagonists [10]. The reason for this phenomenon is that
the seizures after soman exposure are initiated by an
increase in ACh levels following the irreversible inhibition
of brain AChE by soman. Once initiated, non-cholinergic
neurotransmitter systems, especially the NMDARs of the
glutamatergic excitatory amino-acid system, are rapidly
perturbed by the excitatory activity of the seizure itself, and
as it progresses, non-cholinergic excitatory activity grad-
ually gains control over the seizure independent of the
initiating cholinergic drive [3]. Activation of NMDARs
sustains seizure activity and increases the excessive levels
of [Ca2+]i, which launches biochemical reactions that lead
to neuronal death. Previous studies have suggested that the
NR2B subunit of NMDARs is the major factor in
excitotoxicity, with the phosphorylation of tyrosine 1472
(Tyr1472) site of NR2B considered as the vital pathway for
excitotoxicity [34, 38]. In our study, soman exposure led to
NMDAR activation via up-regulation of NR2B phospho-
rylation (Tyrl472) in the rat hippocampus, which was
reversed by GSK2193874 or TRPV4-KO. Moreover, our
in vitro experiments showed that NMDA-induced Inmpa
was markedly attenuated by a TRPV4 antagonist indicating
that TRPV4 inhibition impedes activation of NMDARs and
their mediated Inypa. Furthermore, NMDA-induced neu-
rotoxicity was significantly increased in rat primary
cultured hippocampal neurons, and pretreatment with
GSK2193874 or TRPV4 siRNA reduced the cytotoxicity
after NMDA exposure, as reflected in increased cell
viability and reduced LDH release. Furthermore, NMDA-
induced Ca*" accumulation was also inhibited by
GSK2193874 or TRPV4 siRNA. Therefore, our findings
strongly suggest that TRPV4 activation induces NMDAR-
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mediated excitotoxicity, resulting in seizures and sec-
ondary brain injury after soman exposure. This is supported
by a previous study using a cerebral ischemia model, which
indicated that activation of TRPV4 facilitates and prolongs
the glutamate excitotoxicity by potentiating the NMDAR
response [24]. In addition, there are limitations in the
clinical applications of NMDA antagonists due to their
side-effects [39—42]; blocking the TRP channel appears to
inhibit NMDAR function by diminishing membrane depo-
larization and not by directly blocking NMDARs [43, 44],
suggesting that TRPV4 is a promising novel target for
treatment. However, more evidence is required, and the
specific mechanisms of action need to be elucidated in
future work.

TRPV4 is strongly expressed in rat hippocampal astro-
cytes and microglial cells that have been reported to be
involved in neuronal injury induced by neuroinflammation.
More specifically, TRPV4 is responsible for amyloid B-
induced neuronal and astrocytic damage [20] and, in its
closed state, inhibits the influx of Ca”i and decreases the
levels of IL-1p and TNF-a in lipopolysaccharide-activated
microglial cells [45]. A recent study showed that the
TRPV4 agonist GSK1016790A initiates the NLRP3-re-
lated inflammatory process by activating astrocytes and
microglia [27]. The NLRP3 inflammasome, an integral part
of the innate immune system, is a cytoplasmic complex in
which NLRP3 interacts with the adaptor protein ASC to
enable the recruitment and activation of caspase-1, leading
to the maturation of IL-1B and IL-18. In our study,
astrocytes and microglial cells were activated in the
hippocampus of rats and mice after soman exposure and
were attenuated by GSK2193874. Furthermore, blocking or
deletion of TRPV4 inhibited the up-regulation of NLRP3,
ASC, caspase-1, and the downstream IL-1pB and IL-18
protein levels induced by soman. Our results suggest that
TRPV4 is involved in the activation of astrocytes and
microglia induced by soman and we provide the first
evidence that NLRP3 is involved in the inflammatory
response after soman exposure, which may be regulated by
the TRPV4 channel.

In conclusion, we demonstrated that the “dual-switch”
function of TRPV4 mediating Ca®" influx causes changes
in downstream pathways, leading to seizures and secondary
brain injury when exposed to soman. Once we turned off
the switch by blocking or deleting the TRPV4 channel, a
marked protective effect against soman-induced SE and
neuroinflammation occurred, via decreased NMDAR-me-
diated excitotoxicity and reduction in the NLRP3-mediated
neuroinflammatory response. The present study provides
useful data for future research, particularly for the treat-
ment of casualties caused by exposure to nerve agents or
organophosphorus pesticides.
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