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Transient receptor potential vanilloid member 4 (TRPV4) is a Ca®" permeable nonselective cation channel, and
mutations in the TRPV4 gene cause congenital skeletal dysplasias and peripheral neuropathies. Although TRPV4
is widely expressed in the brain, few studies have assessed the pathogenesis of TRPV4 mutations in the brain. We
aimed to elucidate the pathological associations between a specific TRPV4 mutation and neurodevelopmental
defects using dopaminergic neurons (DNs) differentiated from dental pulp stem cells (DPSCs). DPSCs were iso-
lated from a patient with metatropic dysplasia and multiple neuropsychiatric symptoms caused by a gain-of-
function TRPV4 mutation, ¢.1855C>T (p.L619F). The mutation was corrected by CRISPR/Cas9 to obtain
isogenic control DPSCs. Mutant DPSCs differentiated into DNs without undergoing apoptosis; however, neurite
development was significantly impaired in mutant vs. control DNs. Mutant DNs also showed accumulation of
mitochondrial Ca?* and reactive oxygen species, low adenosine triphosphate levels despite a high mitochondrial
membrane potential, and lower peroxisome proliferator-activated receptor gamma coactivator 1-alpha expres-
sion and mitochondrial content. These results suggested that the persistent Ca>" entry through the constitutively
activated TRPV4 might perturb the adaptive coordination of multiple mitochondrial functions, including
oxidative phosphorylation, redox control, and biogenesis, required for dopaminergic circuit development in the
brain. Thus, certain mutations in TRPV4 that are associated with skeletal dysplasia might have pathogenic effects
on brain development, and mitochondria might be a potential therapeutic target to alleviate the neuropsychiatric
symptoms of TRPV4-related diseases.

1. Introduction scoliosis, and metatropic dysplasia (MD) is the most severe type [2].

Neuropathies include peripheral axonal neuropathies, that mainly affect

Transient receptor potential vanilloid member 4 (TRPV4) is a Ca?*
permeable, nonselective cation channel that responds to multiple stim-
uli, including osmotic pressure, temperature, and mechanical stress [1].
Mutations in the gene encoding TRPV4 have been linked to both
congenital skeletal dysplasias and neuropathies. Skeletal dysplasias are
mainly characterized by a short trunk due to platyspondyly and

motor neurons [3]. Numerous TRPV4 mutations have been identified,
many of which are gain-of-function mutations in the Ca®* channel
[1-3]. Although TRPV4-related skeletal dysplasias and neuropathies
have been recognized as separate disorders, several reports have
described patients with overlapping phenotypes [4-8].

Most previous studies have employed gene mutation analyses,
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clinical examinations using bone X-rays, nerve conduction studies, and
Ca2* permeability analyses in mutant TRPV4-transfected cell lines [3].
Studies using disease-specific models have shown that several mutations
in TRPV4 associated with skeletal dysplasia affect chondrogenic and
osteogenic differentiation [9-13]. Although TRPV4 is widely expressed
in the brain and is involved in various functions, few studies have
focused on the pathological association between TRPV4 mutations and
neural cells [14,15]. A recent report described two siblings, both with
peripheral neuropathy and severe intellectual disability caused by a
TRPV4 mutation [16]. Thus, certain mutations in TRPV4 may affect
different cell lineages, including those belonging to the skeletal, pe-
ripheral, and central nervous systems.

Human dental pulp stem cells (DPSCs) are mesenchymal stem cells
that efficiently differentiate into different cell lineages, including oste-
oblasts, chondrocytes, and dopaminergic neurons (DNs) [17,18]. DNs
are a neuronal subtype involved in multiple brain functions, including
motor, reward, and cognitive functions [19]. Defects in DNs play
important roles in many neuropsychiatric disorders including Parkin-
son’s disease, schizophrenia and autism [19]. DPSCs derived from pa-
tients with neurodevelopmental disorders can be differentiated into DNs
for analysis, as disease-specific cellular models [20-22]. Given that
TRPV4 functions as a temperature-sensitive receptor involved in the
excitability and Ca®" homeostasis of DN, this suggests that DNs may be
affected by pathological mutations in TRPV4 [23].

We aimed to elucidate the underlying mechanisms of neuro-
developmental defects associated with certain TRPV4 mutations using
DNs. To do this, DPSCs carrying a gain-of-function TRPV4 mutation,
c.1855C>T (p.L619F), were isolated from a patient with MD and
neuropsychiatric symptoms [12,13]. The TRPV4 mutation was corrected
using genome editing to generate isogenic control cells. Mutant and
control DPSCs were differentiated into DNs for examination.

2. Materials and methods
2.1. DPSC isolation and culture

Experiments using human samples were reviewed and approved by
the Kyushu University Institutional Review Board for Human Genome/
Gene Research (permission number: 678-02) and were conducted in
accordance with the Declaration of Helsinki. Written informed consent
was obtained from the patient’s guardians.

DPSCs were isolated from a 14-year-old boy with MD carrying a de
novo mutation in TRPV4, c.1855C>T (p.L619F) [12]. He had severe
motor disabilities, hearing loss, and an intelligence quotient of 80. Brain
magnetic resonance imaging did not identify any parenchymal lesions.
At 12 years old, he developed epilepsy. Electroencephalograms revealed
epileptiform discharges from the frontal and temporal lobes. The
recurrent seizures were difficult to distinguish from somatoform disor-
ders due to the patient’s uncontrollable anxiety and other neuropsy-
chiatric conditions.

The mutation was repaired by CRISPR/Cas9 to obtain isogenic con-
trol DPSCs (Ctrl-DNs) as previously described [12]. DPSCs were cultured
in Alpha Modification of Eagle’s Medium (Nacalai Tesque, Kyoto,
Japan) containing 15% fetal bovine serum (Sigma-Aldrich, MO, USA),
100 pM t-ascorbic acid 2-phosphate (Wako Pure Chemical Industries,
Osaka, Japan), 250 pg/mL fungizone (Thermo Fisher Scientific, MA,
USA), 100 U/mL penicillin, and 100 pg/mL streptomycin (Nacalai Tes-
que) at 37°C and 5% CO,. Cells passaged <7 times were used in all
experiments.

2.2. DN differentiation of DPSCs

A total of 1 x 10° DPSCs were seeded onto a six-well plate and
incubated overnight. Cells were then cultured in Dulbecco’s Modified
Eagle’s Medium (Nacalai Tesque) supplemented with 20 ng/mL
epidermal growth factor (Peprotech, NJ, USA), 20 ng/mL basic
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fibroblast growth factor (Peprotech), and 1% N2 supplement (Thermo
Fisher Scientific) for 2 days. The medium was subsequently replaced
with neurobasal media (Thermo Fisher Scientific) supplemented with
2% B27 supplement (Thermo Fisher Scientific), 1 mM dibutyr-
yladenosine 3,5-cyclic monophosphate (Nacalai Tesque), 0.5 mM 3-iso-
butyl-1-methylxanthine (Sigma-Aldrich), and 200 pM ascorbic acid
(Nacalai Tesque) and incubated for 5 days.

2.3. Immunocytochemistry and analysis of cultured DNs

DNs were cultured on cover glasses and fixed with 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (PBS, pH 7.4) for 10
min. Cells were subsequently permeabilized with 0.1% Triton X-100 for
5 min. Cells were blocked with 2% bovine serum albumin in phosphate-
buffered saline for 20 min and then incubated with one of the following
primary antibodies for 90 min: anti-TOMM20 (translocase of outer
mitochondrial membrane 20) (Santa Cruz Biotechnology, CA, USA) or
anti-tyrosine hydroxylase (TH; Proteintech, IL, USA). Cells were subse-
quently incubated with Alexa Fluor-conjugated secondary antibodies
(Thermo Fisher Scientific). After staining with secondary antibodies in
the dark for 60 min, nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (Dojindo, Kumamoto, Japan). The cover glass was then
mounted on a slide using ProLong Diamond mounting medium (Thermo
Fisher Scientific). Analysis of neurite outgrowth, branching, and the
mitochondrial-stained area per cell area in the cultured DNs was per-
formed as described previously [22].

2.4. Quantitative analysis of mitochondria in DNs

For the evaluation of mitochondrial content in DNs, TOMM20 was
used as a specific mitochondrial marker, as described previously
[20-22]. Fluorescence images of DNs stained with anti-TOMMZ20,
anti-TH, and DAPI were acquired using a Nikon C2 confocal micro-
scope (Nikon). The TOMM20-stained and TH-stained areas of each 30
cells randomly selected from the fluorescence images were measured as
the mitochondrial and cell areas, respectively. Areas were measured
using the Multi Wavelengths Cell Scoring module in the MetaMorph
software (Molecular Devices, CA, USA). To normalize the content of
mitochondria in whole cells, the TOMM20-stained areas were divided by
TH-stained areas. To evaluate the localization of mitochondria in neu-
rites, the number of neurites harboring at least one mitochondrion was
counted and corrected with the total number of neurites in every 10 DNs
randomly selected from the fluorescence images.

2.5. Measurement of mitochondrial membrane potential and intracellular
adenosine triphosphate levels

Mitochondrial membrane potential (MMP) and intracellular adeno-
sine triphosphate (ATP) levels were measured as described previously
[21].

2.6. Measurement of mitochondrial reactive oxygen species levels

In order to measure mitochondrial reactive oxygen species (ROS)
levels, the cells were cultured in p-dishes (ibidi, Munich, Germany) and
then incubated with 5 pM MitoSOX Red (Thermo Fisher Scientific) and
1 uM Mitotracker Green (Thermo Fisher Scientific) for 30 min at 37 °C.
Fluorescent images of MitoSOX Red and Mitotracker Green signals were
acquired using a Nikon C2 confocal microscope (Nikon). The fluores-
cence intensity of MitoSOX Red and Mitotracker Green were measured
using the NIS-Elements software (Nikon). The intensity of MitoSOX Red
was divided by that of Mitotracker Green to calculate mitochondrial
ROS production per mitochondrion.
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2.7. Intracellular and mitochondrial Ca®* levels

Intracellular and mitochondrial Ca®* levels were measured as
described previously [24]. Briefly, cells were stained with Fluo-4 AM (to
detect intracellular Ca“; Thermo Fisher Scientific) and Rhod-2 AM (to
detect mitochondrial Ca?*; Dojindo). Fluorescent signals were measured
using an Infinite 200 PRO plate reader (Tecan, Mannedorf, Switzerland).
Fluorescent images were acquired using a Nikon C2 confocal
microscope.

2.8. RNA extraction and quantitative real-time polymerase chain reaction
(PCR)

Total RNA was extracted from cells using an RNeasy Mini Kit (Qia-
gen). First-strand cDNA was synthesized using the ReverTra Ace qPCR
RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). The se-
quences of primers used were as follows: nuclear receptor related 1
(NURR1): 5- GCACTTCGGCAGAGTTGAATGA-3' (forward) and 5'-
GGTGGCTGTGTTGCTGGTAGTT-3' (reverse); peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a): 5'- GGCA-
GAAGGCAATTGAAGAG-3' (forward) and 5- TCAAAACGGTCCCT-
CAGTTC-3' (reverse); superoxide dismutase 1 (SODI1): 5'-
GGTGGGCCAAAGGATGAAGAG-3’ (forward) and 5'-CCA-
CAAGCCAAACGACTTCC-3' (reverse); superoxide dismutase 2 (SOD2):
5-AAACCTCAGCCCTAACGGTG-3' (forward) and 5'-
GCCTGTTGTTCCTTGCAGTG-3' (reverse); 60S ribosomal protein L13a
(RPL13A): 5-GCTGTGAAGGCATCAACATTT-3' (forward) and 5'-
CATCCGCTTTTTCTTGTCGTA-3' (reverse). Real-time quantitative PCR
was performed using the GoTaq qPCR Master Mix (Promega, WI, USA)
and analyzed with the StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific). The relative expression levels of the target genes were
analyzed wusing the comparative threshold cycle method by

A

Ctrl-DNs TH DAPI MD-DNs

TH DAPI
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normalization against the levels of RPL13A.
2.9. Western blot analysis

TRPV4 protein levels were measured by western blotting as
described previously [13].

2.10. Statistical analyses

Statistical analyses were performed by Student’s t-test using JMP
software version 14 (SAS Institute, NC, USA). Statistical significance was
set at P < 0.05.

3. Results
3.1. Impaired neurite development of mutant DNs

Both mutant DPSCs and isogenic control DPSCs differentiated into
DNs (Fig. 1A). No significant difference in NURR1 expression, an
essential factor for DN neurogenesis, was identified between the two
groups (Fig. 1B). Approximately 80% of cultures in both groups
expressed TH, the marker for mature DNs (Fig. 1C). However, the
maximum neurite length was significantly shorter and the number of
neurite branches was significantly lower in MD-DNs vs. Ctrl-DNs
(Fig. 1D and E). These results suggested that patient-derived DPSCs
with the p.L619F mutation could differentiate into DNs, but that neurite
development was impaired.

3.2. Reduced mitochondrial content and cellular ATP levels in mutant
DNs

Mitochondria play key roles in neurite elongation and branching.

B C
n.s.
100 -
- » n.s.
x 3
S 1 o 807 —=—
= Z
G
c 2 60
xe] T
@ £
[ o 4
g 054 g 40
® £
>
i % 20
& o
04 . . 0 . .
Ctr-DNs ~ MD-DNs Ctr-DNs  MD-DNs
. 250 1 ok E 20 4
S ®
3 200 g s
= S 15 4
° o
| =i
S 150 °
o £
g g 0]
< 100 A =
£ 2
2 5 .|
% 50 A N
= Z
Ctr-DNs ~ MD-DNs Ctr-DNs  MD-DNs

Fig. 1. Differentiation of dental pulp stem cells (DPSCs) into dopaminergic neurons (DNs). (A) DNs (control, Ctrl; MD, metatropic dysplasia) were visualized by
immunofluorescence microscopy using anti-tyrosine hydroxylase (TH) antibodies. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Scale bars
= 50 pm. The boxed regions are shown at greater magnification in the lower panels. Scale bars = 25 pm. (B) Nuclear receptor related 1 (NURR1) expression in DNs
was measured using quantitative reverse transcription polymerase chain reaction. Means + standard error of the means (SEMs) were obtained from three experi-
ments. (C) The percentage of TH-positive cells was measured. (D, E) Maximum neurite length (D) and total number of branches per DN (E) were measured. (C-E)
Means+SEMs were obtained after analyzing 30 cells from three experiments. n.s., not significant, ***P < 0.001.
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The abundance and distribution of mitochondria in DNs were evaluated
by immunostaining for TOMM20, which is localized in the mitochon-
drial outer membrane (Fig. 2A). Both the TOMM20-stained area per cell
area and the proportion of neurites containing mitochondria were
significantly lower in MD-DNs vs. Ctrl-DNs (Fig. 2B and C). MMP and
ATP levels were measured to evaluate activity of mitochondrial oxida-
tive phosphorylation. While the MMP was significantly higher (Fig. 2D
and Supplementary Fig. S1), cellular ATP levels were significantly lower
in MD-DNs vs. Ctrl-DNs (Fig. 2E). These results indicated dysregulated
mitochondrial function in MD-DNs.

3.3. Increased intracellular and mitochondrial Ca®* levels of mutant DNs

The p.L619F mutation is a gain-of-function mutation that increases
the Ca* influx which accelerates chondrocyte and osteoblast differen-
tiation [12,13]. Here, we found that both intracellular and mitochon-
drial Ca®" levels were significantly higher in MD-DNs vs. Ctrl-DNs
(Fig. 3A and B). TRPV4 expression levels were lower in MD-DPSCs vs.
Ctrl-DPSCs, as previously reported [12,13] (Fig. 3C). TRPV4 expression
was significantly higher after vs. before differentiation in both groups
(Fig. 3C). After differentiation, TRPV4 expression was significantly
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higher in MD-DNs vs. Ctrl-DNs. These results suggested that the p.L619F
mutation increased TRPV4 function and expression, which contributed
to the higher Ca2* levels observed in MD-DNs.

3.4. Increased mitochondrial ROS levels in mutant DNs

Increased mitochondrial Ca?* stimulates mitochondrial respiration,
which increases ROS production during the electron transport. The
fluorescence intensity of MitoSOX-stained area/Mitotracker-stained
area, which shows normalized mitochondrial ROS levels, was signifi-
cantly higher in MD-DNs vs. Ctrl-DNs (Fig. 4A and B). The expression of
PGC-1a, a master gene involved in mitochondrial biogenesis and closely
related to ROS-mediated signaling, was significantly lower in MD-DNs
vs. Ctrl-DNs (Fig. 4C). Additionally, the expression of SOD2, a down-
stream target of PGC-1a, was lower in MD-DNs vs. Ctrl-DNs, although
SOD1 expression was similar in both DNs (Fig. 4D and E).

We found no significant difference in the viable cell count after dif-
ferentiation between the two groups and only a few apoptotic cells in
both groups, as confirmed by the extremely low expression of truncated
caspase-3 (Supplementary Fig. S2). These were consistent with the
highly maintained MMP in MD-DNs, indicating that the mitochondrial
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Fig. 2. Altered mitochondrial function of mutant (metatropic dysplasia, MD) vs. control (Ctrl) dopaminergic neurons (DNs). (A) DNs were stained with anti-
TOMM20 (a mitochondrial marker) and anti-tyrosine hydroxylase (TH) antibodies and counterstained with 4',6-diamidino-2-phenylindole. Scale bars = 25 pm.
The boxed regions on the merged images are shown at greater magnification in the lower panels. Scale bars = 20 pm. (B) TOMM20-stained and cell area were
measured using MetaMorph software. Then, TOMM20-stained areas were divided by cell areas. Three independent experiments ware performed. Means + standard
error of the means (SEMs) were obtained after analyzing each 30 cells from three independent experiments. (C) The percentage of mitochondria-containing neurites
is shown. The number of neurite with at least one mitochondrion was divided by the total number of neurites to normalize the ratio of mitochondria-containing
neurites between the two groups with differential neurite development. Three independent experiments were performed. Means+SEMs were obtained after
analyzing each 10 cells from three independent experiments. (D) Mitochondrial membrane potential was measured by JC-1. The ratio of JC-1 red/green was
calculated. (E) The adenosine triphosphate (ATP) levels were measured by luminescence assay. The ATP luminescence signals were divided by the number of cells.
(D, E) Means+SEMs were obtained from three experiments. *P < 0.05, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. Enhanced intracellular and mitochondrial Ca®* levels in mutant (metatropic dysplasia, MD) vs. control (Ctrl) dopaminergic neurons (DNs). (A) Cells were
stained with Fluo-4 AM and observed by immunofluorescence microscopy, and the fluorescence intensity of Fluo-4 AM was measured using a plate reader. (B) Cells
were stained with Rhod-2 AM and observed by immunofluorescence microscopy, and the fluorescence intensity of Rhod-2 AM was measured using a plate reader.
Scale bars = 25 pm. (C) Transient receptor potential vanilloid member 4 (TRPV4) expression in dental pulp stem cells (DPSCs) and DNs was measured by western
blotting. TRPV4 expression was normalized to a-tubulin. Means + standard error of the means were obtained from three experiments. *P < 0.05, **P < 0.01, ***P

< 0.001.

membrane was intact (Fig. 2D).

Together, these results suggested that in MD-DNs, mitochondrial
ROS levels were deleterious enough to downregulate PGC-1a and SOD2,
but not to trigger apoptosis.

4. Discussion

Herein, DPSCs carrying the TRPV4 p.L619F mutation differentiated
into DNs without undergoing apoptosis, but neurite development was
impaired compared to isogenic control cells. Mutant DNs also showed
reduced ATP levels, PGC-1a expression, and mitochondrial content, but
elevated MMP, mitochondrial Ca®*, and ROS levels. These results imply
that Ca?" accumulation through an MD-related gain-of-function muta-
tion in TRPV4, ¢.1855C>T (p.L619F) might dysregulate the mitochon-
drial function required for the post-differentiation development of DNs.

Mitochondrial function is tightly regulated by Ca®* [25-27]. In
physiological conditions, increased mitochondrial Ca2" activates
oxidative phosphorylation, including enzymes involved in the Krebs
cycle and respiratory chain complexes. This accelerates electron trans-
port to elevate the MMP and ATP synthesis. However, persistent mito-
chondrial Ca*" overload induces mitochondrial —membrane
depolarization, permeability transition, and finally cell death [27]. In
MD-DNs, we observed high mitochondrial Ca2+, MMP, and ROS levels,
suggesting that increased mitochondrial Ca®" activated electron flow to
elevate the MMP, which might have triggered excessive ROS generation
through electron leakage. However, most MD-DNs survived without
undergoing apoptosis, indicating an intact mitochondrial membrane.
Thus, in MD-DNs, the increased mitochondrial Ca®* induced by TRPV4
with the p.L619F mutation might have both positive and negative effects
that collectively perturb mitochondrial function.

ROS play essential roles in mitochondrial biogenesis [28,29]. Given
the elevated ROS levels and reduced mitochondrial content and PGC-1a
expression we observed in MD-DNs, the low cellular ATP levels despite a
high MMP might correlate with the reduced ROS-regulated

mitochondrial biogenesis in these cells. In mammals, mitochondrial
biogenesis is positively or negatively regulated, depending on the type of
stress induced, leading to the hypothesis that acute or moderate oxida-
tive stress adaptively induces PGC-1la-mediated mitochondrial biogen-
esis, whereas prolonged or extensive stress induces the opposite
outcome [29-35]. In MD-DNs, excessive ROS generated through
persistently accelerated electron flow by Ca®' accumulation might
inhibit PGC-1a induction and mitochondrial biogenesis during neurite
development. Downregulation of SOD2, a target of PGC-1a, might also
be involved in mitochondrial ROS accumulation [31].

Mitochondrial dysfunction have not yet fully explained the MD-
related neuropsychiatric pathology in our case, because only a few
neurological defects have been reported to be associated with the
pathophysiology of MD. However, autism and other polygenic neuro-
psychiatric disorders have provided evidence for the pathogenic effects
of mitochondrial respiration, biogenesis, morphology, redox control and
CaZ* regulation on their phenotypic expression [36]. On the other hand,
a calcium channel-associated disorder Timothy syndrome, exhibits
prominent neurodevelopmental features of autism, intellectual
disability and seizures [37]. Given the critical association of mito-
chondrial functions with intracellular Ca®* signaling pathways, genetic
variants in TRPV4 may be risk factors for impairing mitochondrial
function in polygenic neuropsychiatric phenotypes [37].

This study has several limitations in terms of understanding the pa-
thology of neuropsychiatric symptoms in TRPV4-related skeletal dys-
plasias. Impaired DN development might contribute to the psychogenic
seizures that are associated with anxiety and/or mild intellectual
disability. However, it remains to be determined whether overlapping
molecular signals are involved in the pathogenesis of the severe skeletal
and cognitive development impairments that occur in patients with MD.
Further studies are required to elucidate the precise mechanisms un-
derlying the neuropsychiatric phenotypes and brain development that
are associated with TRPV4 mutations, including careful examinations of
patients’ neuropsychiatric symptoms and altered brain dopaminergic
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Fig. 4. Elevated mitochondrial reactive oxygen species (ROS) levels in mutant (metatropic dysplasia, MD) vs. control (Ctrl) dopaminergic neurons (DNs). (A) DNs
were stained with MitoSOX Red (a mitochondrial ROS indicator) and MitoTracker Green (a mitochondrial marker). Scale bars = 25 pm. (B) To measure the ROS level
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polymerase chain reaction. (B-E) Means + standard error of the means were obtained from three experiments. n.s., not significant, *P < 0.05, **P < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

signaling, along with assessments of the ROS-mediated signaling path-
ways leading to PGC-1a downregulation, endoplasmic reticulum and
reactive nitrogen species as alternative pathological elements, the po-
tential effects on excitatory or inhibitory neurons, and regulation of
TRPV4 expression during neural differentiation.

In conclusion, persistent Ca?t accumulation through a TRPV4 gain-
of-function mutation perturbs coordination between mitochondrial
respiration, redox control, and biogenesis during DN development.
These findings suggest that certain TRPV4 mutations have pathogenic
effects on both the bone and central nervous system. Mitochondrial
activation, and mitochondrial biogenesis and antioxidant capacity
enhancement, might be potential therapeutic targets for alleviating
neuropsychiatric symptoms in TRPV4-related diseases.
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