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2019.—Pulmonary arterial adventitial fibroblasts (PAF), the most
abundant cellular constituent of adventitia, act as a key regulator of
pulmonary vascular wall structure and function from the outside-in.
Previous studies indicate that transient receptor potential vanilloid 4
(TRPV4) channel plays an important role in the development of
pulmonary hypertension (PH), but no attention has been given so far
to its role in adventitial remodeling. In this study, we thus investigated
TRPV4 implication in PAF activation occurring in PH. First, we
isolated and cultured PAF from rat adventitial intrapulmonary artery.
RT-PCR, Western blot, immunostaining, and calcium imaging (fluo-
4/AM) showed that PAF express functional TRPV4 channels. In
extension of these results, using pharmacological and siRNA ap-
proaches, we demonstrated TRPV4 involvement in PAF proliferation
(BrdU incorporation) and migration (wound-healing assay). Then,
Western blot experiments revealed that TRPV4 activation upregulates
the expression of extracellular matrix protein synthesis (collagen type
I and fibronectin). Finally, we explored the role of TRPV4 in the
adventitial remodeling occurring in PH. By means of Western blot, we
determined that TRPV4 protein expression was upregulated in adven-
titia from chronically hypoxic and monocrotaline rats, two animal
models of PH. Furthermore, morphometric analysis indicated that
adventitial remodeling is attenuated in PH-induced frpv4 ™/~ mice.
These data support the concept that PAF play an essential role in
hypertensive pulmonary vascular remodeling and point out the par-
ticipation of TRPV4 channel activity in PAF activation leading to
excessive adventitial remodeling.

adventitia; fibroblast; migration; proliferation; pulmonary artery; TRP
channel; trpv4~/~ mouse

INTRODUCTION

Pulmonary hypertension (PH) is a hemodynamic disorder
characterized by a progressive elevation of pulmonary arterial

*L. A. Cussac and G. Cardouat contributed equally to this work.

Address for reprint requests and other correspondence: T. Ducret, Centre de
Recherche Cardio-Thoracique de Bordeaux, INSERM U1045, Plateforme
Technologique d’Innovation Biomédicale, Hopital Xavier Arnozan, Avenue
du Haut Lévéque, F-33604 Pessac Cedex, France (e-mail: thomas.ducret
@u-bordeaux.fr).

http://www.ajplung.org

1040-0605/20 Copyright © 2020 the American Physiological Society

pressure leading to right heart failure and, ultimately, to death.
From a pathophysiological point of view, PH is a multifactorial
disease due to a progressive increase in pulmonary vascular
resistance caused, among others, by pulmonary vasculature
remodeling, vasoconstriction, and thrombosis (18). The pro-
cess of pulmonary arterial wall remodeling occurs in the
three-layered structure of the vessel (i.e., intima, media, and
adventitia) and involves all of the main cell types (i.e., endo-
thelial cells, smooth muscle cells, and fibroblasts, respec-
tively). However, although the adventitia is known to play a
key role in the regulation of vascular function and structure
(43), little attention has been given so far to the role of the
adventitia in the remodeling process occurring during PH.

Remodeled vessels in PH are characterized by adventitial
thickening and increased stiffness involving pulmonary artery
adventitial fibroblasts (PAF) and connective tissue deposition.
Indeed, during the remodeling process, proliferative, migra-
tory, and fibrotic activities of PAF increase (3, 19, 31, 47).
Moreover, these cellular responses are strongly enhanced under
hypoxic conditions (11), occurring in a variety of chronic lung
diseases (chronic obstructive pulmonary disease, asthma...),
eventually leading to PH of group 3 (12).

At the cellular level, a key step in the initiation of these
processes is an increase in [Ca®™];, which results from a release
of intracellular stored Ca®>* and/or an influx of extracellular
Ca®", occurring through plasma membrane channels with
distinctive Ca®" selectivity. In examining the role of ion
channels in PH, we and others recently demonstrated that the
activity of transient receptor potential vanilloid 4 (TRPV4)
plasma membrane channel was increased in pulmonary artery
smooth muscle cells (PASMC) from chronically hypoxic (CH)
rat (4, 50), an animal model of PH. Moreover, we previously
showed that TRPV4 induces PASMC migration (23, 30).
TRPV4 is a subclass of the TRP channel superfamily. It is a
Ca®*-permeable nonselective cationic channel, activated by a
wide variety of stimuli, including physical, thermal, and chem-
ical stimuli such as the arachidonic acid metabolite epoxyei-
cosatrienoic acid and the synthetic agonist GSK-1016790A, in
particular (45, 48). Importantly, numerous studies showed an
emerging role of TRPV4 in mechanical lung injury (15, 26, 29)
and progression of myocardial and pulmonary fibrosis (51).

In the present study, we initially found that functional
TRPV4 channel is expressed in cultured rat PAF. Since PAF
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represent the most abundant cell type in adventitia and play a
central role in the remodeling of this tunica, using genetic
(siRNA) or pharmacological inhibition, we then determined
that TRPV4 plays a key role in proliferation, migration, and
synthesis of extracellular matrix, which are key cellular ele-
ments in the pathogenesis of PH. Moreover, TRPV4 was
upregulated in pulmonary artery adventitial layer from mono-
crotaline (MCT) and CH rats, two models of PH corresponding
to the first (pulmonary arterial hypertension, including idio-
pathic PH) and the third groups of PH (due to lung disease or
chronic hypoxemia), respectively (42). Finally, the associated
adventitial remodeling was significantly attenuated in CH and
MCT trpv4~/~ mice.

MATERIALS AND METHODS

Animal model. The investigation was carried out according to the
animal care and use of our local ethics committee (“Comité d’éthique
de Bordeaux en expérimentation animale”; protocol number: APAFIS
no. 9212-2017031018562273vS5) in agreement with the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health and European directives. Experiments were con-
ducted on Wistar male rats (200-300 g) or C57BL/6J male trpv4d =/~
and frpv4™/* mice (20-25 g). The trpv4~/~ mice were generated by
targeted deletion of exon 12 of the rrpv4 gene (22) and backcrossed on
a C57BL/6J background before starting the study (37). For in vitro
and histology experiments, rats and mice were euthanized by intra-
peritoneal injection of pentobarbital sodium (120 mg/kg). To measure
right ventricle pressure, mice were anesthetized by intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and then
euthanized.

PAF isolation and culture. Intrapulmonary arteries (IPA) of the
first order from lungs of normoxic rats were dissected under binocular
control and sterile conditions. Adventitia was removed, cut in several
pieces (2 mm?), and seeded in Petri dishes. Explants were cultured
10-14 days in culture medium (DMEM-HEPES supplemented with
1% penicillin-streptomycin, 1% Na-pyruvate, and 1% nonessential
amino acids) enriched with 20% fetal calf serum (FCS) at 37°C in a
humidified atmosphere gassed with 5% CO.. PAF were then passaged
and cultured in medium containing 10% FCS. Cells of the 2-3
passages were used in the experiments. Typical morphologic appear-
ance of fibroblasts was confirmed by positive immunostaining for
vimentin (clone V9, 1/500, Sigma) and negative staining for von
Willebrand factor (AB7356, 1/500, Millipore), calponin (SC-58707,
1/500, Santa Cruz), and a-smooth muscle actin (clone 1A4, 1/500,
Sigma) (Fig. 1). For control immunostaining, rat PASMC and human
pulmonary arterial endothelial cells were used. Rat PASMC were
obtained as previously described (9). Human pulmonary arterial
endothelial cells were purchased from PromoCell.

Short interfering RNA knockdown of TRPV4. For transient trans-
fections, a scrambled control oligonucleotide (AllStars Negative Con-
trol siRNA, Qiagen) or a mix of two different TRPV4 short interfering
(si)RNA (FlexiTube siRNA SI00267743 and SI00267750, Qiagen)
were used at a final concentration of 25 nM. Forty-eight hours before
the experiments, PAF were transfected using HiPerFect Transfection
Reagent according to the manufacturer’s instructions (Qiagen).

RNA and cDNA synthesis. RNA was extracted using RNeasy Plus
Micro Kit (Qiagen) according to the manufacturer’s instructions. The
concentration of RNA was measured spectrophotometrically by
SPECTROstar Nano absorbance microplate reader (BMG LABTECH). The
total RNA (500 ng) was reverse transcribed into ¢cDNA by using
gScript cDNA SuperMix Kit (Quantabio) at 42°C for 30 min followed
by heating at 85°C for 5 min to inactivate reverse transcriptase.

Polymerase Chain Reaction. PCR was performed with a Bio-Rad
CFX96. cDNA from 5 ng of total RNA were added to 5 L of Perfect
SYBR Green Supermix (Quantabio) and 2.5 pL of each of the
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appropriate primers (Sigma, see Table 1 for concentrations and
sequences). The reaction was initiated at 95°C for 2 min, and followed
by 40 cycles of denaturation at 95°C for 10 s and annealing/extension
at 60°C for 30 s. PCR negative controls were systematically made by
using water instead of cDNA. All specific primers were designed by
using the primer analysis software (NCBI Primer-BLAST). The effi-
ciency of the PCR reactions was always around 100%. Specificity of
the amplified PCR products was checked with melting curve analysis
and by electrophoresis analysis on a 2% agarose gel containing SYBR
Green.

Western blot. Western blot experiments were conducted on IPA
adventitia or cultured PAF. After removal, adventitia was crushed and
homogenized using a mortar and pestle and lysis buffer containing
160 mM Tris-HCI (pH 6.3), 5% sodium dodecyl sulfate, and anti-
protease cocktail (Sigma). Cultured cells were scraped and incubated
in 70 pL of RIPA lysis buffer system supplemented with protease
inhibitor cocktail (1/100), orthovanadate sodium (1/100), and PMSF
(1/100) (ChemCruz) for 30 min on ice. Insoluble material was then
removed by centrifugation at 15,000 g for 10 min at 4°C, and the
amount of proteins was assessed by the Lowry method. After heat
denaturation, 30 pg of proteins was separated by 4-20% acrylamide
gel electrophoresis. The proteins were then transferred onto nitrocel-
lulose membranes using Trans-Blot Turbo Transfer System. After
saturation for 1 h using 0.1% TBS-TWEEN and 5% nonfat milk,
membranes were incubated overnight at 4°C with primary antibodies:
anti-TRPV4 (AB191580, 1/1,000, Abcam), anti-fibronectin (AB2413,
1/1,000, Abcam), anti-collagen type I (ABT123, 1/1,000, Millipore),
or anti-GAPDH (SC25778, 1/1,000, Santa Cruz). The membranes
were then treated with the corresponding horseradish peroxidase-
linked secondary antibodies (P11000, 1/10,000, Vector) for 1 h at
room temperature. Membranes were processed for chemiluminescent
detection using horseradish peroxidase substrate (Millipore), accord-
ing to the manufacturer’s instructions. Immunoblots were then re-
vealed and acquired using a Bio-Rad ChemiDoc XRS+ System.
Images were quantified using Image Laboratory software (Bio-Rad).

TRPV4 immunostaining in living cells. PAF seeded on glass cov-
erslips were washed with ice-cold phosphate-buffered saline (PBS).
Unspecific binding sites were blocked with PBS containing 1.5%
bovine serum albumin (BSA) for 45 min at 4°C. A polyclonal
anti-TRPV4 extracellular antibody (ACC-124, 1/100, Alomone) with
or without the corresponding blocking peptide in PBS 1.5% BSA was
applied 45 min at 4°C. Cells were then washed with PBS and labeled
with Alexa-Fluor488 secondary antibody (A11008, 1/200, Invitrogen)
for 45 min at 4°C in PBS 1.5% BSA. PAF were then fixed for 10 min
in 4% paraformaldehyde solution and cell nuclei were stained with
DAPI for 5 min (5 pg/mL, Sigma). Slides were mounted with
coverslips and then observed under a Nikon D-Eclipse C1 confocal
scanning microscope using a Nikon Apo Plan X60/1.4 NA oil
immersion objective.

Real-time Ca?" fluorescence confocal imaging. In real-time fluo-
rescence imaging, the fluo-4/AM probe was used for measuring
variations in the [Ca®"];. PAF were bathed in physiological saline
solution (in mM: 130 NaCl, 5.6 KCl, 2 CaCl,, 1 MgCl,, 11 glucose,
8 HEPES, pH = 7.4) and incubated with fluo-4/AM (1 M, Invitro-
gen) during 30 min at constant air-conditioned room temperature.
After extensive wash, fluorescence was observed under a Nikon
D-Eclipse C1 confocal scanning microscope (excitation wavelength
488 nm; emitted fluorescence recorded at 500—530 nm). Images were
acquired during 10 min at a frequency of 0.125 Hz. The inhibitor and
the siRNA were added in the medium 0.5 and 48 h, respectively,
before the measurements. The amplitude of the calcium rise was
determined as the maximum A(F/Fo) reached during the recording
time, i.e., between 4 and 472 s after GSK1016790A application
depending on the cells. A calcium response was considered positive
when A(F/Fy) was =0.1.

Cell population doubling time determination. An automated cell
counter was used to determine the cell population doubling time of the
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Fig. 1. Phenotyping of cultured rat pulmonary arterial
adventitial fibroblasts. A: representative confocal im-
munofluorescence fields of human pulmonary arterial
endothelial cells (hPAEC), rat pulmonary arterial
smooth muscle cells (rPASMC), and rat pulmonary
arterial adventitial fibroblasts (rPAF). Cells were
stained with a primary antibody for a-smooth muscle
actin (a-SMA), calponin, vimentin, or von Willebrand
factor (VWF). All images were taken with the same
illumination time. Scale bar = 100 pm. B: summary
table of the immunostainings obtained in the 3 different
cell types.

hPAEC

rPASMC

rPAF

a-Smooth Muscle Actin (a-SMA) x v

vimentin v v

von Willebrand factor (VWF) v x

cultured PAF. Cells were seeded in a 24-well tissue culture plate and
cultured in complete culture medium containing 10% FCS. At regular
time intervals (6, 12, and 24 h), cells were detached with trypsin and
the total number of cells was counted with a Logos Biosystems LUNA
Automated Cell Counter.

In vitro proliferation assay. Cells were seeded in a 96-well tissue
culture plate and cultured in complete culture medium containing 10%
FCS. After 24 h, the medium was removed and replaced by a
serum-free medium. After an additional period of 12 h, cells were
incubated with BrdU (10 wM) in the same medium containing or not
the agonist (GSK1016790A, Sigma), the inhibitor (HC067047,
Sigma), or the siRNA. After incubation for 24 h, DNA synthesis was
then assayed using Cell Proliferation ELISA, BrdU colorimetric

AJP-Lung Cell Mol Physiol « doi:10.1152/aj

method (Roche Applied Science), according to the manufacturer’s
instructions. Newly synthesized BrdU-DNA was determined using a
SPECTROstar Nano absorbance microplate reader (BMG LABTECH) at a
wavelength of 380 nm with a reference wavelength of 490 nm. The
inhibitor and the siRNA were added in the medium 24 and 48 h
respectively, before the measurements.

In vitro migration assay. PAF were seeded in a 12-well tissue
culture plate in culture medium with 10% FCS until confluence. After
an additional period of 12 h in serum-free culture medium, a straight
scratch was performed in the monolayer of cells using a pipette tip to
obtain a wide acellular area and cells were incubated in the same
medium containing or not the agonist, the inhibitor, or the siRNA.
Following 6 h under these conditions, imaging of the two wound
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Table 1. Sequences of the primer pairs
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Gene Sequence GenBank Accession Number Product Length, bp Product Tm, °C Concentration, pM
hprtl S: TGTTGGATATGCCCTTGACTA NM_012583.2 178 60 5
AS: AGATGGCCACAGGACTAGAAC
trpv4 S: GCCATCGCTGACAACACCCGAGA NM_023970.1 208 60 5
AS: TGTCCTCATCTGTCACCTCCCGTC
ywhaz S: CACAGCGGTAAACAAAATCCCAT NM_011740.3 173 60 5

AS: ACATTAAAACAAAGCTAGCCGTCA

Sense (S) and antisense (AS) are shown as well as GenBank accession number, product length, product melting temperature (Tm), and concentration for hprt/
(hypoxanthine guanine phosphoribosyl transferase 1), rrpv4, and ywhaz (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta) genes.

edges was performed (at three different positions along the scratch)
and cells that migrated into the acellular area were counted under a
bright-field VWR microscope. The inhibitor and the siRNA were
added in the medium 24 and 48 h, respectively, before the measure-
ments.

Induction of pulmonary hypertension. Animals (mice or rats) were
separated into two groups for PH induction. The first group (CH
animals) was exposed to chronic hypoxia for 3 wk in a hypobaric
chamber (50 kPa). The second group (MCT animals) was intraperi-
toneally injected with MCT (Sigma): 60 mg/kg body weight for the
rats (one single injection, 4 wk before the experiments) or 600 mg/kg
for the mice (once weekly for 10 wk) as previously discussed (39).
The establishment of the pathology was confirmed as indicated below.

Determination of right ventricular systolic pressure and right heart
hypertrophy. Right ventricular systolic pressure (RVSP) was mea-
sured in anesthetized open-chest mice by a heparin-filled hypodermic
needle inserted in the right ventricle through the cardiac wall and
connected to a Baxter Uniflow gauge pressure transducer. After
completion of the hemodynamic evaluation, mice were euthanized.
The atria, main pulmonary artery, and aorta were dissected from the
heart of rats and mice. The right ventricle was separated from the left
ventricular wall and septum, and were both weighed. Right ventricular
hypertrophy was evaluated as the ratio of the weight of the right
ventricle to that of the left ventricle plus the septum (Fulton’s index).

Morphometric study of pulmonary arteries. Lungs were fixed in 4%
paraformaldehyde solution. Multiple 4 pwm transverse slices were
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Fig. 2. Expression of transient receptor potential vanilloid 4 (TRPV4) channel in cultured rat pulmonary arterial adventitial fibroblasts. A: representative RT-PCR
showing the presence of TRPV4 transcript in cultured rat pulmonary arterial adventitial fibroblasts (rPAF). Expected length of PCR products is 208 bp. B:
representative Western blots showing the presence of TRPV4 protein in cultured rPAF transfected or not with control siRNA or TRPV4 siRNA. Rat pulmonary
arterial smooth muscle cells (IPASMC) and HEK293T cells transfected (HEK-TRPV4-YFP) or not (HEK) with TRPV4-YFP were used as controls. All samples
ran on the same gel. C: summary of TRPV4 protein expression in PAF transfected with control siRNA or TRPV4 siRNA measured by Western blot and
normalized to GAPDH expression level. D: representative confocal immunofluorescence fields of PAF. Cell nuclei were stained with DAPI (blue). Cells were
stained with a primary antibody for TRPV4 and an Alexa-Fluor 488-conjugated secondary antibody in absence (left) or presence (right) of the corresponding
blocking peptide. All images were taken with the same illumination time. Scale bar = 20 wm. The number of independent experiments is indicated in parentheses.
**Significant difference when P < 0.01.
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processed in paraffin wax using a Leica Biosystems RM2245 mi-
crotome, deparaffinized, and stained with Elastica van Gieson (Elastic
Stain kit, Sigma) to detect elastic fibers. The sections were observed
by bright-field microscopy using a Hamamatsu NanoZoomer 2.0HT
microscope. Areas of the different tunica were quantified and normal-
ized to the diameter of the vessel (30—150 pm).

TRPV4 immunostaining in transverse sections of pulmonary
arteries. IPA were fixed in 10% Formalin (Sigma) solution. Multiple
8 wm transverse slices were processed in Optimal Cutting Tempera-
ture mounting medium Q Path (VWR) using a Leica Biosystems
CM1950 cryostat. Sections were first incubated in PBS-SDS 1% for 5
min and then in PBS blocking buffer containing 0.05% TBS-TWEEN
and 3% BSA for 45 min at room temperature. The primary anti-
TRPV4 antibody (Ab191580, 1/100, Abcam) was added overnight at
4°C. Sections were then washed with PBS and incubated with Alexa-
Fluor568 secondary antibody (A11011, 1/200, Invitrogen) for 2 h at
room temperature. Nuclei were labeled with DAPI for 5 min (5
pg/mL, Sigma). Sections were then observed with a Nikon D-Eclipse
C1 confocal scanning microscope.

Data and statistical analysis. Results are expressed as a means *
SE. The number of animals (Figs. 6 and 7), responsive cells (Fig. 3),
or independent experiments (Figs. 2, 4, and 5) is indicated in each bar
graph figure. Mann-Whitney test was used to determine statistical
significance between two groups. One-way ANOVA followed by
Newman-Keuls post hoc test was used to compare multiple groups.
Differences with P < 0.05 were considered significant. Statistical
analysis was performed with the Prism 5 software (GraphPad).
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RESULTS

Expression and function of TRPV4 in rat PAF. Since PAF
are the most abundant cell type in adventitia and play a central
role in its remodeling (43), we assessed the functional expres-
sion of TRPV4 in cultured rat PAF.

First, we verified the expression of TRPV4 using reverse
transcription-PCR technique. PCR product of the expected
sizes (208 bp) was obtained (Fig. 2A). As shown in Fig. 2B,
Western blot revealed expression of the protein with the
predicted molecular mass (98 kDa). Immunostaining with
anti-TRPV4 antibody and the corresponding blocking peptide
also revealed that PAF were TRPV4 positive (Fig. 2D).

To investigate TRPV4 function, we studied the effect of
GSK1016790A, a selective TRPV4 agonist, on [Ca%™); in
cultured rat PAF. In 81% of tested cells, application of
GSK1016790A (100 nM) elicited a fast and sustained increase
in [Ca®"]; (Fig. 3A). In the presence of HC067047 (0.1, 1, or
5 pM), a specific inhibitor of TRPV4, the percentage of
responding cells and the GSK1016790A-induced [Ca>"]; rise
were strongly reduced (Fig. 3, B and C), thus confirming that
the GSK1016790A-induced calcium response was related to
TRPV4 activation. In the same way, although HC067047
TRPV4-dependent specific effect was verified by using very
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Fig. 3. Functional activity of transient receptor potential vanilloid 4 (TRPV4) channel in cultured rat pulmonary arterial adventitial fibroblasts. A—C: variations
of relative cytosolic Ca?" concentration were monitored by fluorescence video microscopy in fluo4-loaded pulmonary arterial adventitial fibroblasts (PAF) (A).
Cells were bathed in physiological saline solution in absence or presence of the specific TRPV4 inhibitor HC067047 (HC; 0.1, 1, and 5 uM). GSK1016790A
(GSK, 100 nM), a selective TRPV4 agonist, was added at 16 s (as indicated by the arrow). Results are represented as mean = SE. Percentages of responding
cells (B) and amplitude of the calcium rises (C) in response to GSK1016790A. D-F: variations of relative cytosolic Ca?* concentration in fluo4-loaded PAF
transfected with control siRNA or TRPV4 siRNA (D). Transfected cells were bathed in physiological saline and GSK1016790A (100 nM) was added at 16 s.
Results are represented as mean * SE. Percentages of responding cells (E) and amplitude of the calcium rises (F) in response to GSK1016790A. The number
of cells (A—F) is indicated in parentheses. Significant difference *P < 0.05, ***P < 0.001. ns, no significant difference.
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low concentration, i.e., 100 nM, TRPV4 expression was inhib-
ited specifically using siRNA. By Western blot analysis, we
could measure a decrease of 44% of the TRPV4 protein
expression in cells transfected with TRPV4 siRNA, in com-
parison with cells transfected with control scrambled siRNA
(Fig. 2, B and C). These transfected PAF were then studied
functionally. As expected, we observed that TRPV4 knock-
down significantly reduced the GSK1016790A-induced Ca**
response (Fig. 3, D-F).

Involvement of TRPV4 in rat PAF proliferation, migration and
extracellular matrix synthesis. Since PAF contribute to structural
changes in the adventitia and express functional TRPV4 channels
allowing [Ca®"]; increase, we asked the question whether TRPV4
mediate major cellular events underlying vascular remodeling:
proliferation and migration.

First, we determined the cell population doubling time of the
cultured PAF, which was ~12 h (Fig. 4A).

Then, using BrdU colorimetric method, we investigated the
implication of TRPV4 in PAF proliferation (Fig. 4, B and C).
As shown in Fig. 4B, application of GSK1016790A for 24 h
significantly stimulated proliferation (1.25-fold increase). This
TRPV4-induced proliferation was dose dependently inhibited
by addition of 1 or 5 puM HC067047 (Fig. 4B) or TRPV4
siRNA (Fig. 4C), confirming that this observed effect was
related to TRPV4 activation.

In another set of experiments, we assessed the ability of
GSK1016790A to increase PAF migration (Fig. 4, D and E).

TRPV4 IN PULMONARY ARTERY ADVENTITIAL FIBROBLASTS

To be sure that potentially observed change in cell migration
was not due to increased cell growth, cells were incubated with
GSK1016790A for 6 h. As determined by wound-healing
assay, the agonist significantly stimulated migration by 1.4-
fold (Fig. 4D). We then confirmed the implication of TRPV4
by pharmacological (HC067047, Fig. 4D) or genetic (siRNA,
Fig. 4F) inhibitions.

Since PAF contribute to the reorganization of the extra-
cellular matrix via matrix deposition, we also assessed
whether TRPV4 regulated the expression of collagen type I
and fibronectin. Using Western blot experiments, we dem-
onstrated that GSK1016790A upregulates the expression of
both proteins by 25 and 41%, respectively (Fig. 5, A-C).
Notably, this matrix overproduction was abrogated in pres-
ence of HC067047 (Fig. 5, A-C) or TRPV4 siRNA (Fig. 5,
D-F). These results suggest that TRPV4 potentiates extra-
cellular matrix deposition by PAF and could thereby mod-
ulate the matrix stiffness.

Upregulation of TRPV4 in pulmonary artery adventitia from
CH and MCT rats. Since TRPV4 contributes to key cellular
elements (proliferation, migration, and upregulation of extra-
cellular matrix proteins) implicated in the pathogenesis of PH,
we thus investigated TRPV4 implication in adventitia remod-
eling occurring in PH. Immunofluorescent labeling studies
revealed the presence of TRPV4 in rat pulmonary artery wall
(Fig. 6A). The auto fluorescence of the external and internal
elastic laminae (in green) allowed us to delimit the three-
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Fig. 4. Involvement of transient receptor potential vanilloid 4 (TRPV4) in cultured rat pulmonary arterial adventitial fibroblast proliferation and migration. A:
determination of the cell population doubling time of the cultured pulmonary arterial adventitial fibroblasts (PAF). B and C: effects of GSK1016790A (GSK)
on PAF proliferation, assessed by quantitative determination of DNA synthesis using the cell proliferation ELISA BrdU colorimetric method. Cells were
incubated with BrdU (10 pM) in serum-free medium containing or not the agonist (GSK, 100 nM), the inhibitor [HC067047 (HC); 0.1-5 uM, B], or the siRNA
(control and TRPV4, C). D and E: effects of GSK on PAF migration evaluated by wound-healing assay. Cells were incubated in serum-free medium containing
or not the agonist (GSK, 100 nM), the inhibitor (HC067047, 5 uM, D), or the siRNA (control and TRPV4, E). Results are expressed as number of migrating
PAF in the acellular area 6 h after wounding related to control conditions. The number of independent experiments is indicated in parentheses. Significant

difference *P < 0.05, **P < 0.01, and ***P < 0.001.
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adventitial fibroblasts. A and D: representative Western blots showing the presence of fibronectin (Fn) and collagen type I (Col) proteins in pulmonary arterial
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0.01.

layered structure of the vessel and to show that TRPV4 was
present in the three tunica. In particular, using Western blot
experiments, we confirmed the presence of the protein in the
adventitia (Fig. 6, B and C).

Interestingly, a significant increase in protein levels was
observed in adventitia from both CH and MCT rats, two
different pulmonary hypertensive models, compared with ad-
ventitia from control (CTL) rats, by 173 and 108%, respec-
tively (Fig. 6, A-C).

Attenuation of adventitial remodeling in PH-induced
trpv4™’~ mice. In another set of experiments, we used
trpv4~/~ mice. As already reported (50), in CH-induced PH,

trpv4 gene deletion significantly attenuated the increase in
Fulton’s index and RVSP (Fig. 7A). Interestingly, histo-
pathological analysis revealed pronounced vascular remod-
eling in CH animals (Fig. 7B): we observed increased
cross-sectional surfaces of the adventitia and the media by
1.6 and 1.4-fold, respectively (Fig. 7C). Moreover, CH
trpv4~’~ mice had significantly reduced adventitia and me-
dia hypertrophy (by 34 and 32%, respectively) compared
with CH trpv4*/* mice (Fig. 7C). These results were also
observed in the MCT-induced mild PH mouse model (39)
(data not shown). Indeed, in MCT mice (n = 7), adventitial
and medial cross-sectional surfaces were increased by 89
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and 25%, respectively. A trpv4 knockout protective effect Taken together, these results are in agreement with
(n = 7) was also observed in this mild PH model, where we precedent ones (46, 50) and show, for the first time, that
noted a significantly reduced adventitia and media hyper- TRPV4 contributes to the adventitial remodeling occurring
trophy by 35% and 20%, respectively. in PH.
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During PH, adventitia undergoes early and dramatic remod-
eling. These profound phenotypic changes are due, in part, to
PAF activation, leading to, among others, proliferation, migra-
tion, and upregulation of extracellular matrix proteins. In the
present work, using genetic (knockout mice and siRNA) and
pharmacological approaches, we show, for the first time, both
at cellular and integrated levels the implication of TRPV4
channels in these phenomena leading to excessive adventitial
remodeling.

Indeed, since PAF are the most abundant cell type in
adventitia and have been reported to be the earliest activated
cells during vascular remodeling (2, 5-7, 24, 25, 41, 43), we
first focused our study on this cell type. Using RT-PCR,
Western blot, and calcium imaging, we demonstrated that PAF
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Despite TRPV4 channel being clearly implicated in a variety
of fibroses (pulmonary and cardiac fibrosis and scleroderma)
(1, 32, 33, 40) as well as in bronchial remodeling in asthma
(13), its role in adventitia remodeling occurring during PH is
much more elusive. In our study, we provide a direct proof, at
the cellular level, that stimulation of TRPV4 channel enhances
both proliferation and migration of PAF, two crucial steps in
the phenotypic change observed during development of PH.
With respect to PH pathophysiology, it is noteworthy that
hypoxia has also been shown to increase PAF proliferation to
a greater extent than that of other pulmonary cells (24).
Moreover, participation of TRPV4 channel has already been
demonstrated in synovial fibroblast mitosis (17) and serotonin-
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induced PASMC proliferation as the result of arachidonic
acid-derived epoxyeicosatrienoic acid stimulation (10). Sero-
tonin-induced PAF proliferation (3) might thus be related to the
high circulating serotonin concentration reported in various
forms of PH (16), serotonin playing a central role in the
pathogenesis of pulmonary arterial remodeling. As a conse-
quence, the pathway linking TRPV4 channel activation to PAF
proliferation may represent a molecular target for the treatment
of PH. Intriguingly, whereas low concentration of HC067047
(100 nM) was effective to completely abolish the GSK1016790-
induced Ca®" response, suggesting that this concentration is
sufficient to cause complete inhibition of TRPV4 channels, this
latter was ineffective for inhibiting TRPV4-induced PAF pro-
liferation. The discrepancy in these results might have several
explanations. First, it is possible that the compound presents an
instability over a longer period of time, i.e., acute application
in Ca?* experiments (30 min) versus chronic application in
proliferation assays (24 h). Alternately, as already demon-
strated in a previous study (49), the inhibitory effect of
HC067047 at the commonly used higher concentrations (1-5
rM) may be due to other nonspecific effects. However, in our
present work, this hypothesis can be minimized as the TRPV4-
dependent specific effect was verified using siRNA.

Like in PASMC (23, 30), we also showed the implication of
TRPV4 in PAF migration. The increase in the [Ca®*]; resulting
from TRPV4-induced Ca>* influx certainly plays a key role in
this process, due to its role in cytoskeleton organization, such
as cellular protrusion formation, focal adhesion assembly and
disassembly, and cellular contractility (36). However, Ca>* is
probably not the only actor in the migration effect since
TRPV4 channels can per se directly interact with cytoskeleton
and are overexpressed in filopodial and lamellipodial structures
(14, 34). Moreover, as reported in our previous study (23),
TRPVI1 activation produces a larger PASMC migratory re-
sponse than TRPV4 one, whereas 4a-PDD induces a larger
calcium response than capsaicin, showing that migration is not
directly proportional to intracellular calcium increase. In this
context, it would be interesting to study small G proteins such
as Rho GTPase in response to channel activation, since they
are known to contribute to fibroblast differentiation (52) and
actin polymerization (28, 35).

Finally, TRPV4 channel activation potentiates extracellular
matrix deposition by PAF as assessed by collagen type 1 and
fibronectin extracellular matrix protein overexpression, thus
increasing matrix stiffness. Since TRPV4 channel is notably
activated by mechanical factors, this latter effect may well
reinforce its role in PH. Indeed, recent studies suggest that
arterial stiffening precedes PH and that hypertension, in turn,
can perpetuate arterial stiffening (44). In particular, TRPV4-
induced differentiation of fibroblasts into myofibroblasts is
dependent on extracellular matrix stiffness in pulmonary fibro-
sis (32) and in cardiac remodeling following myocardial in-
farction (1). Moreover, fibronectin, via its extra type III domain
A (ED-A) splice variant, also plays a direct positive feedback
on PAF activity (8, 21, 27, 38).

Until now, it has been reported that TRPV4 is overexpressed
only in the media of intrapulmonary arteries during PH devel-
opment (4, 50). Using two different PH animal models (MCT
and CH rats), corresponding to the first (pulmonary arterial
hypertension, including idiopathic PH) and the third groups of
PH (due to lung disease or chronic hypoxemia), respectively,
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our data indicate that TRPV4 is also overexpressed in the
adventitia. Based on these findings, we can hypothesize that the
variation of expression of TRPV4 channels may be an early
step leading to PH. Whereas this hypothesis requires further
investigation, one possible explanation could be the presence
of inflammation mediators such as TNFa or TGFf, encoun-
tered in PH, reported to increase TRPV4 expression in differ-
ent types of cells such as synovial cells (20) and cardiac
fibroblasts (1).

Interestingly, from a translational point of view, as already
reported (50), in chronic hypoxia-induced PH, trpv4 gene
deletion (trpv4~"~ mice) significantly reduced right heart hy-
pertrophy and RVSP increase. In contrast, in the initially
controversial MCT-induced mild PH, these two parameters
were not significantly decreased (data not shown), presumably
due to the lesser severity of the pathology in this mouse model
(39). However, despite these differences, we found a pro-
nounced vascular remodeling of the media and adventitia in the
two animal models, which was significantly reduced in
trpv4 ™/~ mice, thus suggesting that TRPV4 is implicated in the
development of the disease.

In conclusion, this study supports the concept that PAF play
a major role in hypertensive pulmonary vascular remodeling.
Moreover, it addresses unresolved issues concerning the role of
TRPV4 channel in PAF activation and the associated excessive
adventitial remodeling observed in PH. Indeed, unravelling
signaling pathways linking TRPV4 channel activation to PAF
may contribute to identify innovative molecular targets for the
treatment of PH.
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