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Abstract Pulmonary hypertension, the main disease of the
pulmonary circulation, is characterized by an increase in
pulmonary vascular resistance, involving proliferation and
migration of pulmonary arterial smooth muscle cells
(PASMC). However, cellular and molecular mechanisms
underlying these phenomena remain to be identified. In the
present study, we thus investigated in rat intrapulmonary
arteries (1) the expression and the functional activity of
TRPV1 and TRPV4, (2) the PASMC migration triggered
by these TRPV channels, and (3) the associated reorganiza-
tion of the cytoskeleton. Reverse transcriptase–polymerase
chain reaction (RT-PCR) analysis demonstrated expression
of TRPV1 and TRPV4 mRNA in rat intrapulmonary arter-
ies. These results were confirmed at the protein level by
western blot. Using microspectrofluorimetry (indo-1), we
show that capsaicin and 4α-phorbol-12,13-didecanoate
(4α-PDD), selective agonists of TRPV1 and TRPV4, re-
spectively, increased the intracellular calcium concentration
of PASMC. Furthermore, stimulation of TRPV1 and
TRPV4 induced PASMC migratory responses, as assessed

by two different methods (a modified Boyden chamber
assay and a wound-healing migration assay). This response
cannot seem to be attributed to a proliferative effect as
assessed by BrdU and Wst-1 colorimetric methods.
Capsaicin- and 4α-PDD-induced calcium and migratory
responses were inhibited by the selective TRPV1 and
TRPV4 blockers, capsazepine and HC067047, respectively.
Finally, as assessed by immunostaining, these TRPV-
induced migratory responses were associated with reorgani-
zation of the F-actin cytoskeleton and the tubulin and inter-
mediate filament networks. In conclusion, these data point
out, for the first time, the implication of TRPV1 and TRPV4
in rat PASMC migration, suggesting the implication of these
TRPV channels in the physiopathology of pulmonary
hypertension.
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Introduction

Pulmonary hypertension (PH) is a disease characterized by a
progressive elevation of pulmonary arterial pressure leading
to right heart failure and ultimately to death. From a patho-
biological point of view, PH is a multifactorial disease
characterized by a progressive increase in pulmonary vas-
cular resistance caused, among others, by vasoconstriction,
remodeling of the pulmonary vessel wall, and thrombosis
[15]. In particular, sustained pulmonary vasoconstriction
and remodeling of small pulmonary arteries (PA) are two
key events of this disease [17, 28], both of which implicate
pulmonary arterial smooth muscle cells (PASMC). Indeed,
proliferation and migration of PASMC are involved in
hyperreactivity of PA to contractile agonists, thickening
of large pulmonary vessel medial wall, as well as in
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muscularization of small pulmonary vessels [27]. As recent-
ly shown [4], the extension of PASMC into nonmuscular-
ized vessels involves factors, such as serotonin, that
stimulate PASMC proliferation and/or migration.

Cell migration plays a pivotal role in many physiological
(including angiogenesis, embryonic morphogenesis, im-
mune surveillance, tissue repair and regeneration…) and
pathophysiological events (cancer, inflammation, mental re-
tardation, osteoporosis, vascular disease…) (for review, see
[29]). At the cellular level, cell migration is a multifactorial
and multistep process that requires simultaneous changes in
both cell morphology and adhesion [29] that depend on the
intracellular calcium concentration ([Ca2+]i) [14, 21]. In-
deed, a key step in the initiation of the process is an increase
in [Ca2+]i, which results from a release of intracellular stored
calcium and/or an influx of extracellular calcium. Intracel-
lular released calcium is essentially originating from the
sarcoplasmic reticulum, whereas calcium influx occurs
through membrane channels with distinctive Ca2+ selectiv-
ity. Extracellular calcium ions can enter into smooth muscle
cells following the activation of voltage-operated calcium
channels (L- and T-type calcium channels), or nonselective
cation channels (NSCC) that are permeable to calcium [11].
Part of NSCC belongs to the large family of transient
receptor potential (TRP) proteins. TRP channels, that are
activated by various chemical and physical stimuli, are char-
acterized by six transmembrane-spanning domains, which
form tetramers [25]. Based on structural homology, the TRP
superfamily can be subdivided into seven main subfamilies:
TRPC (“Canonical”), TRPV (“Vanilloid”), TRPM (“Melasta-
tin”), TRPP (“Polycystin”), TRPML (“Mucolipin”), TRPA
(“Ankyrin”), and TRPN (“NOMPC”). In PASMC, TRPC,
TRPV, and TRPM are expressed [31, 35], and among the
TRPV subfamily, TRPV1, TRPV2, and TRPV4 are the most
abundantly expressed [35]. Interestingly, these three isoforms
have been demonstrated to be the molecular basis of stretch-
activated channels [16, 20, 22, 24, 30], and it was recently
demonstrated that the activity of stretch-activated channels in
PASMC was increased under chronic hypoxia [6, 37]. More-
over, we previously showed that serotonin, which stimulates
bovine PASMCmigration [4], activates a TRPV4-like current
[5]. Finally, the involvement of TRPV1 in human hepatoblas-
toma (HepG2) cell migration [33] and in chronic hypoxia-
induced proliferation of human PASMC [32] was already
described. Thus, TRPV1 and TRPV4 may be required for
PASMC migration occurring during PH.

In the present work, we focused our attention on TRPV1
and TRPV4 channels. We sought to identify TRPV1 and
TRPV4 mRNA and proteins in rat intrapulmonary arteries
using RT-PCR and western blot. Furthermore, we verified
their functional activity by recording [Ca2+]i responses
(microspectrofluorimetric assay) elicited by capsaicin and
4α-phorbol-12,13-didecanoate (4α-PDD), selective

agonists of TRPV1 and TRPV4, respectively, in PASMC.
Finally, we also explored the role of these isoforms in
PASMC migration (modified Boyden chamber and wound-
healing assays), proliferation (BrdU incorporation), cell vi-
ability (Wst-1 assay), and cytoskeleton reorganization
(immunostaining).

Materials and methods

Isolation of intrapulmonary arteries

Intrapulmonary arteries (IPA) were dissected from the lungs of
male Wistar rats (250–350 g body weight), according to the
animal care and use of our local ethics committee (Comité
d'éthique régional d'Aquitaine). Briefly, the entire heart–lung
preparation was rapidly removed en bloc. IPA of the first and
second orders from the left lung were dissected free from
surrounding connective tissues and endothelium (de-endothe-
lialized IPA) under binocular control and sterile conditions.

RNA and cDNA synthesis

De-endothelialized IPA RNA from one rat was extracted
using NucleoSpin® RNA XS kit according to the manufac-
turer’s instructions (Macherey-Nagel). Briefly, IPA were
lysed by incubation in “lysis buffer” solution, in order to
inactivate RNases and create appropriate binding conditions
which favor adsorption of RNA to the silica membrane.
After lysis, homogenization and reduction of viscosity were
achieved by filtration with NucleoSpin® filter units. Resid-
ual genomic DNA was removed efficiently by time-saving
on-column digestion with rDNase provided. Total RNAwas
eluted in RNAse-free water. The concentration of RNAwas
measured spectrophotometrically by GeneQuant RNA/DNA
calculator (Amersham Pharmacia). The total RNA (1 μg)
was reverse-transcribed into cDNA by using AMV reverse
transcriptase (Promega) in the presence of RNase inhibitor
and oligo d(T) as a primer at 42 °C for 60 min followed by
heating at 94 °C for 3 min.

Polymerase chain reaction (PCR)

PCR was performed with a Rotor-Gene 2000 (Corbett Re-
search) as previously described [2]. cDNA from 10 ng of
total RNA was added to 0.2 μl of 50× Titanium Taq DNA
Polymerase combined to its buffer (Clontech Laboratories),
1 mM dNTP, each of the appropriate primer (Sigma
Genosys; see Table 1 for concentrations and sequences),
and 0.5× SYBR Green (Molecular Probes). The reaction
was initiated at 50 °C for 2 min, 95 °C for 10 min, and
followed by 40 cycles of denaturation at 95 °C for 15 s and
annealing/extension at 70 °C for 30 s. PCR negative
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controls were systematically made by using water instead of
cDNA. All specific primers were designed by using the
primer analysis software (Oligo 6.6, Molecular Biology
Insights). The efficiency of the PCR reactions was always
more than 90 %. Specificity of the amplified PCR products
was checked with melting curve analysis and by electropho-
resis analysis on a 2 % agarose gel containing SYBR Green.

Western blot

De-endothelialized IPAwere crushed and homogenized using
RIPA buffer [1 % (v/v) Triton X-100, 1 % (w/v) Na deoxy-
cholate, 150 mM NaCl, and 20 mM sodium or potassium
phosphate, pH 7.2] with 5 mM EDTA and anti-protease
cocktail (P8340; Sigma) for 1 h on ice. After scrapping, any
insoluble material was 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 during 6 min at
90 °C, equal amounts of proteins were subjected to electro-
phoresis on a 8–14 % acrylamide reducing gel. The proteins
were transferred onto polyvinylidene fluoride membranes
(Immobilon-P, Millipore) using a semi-dry electro-blotter
(Bio-Rad) during 50 min. Unspecific sites were saturated
using nonfat milk during 1 h and membranes were incubated
overnight at 4 °C with diluted primary antibodies: rabbit anti-
TRPV1 (1/400, Abcam) or rabbit anti-TRPV4 (1/400,
Abcam). The membranes were then washed with a PBS–
TWEEN 1% buffer and treated with the corresponding horse-
radish peroxidase-linked secondary antibodies (anti-mouse or
anti-rabbit, Pierce) for 2 h at room temperature. After several
washes in PBS–TWEEN 1 % buffer, the membranes were
processed for chemiluminescent detection using the Super
Signal West Pico or Femto chemiluminescent substrate
(Pierce), according to the manufacturer’s instructions. Immu-
noblots were then revealed by enhanced chemiluminescence
acquired using Kodak Image Station 4000MM. Immunoblots
were then stripped and revealed with mouse anti-β-actin (1/
1,000, Sigma).

PASMC isolation and culture

As previously described [6], after isolation, de-endothelialized
IPAwere cut in several pieces (1×1 mm) and seeded on round

glass coverslips for microspectrofluorimetry experi-
ments or in Petri dishes for in vitro experiments.
Explants were cultured in culture medium (Dulbecco’s
modified Eagle’s medium (DMEM)–N-2-hydroxyethyl-
piperazine-N′-2-ethanesulfonic acid (HEPES) supple-
mented with 1 % penicillin–streptomycin, 1 % Na-
pyruvate, 1 % nonessential amino acids, and 10 % fetal
calf serum (FCS)). They were maintained at 37 °C in a
humidified atmosphere gassed with 5 % CO2 until cells
grow out of the explants.

Alternatively, freshly dissociated PASMC were obtained
using an enzymatic dissociation method already described
[6]. Briefly, IPA pieces were placed successively in different
dissociation solutions containing collagenase, papain, and
dithioerythritol at 37 °C. Tissues were then gently agitated
using a polished wide-bore Pasteur pipette to release the
cells. Cells were then seeded on round glass coverslips,
stored in serum-free culture medium enriched with 1 %
insulin-transferrin-selenium (ITS), maintained at 37 °C in
a humidified atmosphere gassed with 5 % CO2, and used
between 14 and 24 h after isolation.

Microspectrofluorimetric assay of cytosolic calcium

Before the experiments, PASMC were growth-arrested dur-
ing 48 h by using serum-free culture medium supplemented
with 1 % ITS. The Ca2+-sensitive fluorescent probe indo-1
was used to record changes in [Ca2+]i. The cells plated on
glass coverslips were incubated with 5 μM indo-1 penta-
acetoxymethyl ester (indo-1/AM) in Krebs–HEPES solution
(see composition below) at room temperature for 40 min,
then washed and maintained at room temperature in the
same saline solution before the fluorescence measurements.

For single cell measurements, the dual emission micro-
spectrofluorimeter was constructed from a Nikon Diaphot
inverted microscope fitted with epifluorescence (×40 oil
immersion fluorescence objective; numerical aperture,
1.3). For excitation of indo-1, a collimated light beam from
a 100-W mercury arc lamp (Nikon) was filtered at 355 nm
and reflected from a dichroic mirror (380 nm). The emitted
fluorescence signal was passed through a pinhole diaphragm
slightly larger than the selected cell and directed onto an-
other dichroic mirror (455 nm). Transmitted light was

Table 1 Sequences of the primer pairs (S: sense; AS: antisense) are shown as well as GenBank accession number, product length, product Tm, and
concentration for TRPV1 and TRPV4 genes

Gene Sequence GenBank accession
number

Product length
(bp)

Product Tm
(°C)

Concentration
(nM)

TRPV1 S: AGCGAGTTCAAAGACCCAGA NM_031982.1 268 88.2 100
AS: TTCTCCACCAAGAGGGTCAC

TRPV4 S: GCCACCCTACCCTTACCGTA NM_023970.1 158 88.8 100
AS: GGAAGGAGCCATCGACGAAGA
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filtered at 480 nm, reflected light was filtered at 405 nm, and
the intensities were recorded by separate photometers
(P100, Nikon). Under these experimental conditions, the
fluorescence ratio (F405/F480) was calculated and recorded
on-line as a voltage signal. [Ca2+]i was estimated from the
F405/F480 using the formula derived by Grynkiewicz et al.
[10] after Ca2+ calibration for indo-1 determined within cells
as previously described [26].

In vitro migration assays

Modified Boyden chamber assay Modified Boyden cham-
bers (BD Biosciences) containing 8 μm pore size mem-
branes were positioned in 24-well tissue culture plates.
After coating of the membranes with collagen, 25×103 cells
were added to the top chamber in serum-free culture medi-
um. The bottom chamber was filled with serum-free culture
medium in the presence or absence of the agonists and the
inhibitors. Next, after incubation for 24 h, to quantify mi-
gration through the porous membrane, cells were removed
from the top side of the membrane mechanically using a
cotton-tipped swab, and invading cells from the reverse side
were fixed with methanol and stained with hematoxylin for
20 min. For each experiment, 15 representative pictures
were taken for each insert, and then, cells were counted.

Wound-healing assay Cells (2×105) were seeded in a Petri
dish and cultured in culture medium with 10 % FCS until
confluence. Next, after incubation for 24 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. The medium was then replaced with the same
medium containing or not the agonists and the inhibitors.
After 24 h, cells were fixed with methanol and stained with
hematoxylin for 20 min. Imaging of the two wound edges
was performed (at four different positions along the scratch)
and cells that migrated into the acellular area were counted.

In vitro proliferation assay

Briefly, cells were seeded at a density of 5×103 cells per
well in a 96-well tissue culture plate and cultured in com-
plete culture medium containing 10 % FCS. After 24 h, the
medium was removed and replaced by a serum-free medi-
um. After an additional period of 24 h at 37 °C, the medium
was changed to complete culture medium containing 0.2 %
serum in the presence or absence of the agonists. Following
24 h of incubation under these conditions, the media were
removed and replaced with medium containing BrdU
(10 μM), and cells were incubated for an additional 2 h at
37 °C. DNA synthesis was then assayed using Cell Prolif-
eration ELISA, BrdU colorimetric method (Roche Applied
Science), according to the manufacturer’s instructions.

Newly synthesized BrdU-DNA was determined using an
EL808 ultra microplate reader (Bio-Tek Instruments) at a
wavelength of 380 nm with a reference wavelength of
490 nm.

In vitro cell viability assay

Cells were seeded at a density of 5×103 cells per well in a
standard 96-well tissue culture plate and cultured in com-
plete culture medium containing 10 %. After 24 h, the
medium was removed and replaced by a serum-free medi-
um. After an additional period of 24 h at 37 °C, the medium
was changed to complete culture medium containing 0.2 %
serum in the presence or absence of the agonists. Following
24 h of incubation under these conditions, the water-soluble
tetrazolium-1 (Wst-1, Roche Applied Science) was added to
the media and cells were incubated for an additional 2 h at
37 °C. Cleavage of tetrazolium salt into formazan was
determined, according to the manufacturer’s instructions,
using an EL808 ultra microplate reader (Bio-Tek Instru-
ments) at a wavelength of 450 nm with a reference wave-
length of 490 nm.

CML phenotype and TRPV immunostaining

After enzymatic dissociation, cells were seeded on eight-
well chamber slides (Becton Dickinson) and grown in full
medium containing 10 % FCS until confluence, prior to 24 h
serum privation. Cells were washed twice in PBS and then
fixed for 10 min in 4 % paraformaldehyde solution (Sigma).
After fixation, cells were permeabilized with PBS contain-
ing 0.5 % Triton X-100 (Dutscher) for 5 min. Unspecific
binding sites were blocked with PBS containing 4 % bovine
serum albumin (BSA, Sigma) for 30 min. In order to vali-
date smooth muscle cell phenotype, cells were labeled with
a monoclonal anti-α smooth muscle actin (α-SMA) anti-
body (clone 1A4, 1:100, Sigma) and polyclonal calponin 1/
2/3 (Santa Cruz) for 1 h in PBS–1 % BSA. In order to
evaluate TRPV1 and TRPV4 expressions, cells were labeled
with a polyclonal anti-TRPV1 antibody (Abcam) or a poly-
clonal anti-TRPV4 antibody (Abcam) for 1 h in PBS–1 %
BSA. Cells were then washed with PBS and labeled with
Alexa-Fluor 488 goat anti-mouse or Alexa-Fluor 568 goat
anti-rabbit secondary antibody (1:200, Molecular Probes/
Invitrogen) for 1 h in PBS–BSA 1 %. After the PBS wash,
cell nuclei were stained with DAPI for 5 min (1:1,000,
Sigma). Slides were then mounted with coverslips with an
anti-fade Dako Fluorescent Mounting Medium (Dako) and
then observed under a Nikon D-Eclipse C1 confocal scan-
ning microscope using the Nikon Apo Plan×60/1.4NA oil
immersion objective. Fluorescent images were acquired us-
ing the Nikon EZC1 software using the Helium-Blue Laser
Diode (405 nm, for DAPI staining), the Helium-Neon Laser
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Diode (543 nm, for Alexa-Fluor 568), and the Argon laser
line (488 nm, for Alexa-Fluor 488), prior to analysis with
the Nikon NIS-Elements software.

Cytoskeleton immunostaining

Briefly, cells were seeded on eight-well chamber slides
(Becton Dickinson) and grown in full medium containing
10 % FCS until confluence, prior to 24 h 4α-PDD or
capsaicin treatments in serum-free medium. At the end of
the 24-h treatment, cells were washed twice in PBS and
then fixed for 10 min in 4 % paraformaldehyde solution
(Sigma). After fixation, cells were permeabilized with
PBS containing 0.5 % Triton X-100 (Dutscher) for
5 min. Unspecific binding sites were blocked with PBS
containing 4 % BSA (Sigma) for 30 min. In order to
evaluate microtubule and intermediate filament networks,
cells were labeled for 1 h in PBS–1 % BSA with a
monoclonal anti-tubulin antibody (clone DM1A, 1:1,000,
Sigma) or with a monoclonal anti-vimentin antibody
(clone V9, 1:1,000, Sigma), respectively. Cells were then
washed with PBS and labeled with Alexa-Fluor 488 goat
anti-mouse secondary antibody (1:200, Molecular Probes/
Invitrogen) for 1 h in PBS–BSA 1 %. After the PBS
wash, cell nuclei were stained with DAPI for 5 min
(1:1,000, Sigma). Slides were then mounted and observed
as described above. Integrated density of fluorescent sig-
nal was determined using ImageJ software. Results were
expressed as the percentage of integrated density of the
mean of three different random images as compared to
control untreated cells.

Recording solutions and application of drugs
for microspectrofluorimetry studies

The standard Krebs–HEPES extracellular solution contained
(in mM): 118.4 NaCl, 4.7 KCl, 2 CaCl2, 1.2 MgSO4, 4
NaHCO3, 1.2 KH2PO4, 6 D-glucose, and 10 HEPES.
The osmolality (measured with a cryoosmometer type
15 Löser) of the external salt solution was adjusted to
310 mOsm/kg with mannitol, and pH adjusted to 7.4
with NaOH.

The TRPV agonists, capsaicin and 4α-PDD, were applied
to the recorded cell by pressure ejection from a glass pipette
located close to the cell for the period indicated on the records.
The TRPV antagonists, capsazepine and HC067047, were
added to the extracellular solution 20 min before the applica-
tion of agonists.

Reagents

General salts were from VWR. All other chemicals were
purchased from Sigma, except DMEM–HEPES, FCS, and

penicillin–streptomycin which were from Gibco (Invitrogen
Corporation), and HC067047 which was from Tocris. 4α-
PDD, capsaicin, capsazepine, and HC067047 were dis-
solved in dimethyl sulfoxide (DMSO) and diluted 1:2,000
into the bath to the final mentioned concentrations. At this
dilution, the solvent (DMSO) alone had no effect on channel
activity.

Data and statistical analysis

Results are expressed as mean ± SEM. Each experiment was
repeated several times (n indicates the number of cells or
rats). Mann–Whitney test or χ2 test was used to determine
statistical significance, and differences with P < 0.05 were
considered significant.

Results

Expression of TRPV1 and TRPV4 mRNA and proteins

To verify the expression of TRPV1 and TRPV4, using
specific primers (Table 1) and the RT-PCR technique, we
first studied the expression of the mRNA in rat de-
endothelialized IPA. PCR products, generated after 40
cycles, of the expected sizes (268 and 158 bp for TRPV1
and TRPV4, respectively) for the two subtypes were
obtained consistently in three separate experiments and
matched with those of positive controls generated from the
brain (Fig. 1A).

As shown in Fig. 1B, western blot revealed expression of
TRPV1 and TRPV4 proteins in rat de-endothelialized IPA.
Specific anti-TRPV1 and anti-TRPV4 antibodies detected
bands at≈100 kDa, consistently in six separate experiments.
The size of these bands was in agreement with the predicted
molecular mass of the two isoforms, 100 and 98 kDa for
TRPV1 and TRPV4, respectively.

Functional activity of TRPV1 and TRPV4 channels

In order to investigate TRPV1 and TRPV4 at a functional
level, we studied the effect of capsaicin and 4α-PDD, se-
lective agonists of TRPV1 and TRPV4, respectively, on
[Ca2+]i in freshly dissociated (nonproliferating) rat PASMC
(Fig. 1C). All the cells analyzed exhibited a stable resting
[Ca2+]i. Application of capsaicin (10 μM) or 4α-PDD
(5 μM) for 1 min elicited a fast increase in [Ca2+]i
(Fig. 1C(a)). As shown in Fig. 1C(b), in 60 % of tested cells
(24 of 43 cells), capsaicin induced a [Ca2+]i response in
PASMC, the amplitude of which was 118±19 nM (n024).
In 71 % of tested cells (22 of 31 cells), activation of TRPV4
channels with 4α-PDD elicited a higher calcium response:
166±19 nM (n022).
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Because PASMC can switch from a nonproliferative con-
tractile phenotype to a proliferative “synthetic” phenotype and
since this phenotypic transition and subsequent proliferation in
pulmonary arteries contribute to PH [19], we assessed the
effect of capsaicin and 4α-PDD on [Ca2+]i in cultured
(proliferating) rat PASMC (Fig. 2). All the cells analyzed
exhibited a stable resting [Ca2+]i. Application of capsaicin
(10 μM) or 4α-PDD (5 μM) for 1 min elicited a fast increase
in [Ca2+]i (Fig. 2A). As shown in Fig. 2B(a), in 19 % of tested
cells (25 of 133 cells), capsaicin induced a [Ca2+]i response in
PASMC, the amplitude of which was 57±6 nM (n025). In the
presence of capsazepine (10 μM), reported to specifically
block TRPV1, capsaicin-induced [Ca2+]i rise was strongly
reduced to an amplitude of 13±5 nM (n04) in the only four
responding cells out of 111 (Fig. 2B(a)), thus confirming that
the capsaicin-induced calcium response was related to TRPV1

activation. In the same way, in 25 % of tested cells (17 of 68
cells), activation of TRPV4 channels with 4α-PDD elicited a
calcium response: 136±17 nM (n017) (Fig. 2B(b)). In the
presence of HC067047 (5 μM), a specific inhibitor of TRPV4,
the 4α-PDD-induced calcium response was reduced by 80 %
(27±11 nM, n04 of 64 cells) (Fig. 2B(b)), thus confirming that
the 4α-PDD-induced calcium increase was related to TRPV4
activation. These present findings thus indicate that, whatever
their phenotype (nonproliferative contractile or proliferative),
PASMC express functional TRPV1 and TRPV4 channels.

Involvement of TRPV1 and TRPV4 channels in PASMC
migration

Having shown that rat PASMC express functional TRPV1
and TRPV4 channels allowing [Ca2+]i increase, we therefore
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Fig. 1 Expression and functional activity of TRPV1 and TRPV4
channels in rat pulmonary arteries and freshly dissociated PASMC.
A RT-PCR analysis of TRPV1 and TRPV4 channels in rat de-
endothelialized intrapulmonary arteries (IPA) and brain. Brain mRNA
was used as positive controls for TRPV1 and TRPV4. Negative con-
trols were made by using water instead of cDNA. Expected lengths of
PCR products are 268 and 158 bp for TRPV1 and TRPV4, respective-
ly. B Western blot analysis of TRPV1 and TRPV4 channel expression
in rat de-endothelialized intrapulmonary arteries. Upper panels: ex-
pression of proteins of interest. Lower panels: expression of β-actin.

C [Ca2+]i determination was carried out on single freshly dissociated
PASMC using indo-1 as Ca2+ probe. Cells were bathed in recording
medium containing 2 mM Ca2+. a Typical recordings are shown when
capsaicin (10 μM) or 4α-PDD (5 μM) was applied for the period
indicated by the horizontal bar. b Percentages of responding cells,
resting [Ca2+]i values, and amplitude of the calcium rises in response
to capsaicin (TRPV1) or 4α-PDD (TRPV4). Data are mean value ±
SEM. The number of cells is indicated in brackets. Significant differ-
ence is indicated by one asterisk when P<0.05 and ns indicates a
nonsignificant difference, χ2 or Mann–Whitney tests
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tested the ability of these channels to induce migration in
PASMC. Figure 3A(a) illustrates the effects of capsaicin and
4α-PDD on PASMC migration as determined by the modi-
fied Boyden chamber assay. When cells were incubated with
10 μM capsaicin or 5 μM 4α-PDD for 24 h in serum-free
DMEM, agonists significantly stimulated migration by 2.1-
and 1.3-fold, respectively. As shown in Fig. 3A(b), similar
results were obtained when we used the wound-healing assay.
Treatment of PASMC with 10 μM capsaicin or 5 μM 4α-
PDD for 24 h in serum-free DMEM increased cell migration
by 176 and 70 %, respectively. These TRPV1- and TRPV4-
induced migratory effects were inhibited by the addition of
capsazepine (10 μM) or HC067047 (5 μM), respectively
(Fig. 3A), confirming that these observed effects were related
to TRPV1 and TRPV4 activation.

In another set of experiments, we verified that the ob-
served change in cell migration was not due to increased cell

growth. Using BrdU and Wst-1 colorimetric methods, we
assessed the ability of capsaicin and 4α-PDD to increase
cell proliferation and cellular growth/survival. As shown in
Fig. 3B, whatever the method used, stimulation of cells with
capsaicin (10 μM) or 4α-PDD (5 μM) for 24 h in low serum
(0.2 % FCS) DMEM did not significantly increase cell
proliferation or cellular viability, whereas the positive con-
trol (DMEM with 10 % FCS) did it.

Involvement of TRPV1 and TRPV4 channels
in cytoskeleton reorganization

Since cell migration requires simultaneous changes in both
cell morphology and adhesion, involving the formation of
lamellipodia/pseudopodia, cell body contraction, and tail
retraction [29], we investigated the effects of capsaicin and
4α-PDD on the cytoskeleton alteration. First, we confirmed
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Fig. 2 Functional activity and pharmacological characterization of
TRPV1 and TRPV4 channels in rat cultured PASMC. [Ca2+]i determina-
tion was carried out on single cultured PASMC using indo-1 as Ca2+

probe. Cells were bathed in recording medium containing 2 mM Ca2+.
ATypical recordings are shown when a capsaicin (10 μM) or b 4α-PDD
(5 μM) was applied for the period indicated by the horizontal bar in
control conditions. B Percentages of responding cells, resting [Ca2+]i

values, and amplitude of the calcium rises in response to a capsaicin
(TRPV1) or b 4α-PDD (TRPV4) in the absence (control conditions) or
presence of the specific TRPV1 and TRPV4 inhibitors (capsazepine
(10 μM) and HC067047 (5 μM), respectively). Data are mean value ±
SEM. The number of cells is indicated in brackets. Significant difference
is indicated by one asterisk when P<0.05, two asterisks when P<0.001,
and ns indicates a nonsignificant difference, χ2 or Mann–Whitney tests

Pflugers Arch - Eur J Physiol (2012) 464:261–272 267



that cultured PASMC were a homogenous cell population.
As shown in immunostaining experiments, cells expressed
both α-SMA (Fig. 4F–H) and calponin (Fig. 4J), well-
known smooth muscle cell markers. In order to determine
if cultured PASMC expressed TRPV1 and TRPV4 channels,
we performed immunostaining using TRPV1 and TRPV4
antibodies (Fig. 4K, L). Co-immunostaining with α-SMA
(Fig. 4G, H) revealed that all PASMC were TRPV1 and
TRPV4 positive (Fig. 4O, P).

Second, TRPV1 and TRPV4-induced cytoskeletal
changes were investigated using immunostaining experi-
ments. In control cells (Fig. 5A), staining of actin cytoskel-
eton with an anti-α smooth muscle actin antibody was
diffused throughout the cell and cells displayed actin stress
fibers generally parallel to the longitudinal axis. The density
of the actin filament network increased in the cell periphery.

Stimulation of cells with 10 μM capsaicin (Fig. 5B) or 5 μM
4α-PDD (Fig. 5C) for 24 h significantly increased the
intensity of the staining by 2.0- and 3.9-fold, respectively,
as compared to control staining (Fig. 5D). These results
suggested that TRPV1 and TRPV4 stimulations were asso-
ciated with changes in the actin architecture. Staining for
tubulin showed that the microtubule network was specifi-
cally reorganized and increased in the presence of TRPV4
agonist (Fig. 5H). Indeed, in untreated cells (Fig. 5E), the
staining was organized in a fine network from punctuate
staining. In the presence of 5 μM 4α-PDD (Fig. 5G), the
staining of the tubulin network was more intense, whereas
no significant changes were observed upon capsaicin treat-
ment (Fig. 5F). Finally, staining for vimentin revealed that
intermediate filament network was organized in a fine net-
work from perinuclear areas (Fig. 5I). Incubation with
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Fig. 3 Involvement of TRPV1 and TRPV4 channels in the migration of
rat cultured PASMC. A Effects of capsaicin or 4α-PDD on rat PASMC
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(b) assays. Cells weremigrated in serum-free DMEM (control conditions,
0 % FCS), supplemented with 10 μM capsaicin (TRPV1/control), or
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4α-PDD (TRPV4/control), or 5 μM 4α-PDD with 5 μM HC067047
(TRPV4/inhibitor) for 24 h. Results are expressed as a percentage of cells
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water-soluble tetrazolium-1 assay, based on living cells’ cleavage of
tetrazolium salt into formazan. Cells were incubated for 24 h in DMEM
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10 μM capsaicin (TRPV1) or 5 μM 4α-PDD (TRPV4), or DMEM
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value ± SEM. The number of independent experiments is indicated in
brackets. Significant difference from control conditions is indicated by
one asterisk (P<0.05), Mann–Whitney test
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10 μM capsaicin for 24 h increased the intensity of the
staining which was denser in the nuclear periphery
(Fig. 5J, L), whereas 4α-PDD treatment was ineffective
(Fig. 5K, L). In conclusion, the present results indicate that
TRPV1 and TRPV4 stimulations of PASMC are associated
with specific changes in the cytoskeleton architecture, and
the intracellular distribution and/or expression of cytoskele-
tal proteins is visibly altered.

Discussion

In the present work, using reverse transcriptase–polymerase
chain reaction and western blot analysis, we confirm the
expression of TRPV1 and TRPV4 channels in rat PASMC.
We also show that these isoforms can be activated by
capsaicin and 4α-PDD, selective TRPV1 and TRPV4 ago-
nists, respectively, which leads to intracellular Ca2+ increase,
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-SMA calponinDAPI merge

A E

-SMA calponinDAPI merge

B F J N

DAPI -SMA TRPV1 merge
C G K O
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D H L P

Fig. 4 Expression of smooth muscle cell markers, TRPV1 and TRPV4
channels in rat cultured PASMC. Representative confocal immunoflu-
orescence fields of control cells. a–D Cell nuclei were stained with
DAPI. E Cells were stained with an Alexa-Fluor 488-conjugated
antibody. F–H Cells were stained with a primary antibody for α
smooth muscle actin (α-SMA) and an Alexa-Fluor 488-conjugated
secondary antibody. I Cells were stained with an Alexa-Fluor 568-
conjugated antibody. J Cells were stained with a primary antibody for

calponin and an Alexa-Fluor 568-conjugated secondary antibody.
K Cells were stained with a primary antibody for TRPV1 and an
Alexa-Fluor 568-conjugated secondary antibody. L Cells were stained
with a primary antibody for TRPV4 and an Alexa-Fluor 568-
conjugated secondary antibody. M–P Merging images. All images
were taken with the same illumination time. Experiments were per-
formed on four independent cell preparations from four rats. Scale
bar020 μm
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indicating that these channels are functional Ca2+ channels. In
addition, to the best of our knowledge, we also provide, for the
first time, a direct proof, at a single cell level, that stimulation
of TRPV1 and TRPV4 channels enhances the migration of
PASMC, a crucial step in the progression of PH [27].

Despite their implication in numerous physiological
functions in smooth muscle cells [12], whatever the type
of cells, the involvement of TRPV channels in migration is
much more elusive. It has been reported that TRPV1 stim-
ulates migration of human hepatoblastoma (HepG2) cells
[33], human corneal epithelial cells [36], and mouse den-
dritic cells [1]. The involvement of TRPV2 in human pros-
tate (LNCaP) cell migration [23] and TRPV4 in endothelial
cell migration [7] was also described. Finally, on the con-
trary, TRPV1 and TRPV4 inhibit migration in urothelial
cancer and neuroendocrine cells, respectively [3, 38]. Our
data thus indicate that activation of these channels favors
migration in PASMC.

Interestingly, in human and rat PASMC, chronic hypoxia
up-regulates expression levels of the TRPV1 and TRPV4
gene and protein [32, 37]. In the same way, we recently
demonstrated that the activity of stretch-activated channels
in rat PASMC was increased under chronic hypoxia [6], an
effect that can be ascribed to TRPV1 and TRPV4 activity
since they have been demonstrated to exhibit mechanosen-
sitivity [16, 20, 22, 30]. Moreover, we also previously
showed that serotonin, whose plasma concentration is in-
creased in PH [13] and which stimulates bovine PASMC
migration [4], activates a TRPV4-like current in rat PASMC
[5]. Based on these findings, we can thus assume that the
variation of expression and/or activity of these channels may
be an early step leading to cell migration observed in PH.

Most likely, the increase in the [Ca2+]i following the Ca
2+

influx via TRPV channels plays a key role in this process.
Indeed, cell migration is a multifactorial and multistep pro-
cess and many of its components are regulated by the
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[Ca2+]i [14, 21]. Moreover, it has been proposed that stretch-
activated channels could play a crucial role in mediating
localized Ca2+ rise needed for migration [18, 34]. Nonethe-
less, herein, the fact that the migratory response is more
important for TRPV1 than for TRPV4, whereas the reverse
is true concerning the amplitude of the calcium response,
suggests that Ca2+ is not the only actor in the signaling
cascade. Interestingly, Goswami’s group recently provided
evidence that TRPV1 and TRPV4 directly interact with
microtubules [8, 9]. Activation of these channels results in
a selective depolymerization of microtubules, although the
mechanism by which this occurs still remains unclear.
Moreover, TRPV4 also interacts with actin whereas TRPV1
does not, which could account for the differences in agonist-
induced cytoskeleton reorganization observed in our study.

Finally, our results regarding stimulation of migration by
TRPV1 and TRPV4 activation cannot be attributed to a
proliferative effect in rat PASMC. Although a recent study
suggests that TRPV1 may be a critical mediator in chronic
hypoxia-induced proliferation of human PASMC [32], this
result was derived from experiments in which TRPV1 was
solely inhibited. However, under such conditions, as dis-
cussed by the authors, TRPV1 may have induced a prolif-
erative effect via formation of the heterotetrameric channel.

In conclusion, this study demonstrates the expression of
TRPV1 and TRPV4 and their role as Ca2+ channel involved
in the migration of rat PASMC. Consequently, these chan-
nels may represent a relevant target for the treatment of
vascular diseases such as pulmonary hypertension. In par-
ticular, these channels may contribute to link stretch-
induced effect and vessel remodeling.
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