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TRPC6 is required for hypoxia-induced basal intracellular
calcium concentration elevation, and for the proliferation and
migration of rat distal pulmonary venous smooth muscle cells
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Abstract. Hypoxia induces pulmonary vasoconstriction and
reconstruction in the pulmonary arteries and pulmonary
veins (PVs), and elevation of intracellular calcium concentra-
tion ([Ca**],) is a primary factor of these processes. In the
present study, the role of transient receptor potential cation
channels (TRPCs) in mediating the hypoxia-induced eleva-
tion of [Ca*; in rat distal pulmonary venous smooth muscle
cells (PVSMCs) was investigated. Rats with chronic hypoxic
pulmonary hypertension (CHPH) were used for in vivo experi-
ments, and PVSMCs were isolated for in vitro experiments.
[Ca®*]; was measured using fura-2-based fluorescence calcium
imaging. Reverse transcription-quantitative polymerase chain
reaction and western blotting were used to detect the mRNA
and protein expression levels of TRPCs. Methyl thiazolyl
tetrazolium and Transwell assays were used to investigate
the proliferation and migration of PVSMCs, respectively. The
results of the present study demonstrated that TRPC6 was
increased in the distal PVs of CHPH rats, and in PVSMCs
exposed to hypoxic conditions (4% O,, 72 h); however, TRPC1
was not. The 1-oleoyl-2-acetyl-sn-glycerol-induced [Ca*'];
elevation was increased in PVSMCs isolated from CHPH rats
and in PVSMCs cultured under hypoxic conditions (4% O,,
72 h). Hypoxia induced PVSMC [Ca*]; elevation, prolifera-
tion and migration. These alterations were inhibited following
TRPC6 knockdown. Results from the present study suggest
that TRPC6 expression is increased during chronic hypoxia,
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which contributes to Ca®* entry into the cell, thus promoting
proliferation and migration of PVSMCs.

Introduction

Pulmonary hypertension (PH) is a serious disease that may
result in mobility problems and mortality (1-3). PH is predomi-
nantly caused by hypoxic pulmonary vasoconstriction (HPV)
and pulmonary vascular remodeling as a result of exposure to
chronic hypoxia (CH) in patients with respiratory disease (4).
Elevation of intracellular calcium concentration ([Ca®*]) is
essential for the initiation of contraction and proliferation
of vascular smooth muscle cells (SMCs) (5,6). It has previ-
ously been reported that in pulmonary artery (PA)SMCs,
hypoxia leads to increases in intracellular Ca** release and
extracellular Ca®* influx (7). Calcium influx is predominantly
regulated by voltage-dependent Ca** channels (VDCCs), and
voltage-independent nonselective cation channels, including
store-operated Ca®* channels (SOCCs) and receptor-operated
Ca?* channels (ROCCs). VDCC blockers cannot decrease
[Ca®*]; during CH, indicating that Ca** influx occurs via
signaling pathways other than VDCCs (8-10). In addition to
VDCCs, HPV requires an influx of Ca** via voltage-indepen-
dent nonselective cation channels (6,11-15). These channels
contribute to membrane depolarization during hypoxia.

Transient receptor potential (TRP) proteins form nonse-
lective cation channels in vascular SMCs (5,16,17). TRPCI1
and TRPC6 have been detected in endothelium-denuded
intrapulmonary arteries (12,18,19), PASMCs (6,12,18,20),
and pulmonary venous SMCs (PVSMCs) (15,21). TRPC1 and
TRPC6 form predominantly SOCCs and ROCCs, respec-
tively (22-27). During CH, the levels of TRPC1 and TRPC6
are increased in PASMCs (12) and the [Ca**]; is increased, indi-
cating that TRPC1 and TRPC6 are important in CH-induced
HPV.

Intrapulmonary arteries and veins contribute to the increase
in pulmonary vascular resistance during hypoxia (28-31).
Therefore, the mechanism underlying the development of
hypoxic PH from the intrapulmonary veins has attracted
increasing attention in recent years. TRPC6 expression is
increased in rat intrapulmonary veins, as well as in PVSMCs
with increased basal [Ca*']; and store-operated Ca?* entry (15).
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However, the role of TRPC6 in hypoxia-induced cation entry,
and its signaling pathway in PVSMCs, remains to be eluci-
dated.

A previous study demonstrated that TRPC6 is key in medi-
ating hypoxia-induced increases in [Ca*"]; in human PASMCs
and that this is linked to cellular energy status via activa-
tion of adenosine monophosphate-activated protein kinase
(AMPK) (6). The aim of the present study was to determine
the effect of hypoxia on Ca?* entry pathways, particularly on
TRPC6 as an ROCC, as well as the relevant activation and
regulation signaling pathways in pulmonary veins (PVs) by
measuring [Ca*']; during CH. The proliferation and migration
of PVSMCs, which are essential for PV remodeling, were also
examined. Data from the present study suggested a key role
for Ca** entry via TRPC6 in the mediation of [Ca?*]; elevation,
and the proliferation and migration of rat distal PVSMCs, all
of which may be linked to the activation of AMPK.

Materials and methods

Reagents. Sodium pentobarbital, Hanks' Balanced Salt
Solution (HBSS), Earl's Balanced Salt Solution (EBSS), bovine
serum albumin (BSA) and dithiothreitol were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Collagenase I
and papain were purchased from Worthington Biochemical
Corporation (Lakewood, NJ, USA). Basal Smooth Muscle
Cell Growth Medium-2 was purchased from PromoCell
(Heidelberg, Germany).

Ethics statement. Animal experiments conformed to the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (32). The present study was
approved by the Ethics Review Board for Animal Studies of
Institute of Southeast University (Nanjing, China).

Exposure of rats to CH. CH-induced PH (CHPH) was produced
using an established method (33). Briefly, Sprague Dawley
(SD) rats (weight, 250-300 g; Animal Center of Southeast
University, Nanjing, China) were randomized into CH (n=12)
and normoxic control groups (n=12). All animals were fed a
standard diet of rat chow and were settled in the laboratory
animal room at 21-26°C, 40-70% humidity and 15-20 Lux
lighting. Rats in the CH group were exposed to hypoxia for
3 weeks in a chamber that was continuously flushed with a
mixture of room air and N, to maintain 10% O,. The devel-
opment of the CHPH model was evaluated by measuring the
mean PA pressure (MPAP), right ventricle systolic pressure
(RVSP), hematocrit, and weight ratio of the RV/[left ventricle
(LV) + septum (S)].

Rat distal pulmonary vein dissection and PVSMC isolation.
Male SD rats (weight, 250-300 g) were used for PV and
PVSMC isolation. PVs were isolated from rats maintained
in hypoxic and normoxic conditions for western blotting.
Thereafter, PVSMCs were enzymatically isolated from
rats maintained in normoxic conditions and cultured as
described previously (15,34). Briefly, rats were anesthetized
with sodium pentobarbital (55 mg/kg; i.p.) and sacrificed
by cervical dislocation. Rat lungs were removed to a bath
containing oxygenated modified Krebs solution (118 mM
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NaCl, 4.7 mM KCl, 0.57 mM MgSO,, 1.18 mM KH,PO,,
25 mM NaHCO;, 10 mM dextrose, and 1.25 mM CaCl,, for
dissection. Distal pulmonary veins (PVs) (300-350 ym) were
isolated from the surrounding tissue, and the endothelium
was denuded by gently rubbing the luminal surface. The
veins were digested at 37°C for 20 min in Ca**-reduced
HBSS supplemented with collagenase type I (1,750 U/ml),
papain (9.5 U/ml), BSA (2 mg/ml) and dithiothreitol (1 mM).
The solution was centrifuged at 100 x g and 25°C for 5 min,
and the cells were resuspended in Basal Smooth Muscle
Cell Growth Medium-2 containing 10% supplement mix
(Promocell GmbH, Heidelberg, Germany) in an incubator
containing 5% CO, at 37°C for the normoxic group, and 5%
CO,, 4% O, and 91% N, for the hypoxic group. Cells were
arrested in Basal Smooth Muscle Growth Medium-2 with
0.1% supplement mix 24 h prior to treatment.

Primers and small interfering RNA (siRNA) design. TRPCI,
TRPC6 and (-actin gene sequences were retrieved from the
miRBase database (http://www.mirbase.org/) and used as a
reference for designing the polymerase chain reaction (PCR)
primers. The primer sequences are presented in Table I. The
siRNA were designed with a complementary sequence to rat
TRPC1 and TRPC6 mRNA as described previously (35). The
designed primers, siRNA and non-target siRNA (siNT) were
synthesized by Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

RNA interference. Cells were passaged onto coverslips in
500 ul Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.)
1 day prior to transfection, and were allowed to reach 40-50%
confluence by the time of transfection. siRNA targeting TRPC1
or TRPC6 were transfected using Lipofectamine™ 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) at a final concentra-
tion of 1,000 ng/ml, as described previously and according to
the manufacturer's protocols (6). The knockdown effects were
examined at 48 h and the results were compared with the
control.

Reverse transcription-quantitative PCR (RT-gPCR). PAs and
PVs were de-endothelialized, frozen in liquid nitrogen, and
mechanically homogenized. Total RNA was isolated from the
tissues and cells using RNAiso Blood (Takara Bio, Inc., Otsu,
Japan), according to the manufacturer's protocols. RT-qPCR
experiments followed standard protocols. RNA (1 ug) was
first reverse transcribed to cDNA with random primers using
the RT Master Mix kit (Takara Biotechnology, Dalian, China).
RT-PCR was performed by using the PrimeScript RT reagent
kit (Takara Biotechnology) and the T100 Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to
the manufacturer's instructions. The RT-PCR cycling conditions
were as follows: 37°C for 15 min, 85°C for 5 sec and 4°C for
holding.Real-time PCR experiments followed standard proto-
cols using the SYBR Green I qPCR kit (Takara Biotechnology).
The PCR cycling conditions were as follows: 95°C for 30 sec,
followed by 40 cycles at 95°C for 5 sec and 60°C for 31 sec. The
relative mRNA quantities of target genes were normalized to
the values of (3-actin. The results were expressed as fold changes
of threshold cycle value relative to the controls using the 2444
method (36).
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Table I. Primer and siRNA sequences.

Primer/siRNA Sequences, 5'>3'

TRPCI F:ATCTTCATGTGCGGTCACAGT
R: TACATCTCAAGCCGCAAGCA

TRPC6 F: TGGCAAGTCCAGCATACCTG
R: CTCCGTGTTTCTGCAGAGGT

[-actin F: CCCATCTATGAGGGTTACGC
R:TTTAATGTCACGCACGATTTC

siTRPCI GAAUUUAAGUCGUCUGAAA

siTRPC6 GUCCAAAGUCCCUGCUUUA

F, forward; R, reverse; TRPC, transient receptor potential cation
channels ; si, small interfering.

Western blotting. Following serum starvation (0.1% supple-
ment mix) for 24 h, cells were cultured in normoxic (5% CO,)
or hypoxic (5% CO,, 4% O, and 91% N,) conditions. Total
proteins were prepared at the indicated time-points using the
protein extraction kit (TDY Biotech Co., Ltd., Beijing, China),
containing complete protease inhibitor (Roche Diagnostics,
Indianapolis, IN, USA). Western blotting was conducted as
described previously (6). Cell lysates with equal quantities
of protein (50 ug) were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
electronically to polyvinylidene difluoride membranes. The
polyvinylidene fluoride membranes (Millipore, Darmstadt,
Germany) were blocked with 5% non-fat milk powder in 1X TBS
containing 0.1% Tween 20 for 1 h at room temperature, and
were then incubated with anti-TRPCI (1:500; cat. no. sc15055;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-TRPC6
(1:500; cat. no. sc19196; Santa Cruz Biotechnology, Inc.) and
anti-B-actin (1:5,000 cat. no. A5441; Sigma-Aldrich) at 4°C
overnight. The membranes were subsequently incubated with
horseradish peroxidase (HRP)-conjugated anti rabbit secondary
antibodies (1:5,000; cat. no. s004; TDY Biotech Co., Ltd.),
HRP-conjugated anti-goat secondary antibodies (1:5,000; cat.
no.s008; TDY Biotech Co.,Ltd.),or HRP-conjugated anti-mouse
secondary antibodies (1:5,000; cat. no. s001; TDY Biotech Co.,
Ltd), for 1 h at room temperature. The blots were visualized
using a Chemiluminescent Substrate kit (Pierce; Thermo Fisher
Scientific, Inc.). The membranes were scanned and the sum
optical density was quantitatively analyzed by Quantity One
software v4.62 (Bio-Rad Laboratories, Inc.).

Immunofluorescence staining. After washing three times in
phosphate-buffered saline (PBS), cells were fixed with 4%
paraformaldehyde at room temperature for 20 min. Cells were
washed in PBS and treated with 0.3% Triton X-100 for 5 min on
ice. Then cells were blocked with 5% FBS for 30 min at room
temperature and incubated with anti-smooth muscle a-actin
(1:100, Sigma-Aldrich) at 4°C overnight. Cells were washed
three times in PBS and incubated with Alexa Fluor 488-conju-
gated second antibody (Cell Signaling Technology, Beverly,
MA, USA) for 1 h. Finally, cells were washed with PBS, stained
with DAPI (Sigma-Aldrich) and observed under microscope
(Olympus IX71, Tokyo, Japan). Calcium imaging. Cells were
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Figure 1. Effects of chronic hypoxia on PA and right-side heart pressures.
Animals were exposed to normoxia or hypoxia (10% O,) for 21 days. The
(A) MPAP, (B) RVSP, (C) RV/(LV + S), and (D) hematocrit are presented as
the mean = standard error of the mean (n=12, "P<0.05). PA, pulmonary artery;
MPAP, mean PA pressure; RV, right ventricle; RVSP, right ventricle systolic
pressure; LV, left ventricle; RV/(LV + S), RV/LV + septum mass ratio.

washed with EBSS, and a stock concentration of fura-2 AM
[0.01 g in 50 1 dimethyl sulfoxide (DMSO); Molecular Probes;
Thermo Fisher Scientific, Inc.]Jwas prepared. A mixture of 1 ul
stock dye in 200 x1 EBSS was applied to the cells and incubated
for at least 30 min prior to observation. Prior to placing the
coverslips into the recording chamber, the cells were rinsed in
normal Tyrode's medium (containing 137 mM NaCl, 5.4 mM
KCI, 1.2 mM MgCl,, 1.8 mM CaCl, 1.2 mM NaH,PO,,
10 mM D-glucose, 20 mM HEPES and 10 mM taurine), in
order to remove residual dye. Data acquisition was performed
using an IX71 microscope (Olympus Corporation, Tokyo,
Japan). Fluorescent changes in fura-2 were measured with
double wavelength excitation at 340 and 380 nm, and emis-
sion at a wavelength of 510 nm. Absolute Ca*" was calibrated
using Fura-2 Calcium Imaging Calibration kit (Invitrogen;
Thermo Fisher Scientific, Inc.). Changes in Ca** concentration
in the region of interest were calculated according to a ratio of
340/380. Time lapse recording initially captured the images
at 1 sec intervals; however, in order to minimize cell image
bleaching in the long experimental protocol, 2 or 3 sec inter-
vals were applied in the experiments. The majority of the data
presented in the figures were acquired at 3 sec intervals. The
following chemicals were used for calcium imaging: 5 yuM
nifedipine, 5 uM SKF96365, 100 xM OAG and 10 pM U73122
(Sigma-Aldrich), and compound C (40 uM, Calbiochem;
Merck KGaA, Darmstadt, Germany). The chemicals were
dissolved in ethanol or DMSO and made as required on the
day of experiments. Ethanol and DMSO were tested alone in
controls at the same vehicle concentration and had no effect.
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Figure 2. Expression of TRPC1 and TRPC6 in the distal PA and distal PV of normal and CHPH rats. TRPC1 and TRPC6 mRNA and protein expression levels
in the (A and B) distal PA and (C and D) distal PV were determined by reverse transcription-quantitative polymerase chain reaction and western blotting, which
was semi-quantified by densitometry. Total B-actin was used for normalization. Data are presented as the mean + standard error of the mean (n=3, "P<0.05).
TRPCI, transient receptor potential cation channel 1; TRPCO, transient receptor potential cation channel 6; CHPH, chronic hypoxic pulmonary hypertension;
PA, pulmonary artery; PV, pulmonary vein.
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Figure 3. Expression of TRPC1 and TRPC6 in cultured rat distal PVSMCs under hypoxic conditions. (A) Characteristics and identification of rat distal
PVSMCs. Cell morphology was investigated under microscopy. PVSMC were fixed and immunofluorescence staining was conducted with primary antibodies
against smooth muscle a-actin (green). The nuclei were labelled with 4',6-diamidino-2-phenylindole (blue). Scale bar, 50 ym. (B) Representative traces of
the time course of [Ca**];responses to KCI (60 mM) with or without nifedipine in PVSMCs. TRPC1 and TRPC6 mRNA and protein expression levels under
normoxic and hypoxic conditions as determined by (C) reverse transcription-quantitative polymerase chain reaction and (D) western blotting, which was
semi-quantified by densitometry. Total B-actin was used for normalization. Data are presented as the mean + standard error of the mean (n=3, "P<0.05). TRPCI1,
transient receptor potential cation channels 1; TRPCS, transient receptor potential cation channel 6; [Ca®'];, intracellular calcium concentration; PVMSC,
pulmonary vein smooth muscle cell.

Hypoxia medium was applied using gas bubbled media (O, medium was applied through a 0.8 mm ID tube driven by a
level, 20 mmHg) as described previously (6). Briefly, Tyrode's  peristaltic pump (minipuls 3, Gilson, Inc., Middleton, WI,
solution was bubbled into para-film-sealed bottles. Then the =~ USA) in which fluid flow to the recording chamber (RG 26;
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Figure 4. Response of [Ca®]; to acute hypoxia in PVSMCs. (A) In the control condition, cells were perfused with sustained normoxia (16% O,; black; n=6
experiments in 103 cells). Time course of [Ca*']; prior to and following hypoxia (4% O,; blue; n=6 experiments in 108 cells) in PVSMCs. Effect of 5 uM
nifedipine on the response of [Ca*"]; to hypoxia is indicated in red (n=6 experiments in 125 cells). Effect of 5 uM SKF-96365 and nifedipine on [Ca*"]; under
hypoxic conditions is indicated in brown (n=6 experiments in 105 cells). (B) Average peak change in [Ca**]; from obtained cells. Data are presented as the
mean = standard error of the mean ("P<0.05). [Ca*];,intracellular Ca** concentration; PYMSC, pulmonary vein smooth muscle cell; Nifed, nifedipine.
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Figure 5. Effect of siTRPC6 transfection on the response of [Ca*']; to acute hypoxia and OAG in PVSMCs. (A) Protein expression levels of TRPC6 in PVSMCs
treated with siNT or siTRPC6 were determined by western blotting and semi-quantified by densitometry. Total 3-actin was used for normalization. (B) Change
in [Ca*]; (A[Ca*],) following treatment with hypoxia (4% O,) or OAG (100 yM) in the control group (black; n=3 experiments in 69 cells), siNT group (blue;
n=3 experiments in 62 cells), and siTRPC6 group (brown; n=3 experiments in 58 cells). Summary of TRPC6 knockdown responses of cells treated with
(C) hypoxia and (D) OAG. Data are presented as the mean + standard error of the mean ("P<0.05). TRPCS, transient receptor potential cation channel 6; OAG,
1-oleoyl-2-acetyl-sn-glycerol; PVSMC, pulmonary vein smooth muscle cell; siRNA, small interfering RNA; siNT, non-targeted siRNA.

Warner Instruments, LLC., Hamden, CT, USA) was controlled  of 5,000 per well in 96-well cell culture plates and starved
at a rate of 5 ml/min. with 0.1% FBS in SMC Growth Medium-2 for 24 h. Cells were

incubated under normoxic or hypoxic conditions. After 24 h,
Proliferation assays. An MTT assay was used to determine 20 gl of MTT (5 mg/ml; Sigma-Aldrich) was added to each
the proliferation rate. Briefly, cells were seeded at a density ~ well for 3 h incubation. Subsequently, cells were dissolved
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Figure 6. Hypoxia-induced [Ca*]; elevation in PVSMCs is independent of PLC. (A) Effects of 10 xM U73122, an antagonist of PLC, on changes in [Ca**]; (A[Ca**],)
under hypoxic conditions (4% O,; black; n=3 experiments in 72 cells). (B) Effects of 40 uM compound C, an antagonist of AMPK, on A[Ca*"], under hypoxic condi-
tions (4% O,; brown, n=3 experiments in 76 cells). (C) PLC and AMPK inhibition of A[Ca*"]; under hypoxic conditions. Data are presented as the mean + standard
error of the mean ("P<0.05). [Ca*'],, intracellular Ca** concentration; PVMSC, pulmonary vein smooth muscle cell; PLC, phospholipase C; AMPK, AMP-activated

protein kinase.
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Figure 7. Effects of TRPC1 and TRPC6 on the proliferation and migration of PVSMCs in hypoxic conditions. (A) Viability of PVSMCs was detected using
an methyl thiazolyl tetrazolium assay. (B) Transwell assay was used to evaluate the migration of PVSMCs. Images of the migration were captured using a
microscope (magnification, x40). Data are presented as the mean + standard error of the mean (n=3, "P<0.05, “P<0.01 and ¥P<0.001). TRPC6, transient receptor
potential cation channel 6; TRPCI, transient receptor potential cation channel 1; PVSMC, pulmonary vein smooth muscle cell; OD, optical density; siRNA,

small interfering RNA; siNT, non-targeted siRNA.

in 150 ul DMSO, and the absorbance was measured by a
Multiscan FC (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) at 490 nm.

Migration assay. Migration was determined using the
Transwell assay (6.5-mm polycarbonate membrane with
8.0-ym pores; Corning Inc., Corning, NY, USA). Briefly,
suspensions containing 5x10* cells and fresh serum free media,
were seeded on the upper chamber. The cells were allowed to

migrate through the membrane to the lower surface for 6 h.
Cells on the upper surface of the membrane were scraped off
with cotton swabs three times. Cells that had migrated to the
lower surface were fixed in 4% paraformaldehyde, stained with
0.1% crystal violet and counted. Migrated cell numbers were
calculated as the number of migrated cells per five different
random fields. Cells were dissolved in 30% acetic acid and
measured at 570 nm using a microplate reader (Thermo Fisher
Scientific, Inc.).
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Statistical analysis. Data are presented as the mean + standard
error of the mean. Unpaired t-tests were performed for pairwise
comparisons of means. One-way analysis of variance, followed
by the Tukey post-hoc test, was used for multiple comparisons.
The data were analyzed using Prism 5.0 (GraphPad Software,
Inc., La Jolla, CA, USA), and P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Effects of CH on PA and right-side heart pressures. Rats were
exposed to CH (10% O,) for 21 days. The MPAP increased
from 11.10+1.14 mmHg in normoxic rats to 18.42+0.77 mmHg
in hypoxic rats (Fig. 1A), and the RVSP increased from
18.23+1.57 mmHg in normoxic rats to 29.53+3.57 mmHg in
hypoxic rats (Fig. 1B). In addition, RV/(LV + S) increased
from 0.23+0.04 in normoxic rats to 0.37+0.04 in hypoxic rats
(Fig. 1C), and the hematocrit increased from 42.55+1.06% in
normoxic rats to 51.87+1.90% in hypoxic rats (Fig. 1D).

TRPCI and TRPC6 expression in the distal PA and PV
tissue of normal and CHPH rats. Distal PAs and PVs were
isolated from normal and CHPH rats. The mRNA and protein
expression levels of TRPC1 and TRPC6 were detected by
RT-qPCR and western blotting, respectively. As presented in
Fig. 2A and B, the expression levels of TRPC1 and TRPC6
were increased in the distal PA of the CHPH rats, whereas only
TRPC6 expression levels were increased in the distal PV of
the CHPH rats, as compared with the controls (Fig. 2C and D).

TRPCI and TRPCG6 expression in cultured rat distal PVSMCs
under normoxic and hypoxic conditions. Distal PVSMCs
were isolated from normal rats and analyzed. As presented
in Fig. 3A, PVSMCs were spindle-shaped and smooth muscle
was a-actin-positive. A high concentration K* solution (60 M)
induced [Ca**i elevation in PVSMCs, due to the opening of
L-type VGCCs (37). As shown in Fig. 3B, nifedipine (5 uM)
inhibited KCl-induced [Ca**i elevation. Therefore, nifedipine
was used for further experiments. The expression levels of
TRPCI and TRPC6 in rat distal PVSMCs cultured under
normoxic and hypoxic conditions (4% O, for 72 h) were
examined by RT-qPCR and western blotting. The results
demonstrated that TRPC6, but not TRPC1, was increased in
response to hypoxia, as compared with the normoxic group
(Fig. 3C and D). These results indicate that TRPC6, but not
TRPCI1, may be important in distal PVs in response to CH.

Role of voltage-gated calcium channels (VGCCs) and TRPC6
blocker in hypoxia-induced Ca** entry in PYSMCs. Following
5 min exposure to hypoxia (4% O,) a significant Ca** eleva-
tion was induced in cultured rat distal PVSMCs (Fig. 4A).
Nifedipine (20 zM) inhibited the hypoxia-induced [Ca**]; eleva-
tion by 46.5%, whereas nifedipine (20 xM) and SKF-96365
administered together inhibited the hypoxia-induced [Ca?*];
elevation by 64.2% (Fig. 4). These results indicate that VGCCs
and TRPC6 may contribute to hypoxia-induced Ca** entry into
PVSMCs.

Effects of TRPC6 knockdown on hypoxia-induced elevation
of [Ca**]i in rat distal PVSMCs. A specific siRNA against
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TRPC6 (siTRPC6) was synthesized, and a siNT served as a
control. Rat distal PVSMCs were isolated from normal rats
and transfected with siRNA. TRPC6 protein expression levels
were determined by western blotting 48 h post-transfection
with siTRPC6 (Fig. 5A). As presented in Fig. 5B and C, the
hypoxia-induced [Ca*]; elevation (4% O, for 5 min) was
decreased by siTRPC6 (48 h), indicating a role for TRPC6 in
the hypoxia-induced elevation of [Ca*']; in PVSMCs. To deter-
mine the presence of functional TRPC6 in rat distal PVSMCs,
1-oleoyl-2-acetyl-sn-glycerol (OAG), an analogue of diacylg-
lycerol (38), was used as a TRPCG6 channel activator (6). OAG
(100 uM) induced [Ca**]; elevation, which was significantly
attenuated by siTRPC6 (Fig. 5D), implicating TRPC6 as a
functional ROCC in rat distal PVSMCs.

Hypoxia-induced Ca** elevation occurs via phospholipase C
(PLC) and AMPK. To determine the signaling pathway
underlying TRPC6 activation, U73122 (10 xM), an antagonist
of PLC, and compound C (40 uM), an antagonist of AMPK,
were used during hypoxia-induced Ca* entry in rat distal
PVSMCs. The results demonstrated that U73122 inhibited the
hypoxia-induced Ca** response by 26.2% (n=72, N=3, P<0.05;
Fig. 6), whereas compound C inhibited the hypoxia-induced
Ca?* response by 68.1% (n=76, N=3, P<0.05; Fig. 6B and C).
These results indicate that the AMPK signaling pathway may
contribute to hypoxia-induced Ca** elevation in PVSMCs.

Effects of TRPCI and TRPC6 on hypoxia-induced prolifera-
tion and migration of rat distal PVSMCs. Cells were exposed
to normoxic or hypoxic (4% O,, 72 h) conditions and were
transfected with siNT or siTRPC6. Proliferation and migration
of PVSMCs was determined by methyl thiazolyl tetrazolium
(MTT) and Transwell assays, respectively. As presented in
Fig. 7A, hypoxia increased proliferation of PVSMCs from
0.51+0.03 in the normoxic group to 0.68+0.02 in the hypoxic
group (P<0.05). Transfection with siTRPCI only inhibited
hypoxia-induced PVSMC proliferation by 19.1%, whereas
transfection with siTRPC6 inhibited hypoxia-induced PVSMC
proliferation by 41.2%, as compared with siNT-transfected
cells exposed to hypoxia. Similarly, hypoxia increased migra-
tion of PVSMCs from 0.26+0.03 in the normoxic group to
0.44+0.02 in the hypoxic group (P<0.05). Transfection with
siTRPCI only inhibited hypoxia-induced PVSMC migra-
tion by 18.2%, whereas transfection with siTRPC6 inhibited
hypoxia-induced PVSMC migration by 52.3%, as compared
with siNT-transfected cells exposed to hypoxia (Fig. 7B).

Discussion

In the present study, the expression and function of TRPC1
and TRPC6 were examined in rat distal PVSMCs during CH
in vivo and in vitro. The major results of the present study were
as follows: i) TRPC6,not TRPCI1, was functionally upregulated
in rat PVs and PVSMCs in response to CH; ii) upregulated
TRPC6 was accompanied by OAG-induced Ca®* entry;
iii) SKF96365 and siTRPC6 attenuated hypoxia-induced
cation entry; iv) hypoxia increased the proliferation and migra-
tion of PVSMCs, and this effect was attenuated by siTRPC6;
and v) AMPK was suggested as the underlying pathway that
links cellular energy status and TRPC6 activation.
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Hypoxia induces inflammation as well as [Ca*']; elevation,
initiating PA contraction and remodeling (39,40). However, PVs
are affected prior to PAs when oxygen partial pressure in the
pulmonary circulation decreases. PV contraction reportedly
contributes to ~50% of the total pulmonary resistance (41-43);
therefore, it is necessary to determine the effects of hypoxia
on PVs and to investigate the underlying molecular mecha-
nisms. An elevated [Ca?*]; is achieved predominantly by cation
entry via VDCCs, ROCCs, SOCCs, or Ca** release from the
sarcoplasmic reticulum. Previous studies have demonstrated
that hypoxia induces enhanced store-operated Ca** entry and
increases TRPC6 expression in rat PVSMCs (15,21).

TRPC6 protein forms voltage-independent Ca**-permeable
cation channels, and is hypothesized to be a major component
of ROCCs (27,44). In a previous study, the majority of the
hypoxia-induced [Ca?*]; elevation in human PASMCs was due
to cation entry via VDCCs and ROCCs (6), indicating that
TRPC6 contributes to membrane depolarization and [Ca?'];
elevation. In addition, another previous study (15) detected
TRPC1 and TRPC6 expression in rat PVs and distal PVSMCs.
In the present study, expression of TRPC6, but not TRPCI,
was increased in the PVs of CHPH rats, as well as PVSMCs
exposed to hypoxia, implicating an important role for TRPC6
in hypoxia-induced cation entry.

Consistent with the results of previous studies regarding
PVs (15) and PAs (6), the present study demonstrated that
blockade of VGCCs with nifedipine in PVSMCs prevented
hypoxia-induced [Ca*]; elevation by 46.5%, whereas coad-
ministration of nifedipine and SKF96365 (a TRPC blocker)
prevented the hypoxia-induced [Ca*']; elevation by 64.2%. To
overcome the nonselectivity of the TRPC blocker, experiments
using siTRPC6 to knockdown TRPC6 expression in VSMCs
were conducted. The expression levels of TRPC6 and TRPC1
were examined by western blotting, in order to investigate the
specific effect of TRPC6 gene knockdown. OAG, which is an
analogue of diacylglycerol (38) and a TRPC6 activator, was
used to analyze the functional knockdown of TRPC6. The
results demonstrated that siTRPC6 significantly attenuated
hypoxia-induced [Ca*]; elevation. These results suggested that
TRPC6 may have a key role in the response of PVSMCs to
hypoxia.

SMC proliferation and migration contribute to pulmonary
vessel remodeling, in which [Ca*']; is pivotal (5,6). In the
present study, hypoxia increased the proliferation and migra-
tion of rat distal PVSMCs, and this effect was reduced by the
knockdown of TRPC6. These results further indicated that
TRPC6 may participate in PV remodeling, and may be consid-
ered a target for the treatment of PH.

AMPK is important in cellular energy homeostasis.
In a previous study, an AMPK antagonist attenuated
hypoxia-induced [Ca**]; elevations (45). Furthermore, it has
previously been demonstrated that TRPC6 is activated via
the AMPK signaling pathway and not via the PLC signaling
pathway in human PASMCs (46). Consistent with human
PASMCs, treatment with an AMPK antagonist in the present
study attenuated hypoxia-induced [Ca*"]; elevation in rat
PVSMC s, thus suggesting that AMPK may be a signal for
TRPC6 in rat PVSMCs.

In conclusion, the present study demonstrated a functional
role for hypoxia-induced TRPC6 upregulation in mediating

WANG et al: ROLE OF TRPC6 IN RATS WITH CHRONIC HYPOXIC PULMONARY HYPERTENSION

[Ca?"]; elevation, and the proliferation and migration of rat
distal PVSMC:s. In addition, it was suggested that TRPC6 may
be activated via the AMPK signaling pathway.
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