
Deletion of classical transient
receptor potential 1, 3 and
6 alters pulmonary
vasoconstriction in chronic
hypoxia-induced pulmonary
hypertension in mice

Kathrin Malkmus1†, Monika Brosien1†, Fenja Knoepp1,
Lisa Schaffelhofer1, Friedrich Grimminger1, Christoph Rummel2,
Thomas Gudermann3, Alexander Dietrich3, Lutz Birnbaumer4,5,
Norbert Weissmann1 and Simone Kraut1*
1Cardiopulmonary Institute (CPI), Universities of Giessen and Marburg Lung Center (UGMLC), Member
of the German Center for Lung Research (DZL), Justus-Liebig-University, Giessen, Germany, 2Institute
of Veterinary Physiology and Biochemistry, Justus-Liebig-University, Giessen, Germany, 3Walther
Straub Institute for Pharmacology and Toxicology, Member of the DZL, Ludwig Maximilians University,
Munich, Germany, 4Institute of Biomedical Research (BIOMED), Catholic University of Argentina,
Buenos Aires, Argentina, 5Laboratory of Signal Transduction, National Institute of Environmental
Health Sciences (NIEHS), Durham, United States.

Chronic hypoxia-induced pulmonary hypertension (CHPH) is a severe disease

that is characterized by increased proliferation and migration of pulmonary

arterial smooth muscle cells (PASMCs) leading to pulmonary vascular

remodeling. The resulting increase in pulmonary vascular resistance (PVR)

causes right ventricular hypertrophy and ultimately right heart failure. In

addition, increased PVR can also be a consequence of hypoxic pulmonary

vasoconstriction (HPV) under generalized hypoxia. Increased proliferation and

migration of PASMCs are often associated with high intracellular Ca2+

concentration. Recent publications suggest that Ca2+-permeable

nonselective classical transient receptor potential (TRPC) proteins—especially

TRPC1 and 6—are crucially involved in acute and sustained hypoxic responses

and the pathogenesis of CHPH. The aim of our study was to investigate whether

the simultaneous deletion of TRPC proteins 1, 3 and 6 protects against CHPH-

development and affects HPV in mice. We used a mouse model of chronic

hypoxia aswell as isolated, ventilated and perfusedmouse lungs and PASMCcell

cultures. Although right ventricular systolic pressure as well as

echocardiographically assessed PVR and right ventricular wall thickness

(RVWT) were lower in TRPC1, 3, 6-deficient mice, these changes were not

related to a decreased degree of pulmonary vascular muscularization and a

reduced proliferation of PASMCs. However, both acute and sustained HPVwere

almost absent in the TRPC1, 3, 6-deficient mice and their vasoconstrictor

response upon KCl application was reduced. This was further validated by

myographical experiments. Our data revealed that 1) TRPC1, 3, 6-deficient mice
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are partially protected against development of CHPH, 2) these changes may be

caused by diminished HPV and not an altered pulmonary vascular remodeling.
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Introduction

Chronic hypoxia induced pulmonary hypertension (CHPH)

is a serious disease that affects a wide range of people

worldwide—with increasing yearly prevalence (Galiè et al.,

2015; Hoeper et al., 2016; Wijeratne et al., 2018). However,

the treatment options for patients suffering from CHPH are

limited. Thus, further investigations—not only to understand the

molecular pathways triggering the development of the disease

more in detail, but also to find possible treatment options—are

needed (Galiè et al., 2015; Wijeratne et al., 2018). In CHPH the

mean pulmonary artery pressure is elevated above normal levels,

and is suggested to be dependent on an increased

muscularization of pulmonary arterial vessels. The subsequent

increase in pulmonary vascular resistance (PVR) results in an

increased afterload, the development of right ventricular

hypertrophy and ultimately right ventricular failure and death

(Han et al., 2007; Vonk Noordegraaf and Galiè, 2011; Ryan and

Archer, 2014; Grimminger et al., 2017). In addition, hypoxic

pulmonary vasoconstriction (HPV)—as an essential mechanism

of the lung to match pulmonary blood perfusion and alveolar

ventilation—can contribute to an elevated pulmonary vascular

pressure. Under conditions of regional alveolar hypoxia, HPV

maintains pulmonary gas exchange. However, if alveolar hypoxia

is generalized, HPV induces vasoconstriction of all precapillary

vessels of the lung and thus, induces an increase in pulmonary

vascular pressure/PVR (Sommer et al., 2020).

Vascular remodeling in CHPH largely affects the tunica

media, which is primarily composed of pulmonary arterial

smooth muscle cells (PASMCs) (Yu et al., 2004; Stenmark and

McMurtry, 2005; Tuder et al., 2007; Barman et al., 2019).

Elevation in PASMC-proliferation increases the

muscularization of small pulmonary arteries (Schermuly et al.,

2011; Fernandez et al., 2015; Stenmark et al., 2018). In addition to

proliferation, an increased migration of PASMCs is presumed to

contribute to the muscularization of previously non-

muscularized vessels (Stenmark et al., 2018) and thus, further

aggravates the disease.

A change in the intracellular Ca2+concentration ([Ca2+]i) is

hypothesized to be one of the reasons for the altered PASMC

phenotype as increased [Ca2+]i is crucial for proliferation,

migration and apoptosis of PASMCs and therefore, highly

involved in vascular remodeling (Pietra et al., 2004; Stenmark

et al., 2009; Fernandez et al., 2015; Stenmark et al., 2018).

Amongst others [Ca2+]i is regulated via classical transient

receptor potential (TRPC) proteins, which are non-specific cation

channels permeable for both Ca2+ and Na+. As an increase in Na+

activates voltage-gated Ca2+ channels, which also increases cytosolic

Ca2+ (Gudermann et al., 2004), Ca2+ conductivitymainly contributes

to the crucial role of TRPC proteins in CHPH development

(Malczyk et al., 2013; Xia et al., 2014; Smith et al., 2016).

Previous investigations showed that an upregulation for

TRPC3 and 6 in human patients suffering from IPAH (Yu et al.,

2004) as well as for TRPC1 and 6 in mice exposed to chronic

hypoxia (Malczyk et al., 2013; Xia et al., 2014). In addition, it was

shown inmice, that CHPHwas less severe when TRPC1was deleted

(Malczyk et al., 2013) while TRPC6 seems to be crucial for acute

HPV (Weissmann et al., 2006). Of interest, deletion of a single TRPC

channel was described to be compensated by a counter-regulation of

other TRPC channels (Dietrich et al., 2005b). To overcome such

difficulties, we here investigated mice with a simultaneous deletion

of TRPC 1, 3 and 6 (TRPC1/3/6−/−) channels. We hypothesize that

TRPC1/3/6−/− mice would be protected against the development of

CHPH. To answer this question, we performed investigations in

chronically hypoxicmice, isolated, ventilated and perfused lungs and

on the cellular level in PASMCs.

Methods

Animals, material and methods

All experiments were approved by the governmental

authorities (RP Giessen, Hesse, Germany; Az: V 54–19 c

20 15 h 01 GI 20/10 No. G10/2017) in accordance with the

German animal welfare law and the European legislation for the

protection of animals used for scientific purposes (2010/63/EU).

Group size estimation was based on previous experiments

performed in our laboratory and calculated using Sigma Stat

3.5 (Systat Software Inc, San Jose, United States) with a power of

0.80 and an alpha of 0.05. All investigators were blinded

whenever possible. Animals were kept under controlled

conditions (10 h dark/14 h light cycle, water and food

(Altromin, Lange, Germany; No. 1324) supply ad libitum;

group housed (2–5 per cage whenever possible) at 22°C ± 2°C

and 55% ± 10% humidity). Mice were handled at least for 3 days

before start of experiments to accustom them to the experimental

procedures.
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FIGURE 1
Generation and validation of TRPC1/3/6−/−mice. (A) Schematic illustration depicting the targeted disruption of themurine trpc1, trpc3 and trpc6
gene. Exons are either represented as black (nontargeted exons) or red (targeted exons) boxes. Figure adapted from (Dietrich et al., 2005b; Dietrich
et al., 2007; Hartmann et al., 2008) (B)Graphical illustration of the breeding scheme to generate TRPC1/3/6−/− mice. (C) Representative gel-pictures
of PCR products for genotyping. Genomic DNA was isolated from ear punches of TRPC1/3/6−/−, TRPC1−/−, TRPC3−/− and TRPC6−/− mice and
used for PCR before being separated on an agarose gel. Left gel: AmplifiedWT (141 bp) andmutated (150 bp) trpc1 product, middle: WT (381 bp) and
mutated (500 bp) trpc3 product and right: WT (245 bp) and mutated (310 bp) trpc6 product. The first lane on each picture represents the TRPC1/3/
6−/−mice, the second lane the respective control knockoutmouse, the third lane theWTmouse and the forth lane the negative control (NC). bp, base
pairs.
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Animals, genotyping and experimental
design

Adult TRPC WT (B6.Cg-Trpc1+ Trpc3+ TRPC6+/) and

TRPC1/3/6−/− (B6.Cg-Trpc1tm1Lbi Trpc3tm1.1Akon Trpc6tm1Lbi/)

mice of either sex and at an age of 12–16 weeks were used in

this study. Mice were generated at the Walther Straub Institute

for Pharmacology and Toxicology, Ludwig Maximilians

University, Munich by breeding TRPC1−/− (B6.Cg-Trpc1tm1Lbi)

(Dietrich et al., 2007) and TRPC6−/− (B6.Cg-TRPC6tm1.Lbi) mice

(Dietrich et al., 2005b) to generate TRPC1/6−/− double knockout

mice (B6.Cg-TRPC1tm1.Lbi-TRPC6tm1.Lbi). By crossbreeding

TRPC1/6−/− with TRPC3−/− (B6.Cg-TRPC6tm1.Lbi) mice

(Hartmann et al., 2008), we generated TRPC1/3/6−/− mice. An

illustration of the breeding scheme can be found in Figure 1B.

The genotyping of TRPC1/3/6−/− mice was performed by

analyzing trpc1, trpc3 and trpc6 separately. Genomic DNA

was extracted using the Hotshot method. Briefly, ear punches

of mice were dissolved in NaOH (50 mM) and incubated at 95°C

for 15 min, vortexed and incubated in Tris solution (1 M,

pH 8.0). The extracted genomic DNA was mixed with

genotyping solution using GoTaq® G2 Flexi DNA Polymerase

Kit (Promega, #M7805) and Primers (0.1–0.2 µM) and followed

by PCR. Afterwards, the PCR products were separated on a 1.5%

sodium borate agarose gel (120 V, 120 mA, 30–45 min)

containing Sybr safe DNA gel stain (BioRad, #1725124) using

6x DNA loading dye (ThermoFisher Scientific, Waltham,

Massachusetts, United States) and visualized using the

QIAxcel Advanced System (Qiagen, Hilden, Germany). For

trpc1 the following primers were used: C1-F1: 5′- TCT ATG

GCT TCT GAG GCGGA, C1-R1: 5′- GCA TTA TTA ATA TCT

GAG TCA TTT TCT TAT TGG CAA AAT GAG G, C1-F2: 5′
GGC AAC CTT TGC CCT CAA AGT GGT GGC, C1-R2: 5′-
AGT GAA TAT ATA TAT ATC AGA CAT AGA TTT GGG.

Predicted PCR products were 141 bp for WT and 150 bp for the

mutated trpc1 PCR product. For trpc3 the following primers were

used: C3-F: 5′-AAA GCT CTG GTT GCT CTT GC, C3-R1: 5′
CCA AAA TGC ACA TAG AAG CTA A and C3-R2: 5′-CAT
ATT TGA GGA CAA CAG AAG TCA C. Predicted reaction

products were 381 bp for WT and 500 bp for the mutated trpc3.

For trpc6 the following primers were used: C6-F1: 5′ GGG TTT

AAT GTC TGT ATC ACT AAA GCC TCC, C6-R1: 5′ ACG
AGA CTA GTG AGA CGT GCT ACT TCC, C6-F2: 5′ CAG
ATC ATC TCT GAA GGT CTT TAT GC, C6-R2: 5′ CAT CAG

GAC CCC GAG CAC CAC ATA C. Predicted PCR products

were 245 bp for WT and 310 bp for the mutated trpc6.

Information on RT-PCR analysis in aortas, brain Purkinje or

lung cells of the respective single knockout mice have been

previously described (Dietrich et al., 2005a; Dietrich et al.,

2007; Hartmann et al., 2008).

For the characterization of the PH phenotype, mice (n =

15 per group, except for the hypoxia-treated TRPC1/3/6−/−

mice n = 14) were randomized and exposed either to

normobaric normoxia or hypoxia (10% O2) for 28 days

using a ventilated chamber (Biospherix, Parish, NY,

United States) as described previously (Sommer et al.,

2017). Afterwards, all mice underwent echocardiography

followed by hemodynamic measurements and organ

harvesting. For in vivo measurements numbers for final

analysis vary (normoxia: TRPC WT n = 9–11 and TRPC1/

3/6−/− n = 11–14; hypoxia: TRPCWT n = 13–14 and TRPC1/3/

6−/− n = 13–14) due to technical reasons, e.g., placement of the

catheter or echocardiographic transducer.

Echocardiography, in vivo hemodynamics
and blood gas analyses

All methods were performed as previously described

(Veith et al., 2022). For anesthesia, 1.5–3% isoflurane gas

in room air supplemented with 100% O2 (flow rate: 1 l/min)

was used. Transthoracic echocardiography was performed

using a VEVO2100 system (Visualsonics, Toronto, Canada

RRID: SCR_015816) equipped with a 40 MHz transducer. To

ensure physiological conditions, mice were placed on a

thermoregulating plate that was connected to a rectal

thermometer (to monitor body temperature) as well as

electrocardiogram electrodes to observe heart rate. To

obtain high-resolution images, mice were shaved followed

by application of a pre-warmed ultrasound gel. Tricuspid

annular plane systolic excursion (TAPSE) was measured in

the apical four-chamber view and right ventricular wall

thickness (RVWT) in a modified parasternal short axis

view. Cardiac index (CI) was calculated as the product of

the velocity-time integral (VTI) of the pulsed-Doppler

tracing in the right ventricular outflow tract (RVOT), the

cross-sectional area of the RVOT and the heart rate (HR)

divided by body weight (BW) using the following formula:

CI=((RVOTxVTI)xHR)/BW. Pulmonary vascular resistance

(PVR) was calculated using the following formula: PVR=(80/

3)×RVSP/cardiac output as previously described (Pullamsetti

et al., 2017). For hemodynamic measurements, mice were

tracheotomized and connected to a small animal ventilator

MiniVent type 845 (Hugo Sachs Elektronik, March-

Hugstetten, Germany). Then, a Millar catheter (Model

SPR-671 Pressure Catheter; Millar Instruments, Inc,

Houston, United States) was advanced into the right heart

via access through the jugular vein and the right ventricular

systolic pressure (RVSP) was recorded using the PowerLab

system and LabChart 7.0 software (ADInstruments GmbH,

Spechbach, Germany; RRID: SCR_001620). Subsequently,

the catheter was inserted into the right carotid artery and

systemic arterial pressure (SAP) was recorded. After data

acquisition mice were exsanguinated under deep anesthesia

(5% isoflurane with O2 supplement). Blood was collected via a

capillary blood collection tube to measure hematocrit.
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Lung fixation, organ harvest, and right
ventricular hypertrophy assessment

Lung fixation and organ harvest were performed as

previously described (Veith et al., 2022). Briefly, a catheter

was inserted into the pulmonary artery, and afterwards lungs

were flushed with saline (Otto Fischer GmbH, Saarbrücken,

Germany) under a constant pressure of 22 cm H2O for 5 min

to prevent collapsing of the vessels. Subsequently the left lung was

removed and incubated in 3.5% neutral buffered formalin (Otto

Fischer GmbH) overnight at room temperature, followed by 24 h

washing in PBS at 4°C. Finally, the fixed lung lobes were

dehydrated in ethanol (Otto Fischer GmbH) and embedded in

paraffin followed by histological investigations. Right ventricular

hypertrophy was quantified by assessment of the Fulton Index

and calculated as follows: right ventricular weight/left ventricular

plus septal weight.

Vascular morphometry

To quantify the degree of pulmonary vessel muscularization,

3 µm sections of paraffin-embedded lungs were stained with

antibodies against α-smooth muscle actin (1:700 dilution;

clone 1A4, Sigma-Aldrich, Munich, Germany, Cat# A2547,

RRID:AB_476701, antibody validated by manufacturer ) and

von Willebrand-factor (1:2000 dilution; Dako, Glastrup,

Denmark, Agilent Cat# A0082, RRID:AB_2315602, antibody

validated by manufacturer) as described previously

(Dumitrascu et al., 2006). Pulmonary vessels with a diameter

of 20–70 µm were analyzed from each lung using the Leica Qwin

Software (Leica,Wetzlar, Germany). Lung sections were analyzed

by meandering the slides at a magnification of × 400 and

including every second row into the calculation (at least

100 vessels). Quantification was done by determining the

percentage of α-smooth muscle actin-positive areas of the

tunica media of all counted vessels for every mouse and group

(a mean muscularization).

Primary cell cultures

Murine microvascular PASMCs were isolated and

cultured as described previously (Malczyk et al., 2013).

Briefly, lungs were filled with 0.5% low-melting-point

agarose (type VII, Sigma-Aldrich, #A9414) and 0.5% Fe3O4

(Sigma-Aldrich, #518158), mechanically shredded using

scissors and digested with collagenase (80 U/ml, Sigma-

Aldrich, #C0773) for 1 h. Then, tissue was washed in PBS

(Capricorn Scientific, Ebsdorfergrund, Germany, #PBS-2A)

using a magnet and PASMCs attached to microvascular

pulmonary vessels were seeded using Smooth Muscle Basal

Medium 2 (PromoCell, Madison, Wisconsin, United States,

Cat# C-22262) containing 5% Smooth Muscle Basal Medium

2 Supplement (PromoCell, Cat# C-39267), 0.5% Normocin

(Invivo-Gen, Toulouse, France) and 10% FCS (Sigma-Aldrich,

St. Louis, Missouri, United States, Cat# F0804). It takes several

hours up to 1 day until the PASMCs start outgrowing from the

isolated precapillary pulmonary vessel pieces. During that

time, the cells are already adherent. After 2–3 days,

PASMCs are sufficiently grown to be used in experiments.

Growing conditions can be normoxic or hypoxic from day 0.

Proliferation assay

PASMC proliferation was assessed using the Click-iT Edu Alexa

Fluor 488 Imaging Kit (ThermoFisher Scientific, Waltham,

Massachusetts, United States, Cat#10337). Isolated PASMCs

(passage 0) cultured in 24-well plates were exposed to chronic

hypoxia for 96 h (1% O2, 5% CO2, balanced with N2), incubated

with 5-Ethynyl-2′-Desoxyuridin (EdU, 10 µM) for further 24 h

under chronic hypoxia and finally fixed with acetone-methanol

(1:1; Sigma-Aldrich, St. Louis, Missouri, United States,

Cat#32201 and Cat#32213) for 5 min at room temperature. Fixed

PASMCs were blocked with 3% BSA (Sigma-Aldrich, St. Louis,

Missouri, United States, Cat#A7030) and stained according to

manufacturer’s protocol. Afterwards, PASMC nuclei were

visualized with Hoechst®33342 (4µM; ThermoFisher Scientific,

Cat# 62249). Fluorescence emission was detected using Leica

DMI6000 CS fluorescence microscope (Leica, Wetzlar, Germany).

Hoechst-positive (Hoechst+; total cell number) and EdU-positive

(EdU+; proliferation cell number) PASMCs were counted using the

Leica Las X (Leica, Wetzlar, Germany) software. Finally,

proliferation rate was calculated by assessing the ratio between

EdU+ and Hoechst+ PASMCs as previously described (Malczyk

et al., 2013).

Apoptosis assay

Apoptosis of PASMCs was assessed using the Alexa Fluor

488 Click-iT™ Plus TUNEL Assay (ThermoFisher Scientific,

Cat# C10617). Isolated PASMCs were cultured in 96-well

plates (10,000 PASMCs/cm2, passage 1) under hypoxic

conditions (1% O2, 5% CO2, balanced with N2), for 72 h.

Afterwards, PASMCs were fixed with acetone-methanol (1:1)

for 5 min at room temperature before apoptotic cells were stained

according to manufacturer’s protocol. Finally, cell nuclei were

visualized by using Hoechst®33342 (4 µM; ThermoFisher

Scientific, Cat# 62249). Hoechst+ (total cell number) and

TUNEL-positive (TUNEL+) PASMCs were counted by using

Leica DMI6000 CS fluorescence microscope and Las X

software (Leica, Wetzlar, Germany). Apoptosis was estimated

by calculating the ratio between TUNEL+ and Hoechst+ PASMCs

and normalized by daily average.
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Migration assay

Migration of PASMCs was analyzed by measuring the

transwell emigration rate using a Incucyte® Clearview 96-well

plate for chemotaxis (Sartorius, Goettingen, Germany, Cat#

4582). Cells were exposed to chronic hypoxia (1% O2, 5%

CO2, balanced with N2) for 72 h and seeded on the upper

membrane of an Incucyte® Clearview 96-well plate

(20,000 PASMCs/cm2, passage 1) in hypoxic Smooth Muscle

Basal Medium 2 containing 0.5% Normocin (Invivo-Gen,

Toulouse, France). To enable migration, the lower reservoir

was filled with hypoxic Smooth Muscle Basal Medium

2 containing 0.5% Normocin and 20% FCS. Afterwards,

PASMCs were analyzed using an Incucyte ZOOM Live-Cell

Analysis System (Sartorius) under chronic hypoxia. Pictures of

the upper and lower side of the membrane were taken hourly

over a 48 h period. Migration rate was evaluated using the

Incucyte® ZOOM software (Sartorius) by counting the number

of migrated PASMCs.

Western blot

For the quantification of proteins in PASMCs, western blots

were performed as previously described (Veith et al., 2022). The

following antibodies were used: mouse monoclonal anti-β-actin
(1:50,000; Sigma-Aldrich, Cat# A5316; RRID:AB_476743),

rabbit polyclonal anti-p38 mitogen-activated protein kinase

(MAPK) (1:1000; Cell Signalling Technology, Danvers, MA,

United States, Cat# 9212, RRID:AB_330713, antibody was

validated by Sato et al. (Sato et al., 2014)), rabbit monoclonal

anti-phospho-p38 MAPK (1:1000; Cell Signalling Technology,

Danvers, MA, United States, Cat# 4511, RRID:AB 2139682), goat

anti-mouse horseradish peroxidase (HRP) conjugate (1:5000;

Promega, Mannheim, Germany, Cat# W402B, antibody was

validated by Sato et al. (Sato et al., 2014)) and goat anti-rabbit

HRP conjugate (1:5000; Promega, Cat# W401B). Logarithmic

values of the data were used for the statistical analysis.

Isolated, ventilated and perfused lung
experiments

To analyze HPV in TRPC WT and TRPC1/3/6−/− mouse

lungs, isolated, ventilated and perfused lung experiments were

performed as described previously (Sommer et al., 2017).

Additional experiments for vasoreactivity were conducted by

applying either the thromboxane A2 mimeticum 9,11-Dideoxy-

9α,11α-methanoepoxyprostaglandin F2α (U46619, 33.3 nmol/l,

Biomol, Hamburg, Germany, Cat# Cay16450-10) or KCl

(11.25 mmol/l, Carl Roth GmbH, Karlsruhe, Germany, Cat#

P017.3) after the acute hypoxic maneuver (10% O2, 5.3% CO2,

balanced with N2).

Measurements of vessel contractility and
stiffness via wire myography

To assess contractility and stiffness of pulmonary arteries

from TRPC WT and TRPC1/3/6−/− mice, the left and right

pulmonary artery after the first bifurcation were isolated. For

aortic contractility measurements aortas from both genotypes

were isolated. Directly after isolation, the vessels were mounted

into a myograph (Multimyograph 630 M; Danish

MyoTechnology A/S, Arhus, Denmark) and equilibrated in a

physiological salt solution (PSS in mM: NaCl 119, KCl 4.7, CaCl2
2.5, MgSO4 1.17, KH2PO4 1.18, EDTA 0.03, Glucose 5.5,

NaHCO3 25, pH 7.4) that was permanently gassed with a

premixed gas-mixture of 21% O2, 5.3% CO2 , rest N2. After

slowly raising the temperature to 37°C over 20 min, the vessels

were normalized to a pre-tension of 2.66 kPa. To confirm the

viability of the vessels and to assess the contractile response, the

arteries were exposed to potassium-enriched PSS (KPSS in mM:

NaCl 64.86, KCl 58.82, CaCl2 2.5, MgSO4 1.17, KH2PO4 1.18,

EGTA 0.03, Glucose 5.5, NaHCO3 25, pH 7.4) for three times,

separated by wash-out steps with PSS (3–5 min each). The third

response to KPSS was used for analyzing contractility.

Afterwards, the arteries were flushed with PSS until the

baseline was reached, and then equilibrated for 30 min in

Ca2+-free PSS (in mM, NaCl 119, KCl 4.7, MgSO4 1.17,

KH2PO4 1.18, MnCl2 2.5, EGTA 10, EDTA 0.03, Glucose 5.5,

NaHCO3 25, pH 7.4). The arterial stiffness was assessed as

previously described (Gierhardt et al., 2022): The distance

between the wires was increased stepwise while recording the

corresponding force in mN. Using the DMT normalization

feature in Labchart (ADInstruments, Dunedin, New Zealand),

the resulting stress-strain curve displaying the relationship

between the logarithmically transformed resting wall tension

and the corresponding internal diameter was calculated via

regression analysis. The tangential slope of the stress–strain

curve was then determined as stiffness-parameter and is given

in mN/mm.

mRNA analysis by PCR array/quantitative
real-time PCR (qRT-PCR)

Procedures for mRNA extraction, pre-amplification, cDNA

synthesis, and PCR array/qRT-PCR were performed as described

previously (Seimetz et al., 2011). The intron-spanning primers

were designed by using the NCBI database and were as follows:

B2m mouse_F: 5‘AGCCCAAGACCGTCTACTGG-3‘, B2m

mouse_R: 5‘-TTCTTTCTGCGTGCATAAATTG-3‘

Trpc4 mouse_F: 5‘-GGCGGCGTGCTGCTGAT-3‘,

Trpc4 mouse_R: 5‘-CCGCGTTGGCTGACTGTATTG

TAG-3‘

Trpc5 mouse_F: 5‘-AGTCGCTCTTCTGGTCTGTCTTT-3‘,

Trpc5 mouse_R: 5‘-TTTGGGGCTGGGAATAATGG-3‘
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FIGURE 2
Development of pulmonary hypertension in TRPCWT and TRPC1/3/6−/−mice upon chronic hypoxia. Mice were either exposed to normoxia (N:
TRPCWT n = 15; TRPC1/3/6−/− n = 15) or hypoxia (H: TRPCWT n = 15; TRPC1/3/6−/− n = 14) for 28 days. (A) Right ventricular systolic pressure (RVSP;
N: TRPC WT n = 11; TRPC1/3/6−/− n = 13; H: TRPC WT n = 13; TRPC1/3/6−/− n = 14). (B) Fulton Index (=ratio of right ventricular to left ventricular and
septum mass (RV/(LV + S); N: TRPC WT n = 11; TRPC1/3/6−/− n = 15; H: TRPC WT n = 14; TRPC1/3/6−/− n = 14). (C) Echocardiographically

(Continued )
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Trpc7 mouse_F: 5‘-GTGGGCGTGCTGGACCTG-3‘, Trpc7

mouse_R: 5‘-AGACTGTTGCCGTAAGCCTGAGAG-3‘

Data and analysis

All data are given as mean ± SEM. Differences between the

groups were either assessed by analysis of variance (two-way

ANOVA, comparison between 4 groups) or unpaired student’s

t-test (comparison between 2 groups) after testing for normal

distribution. Following the ANOVA, Sidak’s post-hoc test for

multiple comparisons (GraphPad PRISM Version 9; GraphPad

Software Inc. La Jolla, United States) was applied. For western

blot analyses the logarithms of the measured values were used.

Differences with a p value < 0.05 were considered statistically

significant. All oxygen concentrations stated in the manuscript

refer to sea level altitude.

Results

Simultaneous deletion of TRPC1, 3 and
6 partially protects against CHPH and RVH

To analyze the effects of TRPC1, 3 and 6 on development of

PH, we have successfully generated TRPC1/3/6−/− mice (Figures

1A–C). Exposure to chronic hypoxia for 4 weeks resulted in

development of PH as assessed by measurement of RVSP

(Figure 2A, Supplementary Figure S1A), Fulton Index

(Figure 2B), echocardiographically determined PVR (Figure 2C),

TAPSE (Figure 2D) as well as RVWT (Figure 2E, Supplementary

Figure S1B) in both TRPCWT and TRPC1/3/6−/−mice. Of interest,

the hypoxia-induced increase in the RVSP, PVR and RVWT was

less pronounced in the TRPC1/3/6−/− mice, whereas their

hematocrit was significantly higher when compared to the

hypoxic TRPC WT mice (Figures 2A,C,E,F, Supplementary

Figures S1A, B). By investigating TRPC1, 3 and 6-dependent

effects on the systemic circulation we found a reduced

vasoconstriction upon KCl application in myography

experiments in isolated aortas (Supplementary Figure S2A),

whereas systemic blood pressure was increased in both

normoxia- and hypoxia-exposed TRPC1/3/6−/− mice

(Supplementary Figure S2B). Moreover, we detected a difference

in heart rate between normoxic TRPCWT and TRPC1/3/6−/− mice

that was absent after exposure to chronic hypoxia (Supplementary

Figure S2C) and accompanied by an unchanged CI (Supplementary

Figure S2D). No obvious abnormalities regarding body weight

(Supplementary Figure S2E), breeding performance, general

health or neurology were observed.

The partial protection against CHPH in
TRPC1/3/6−/− mice is not driven by an
altered vascular remodeling

To investigate whether the observed echocardiographic and

hemodynamic differences between TRPCWT and TRPC1/3/6−/−

mice after chronic hypoxia are driven by pulmonary vascular

remodeling, we performed a histological analysis of the degree of

muscularization (Figures 3A,B). After exposure to chronic

hypoxia, an increased mean muscularization was detected in

both genotypes. However, no difference was observed between

chronically hypoxic TRPC1/3/6−/− and TRPC WT mice.

Similarly, neither the proliferation, nor migration was

different in isolated PASMCs after hypoxic incubation

(Figures 4A,D), whereas apoptosis was decreased in the

TRPC1/3/6−/− mice (Figures 4B,C). Next we investigated

p38 MAPK and its phosphorylation upon hypoxia in isolated

PASMCs, as p38 MAPK has been reported to be involved

centrally in abnormal proliferation of PASMCs (Li et al.,

2020; Yue et al., 2020). Although phosphorylation of the

p38 MAPK was increased upon hypoxic incubation in isolated

PASMCs, again no differences could be observed between

TRPC1/3/6−/− and TRPC WT mice (Figure 5).

Pulmonary vasoconstriction is attenuated
in TRPC1/3/6−/− mice

Since vascular remodeling induced by chronic hypoxia was

not different between the two genotypes, we next investigated the

strength of HPV and non-hypoxia-induced vasoconstriction in

isolated, ventilated and perfused lungs (Figures 6A–D) as well as

by wire myography in isolated pulmonary arteries (Figures 6E,F).

The isolated lung experiments revealed that acute (peaking

within 10 min) as well as sustained (observed over a time

period of 180 min) HPV was almost absent in TRPC1/3/6−/−

mice as compared to TRPC WT mice (Figures 6A,B). Whereas

both the normoxic pulmonary arterial pressure (Figure 6C) and

the non-hypoxia-induced vasoconstriction elicited by the

FIGURE 2 (Continued)
assessed pulmonary vascular resistance (PVRecho; N: TRPC WT n = 9; TRPC1/3/6−/− n = 11; H: TRPC WT n = 13; TRPC1/3/6−/− n = 14). (D)
Tricuspid annular plane systolic excursion (TAPSE; N: TRPC WT n = 9; TRPC1/3/6−/− n = 10; H: TRPC WT n = 14; TRPC1/3/6−/− n = 14). (E) Right
ventricular wall thickness (RVWT; N: TRPCWT n = 9; TRPC1/3/6−/− n = 11; H: TRPCWT n = 14; TRPC1/3/6−/− n = 13). (F)Hematocrit (N: TRPCWT n =
14; TRPC1/3/6−/− n = 14; H: TRPC WT n = 13; TRPC1/3/6−/− n = 10). A significant interaction describes an interdependency between changes in
genotype and exposure (normoxia-hypoxia). Significance was calculated using two-way ANOVA with Sidak post-hoc test.

Frontiers in Physiology frontiersin.org08

Malkmus et al. 10.3389/fphys.2022.1080875

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1080875


FIGURE 3
Vascular remodeling in TRPC WT and TRPC1/3/6−/− mice
upon chronic hypoxia. Mice were either exposed to normoxia (N:
TRPCWT n = 15; TRPC1/3/6−/− n = 15) or hypoxia (H: TRPCWT n =
15; TRPC1/3/6−/− n = 14) for 28 days. (A) Representative
histological images of lungs from all groups stained against α-
smooth muscle actin (violet) and von Willebrand-factor (brown)
and (B) mean muscularization of small pulmonary vessels
(20–70 μm; n = 12 each group). Significance was calculated using
two-way ANOVA with Sidak post-hoc test.

FIGURE 4
Proliferation, apoptosis and migration in isolated pulmonary
arterial smooth muscle cells upon hypoxia. Pulmonary arterial
smoothmuscle cells (PASMCs) were either isolated from TRPCWT
or TRPC1/3/6−/− mice and exposed to hypoxia for 120 h (A,D)
or 72 h (B,C). (A) Proliferation was calculated by assessing the ratio

(Continued )
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thromboxane mimetic U46619 was not different between

TRPC1/3/6−/− and TRPC WT mouse lungs, the

vasoconstriction induced by application of KCl to the

perfusate was reduced in TRPC1/3/6−/− mice (Figure 6D).

Similarly, reduced vasoconstriction upon KCl application in

myography experiments was observed in isolated pulmonary

arteries (Figure 6E). Pulmonary vascular stiffness was,

however, unaltered between the two genotypes (Figure 6F).

Impact of simultaneous deletion of TRPC1,
3 and 6 on other TRPC subfamily members

To further examine the altered –TRPC1, 3 and 6-dependent –

functional response of PASMCs to the stimulus of exposure to

chronic hypoxia, we performed expression analyses of other Trpc

genes. TRPC2 channels were not investigated as they are mainly

expressed and functional in the vomeronasal organ of mice, but

not in the lung (Miller 2014). While Trpc4 expression revealed no

differences between the two genotypes (Supplementary Figure

S3A), PASMCs isolated from TRPC1/3/6−/− mice showed

significantly lower expression of Trpc5 in general

(Supplementary Figure S3B). Moreover, the expression of Trpc7

in PASMCs was decreased in chronic hypoxia in TRPC WT mice

but not in the TRPC1/3/6−/− mice (Supplementary Figure S3C).

Discussion

Our data demonstrate that 1) simultaneous deletion of

TRPC1, 3 and 6 partially protects against CHPH despite an

unchanged pulmonary vascular remodeling, and 2) this is

associated with reduced pulmonary vasoconstriction possibly

related to depolarizing stimuli only.

Simultaneous deletion of TRPC1, 3 and
6 does not affect pulmonary vascular
remodeling

The possible importance of either TRPC1, 3 or 6 alone was

already described in the pathogenesis of PH. An upregulation

FIGURE 4 (Continued)
between EdU+ and Hoechst+ PASMCs (TRPC WT n = 9;
TRPC1/3/6−/− n = 6). (B) Apoptosis was estimated by calculating
the ratio between TUNEL+ and Hoechst+ PASMCs and normalized
by daily average (TRPC WT n = 5; TRPC1/3/6−/− n = 7). (C)
Representative images of Hoechst+ or TUNEL+ PASMCs. (D)
Migration was evaluated by counting the number of migrated
PASMCs and recorded over the last 48 h of hypoxic exposure
(TRPC WT n = 5; TRPC1/3/6−/− n = 5). Significance was calculated
using unpaired student’s t-test.

FIGURE 5
Protein expression of p38 MAPK and phospho-p38 MAPK
in isolated pulmonary arterial smooth muscle cells after
normoxic and hypoxic incubation. Pulmonary arterial smooth
muscle cells were either isolated from TRPC WT or
TRPC1/3/6−/− mice and exposed to hypoxia or normoxia for
120 h. (A) Representative blot and densitometric analysis of (B)
mitogen activated protein kinase p38 (p38 MAPK; 40 kDa) and
(C) phospho-p38 (p-p38 MAPK; 43 kDa). Data were
normalized to β-actin (42 kDa), n = 6 for each
group. Significance was calculated using two-way ANOVA
with Sidak post-hoc test.
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of TRPC3 and TRPC6 was seen in PASMCs of patients

suffering from IPAH (Yu et al., 2004). Moreover, an

upregulation of TRPC1 in murine PASMCs was observed

after exposure to chronic hypoxia (Malczyk et al., 2013). In

relation to these results, previous studies revealed that a single

deletion of TRPC1 in mice partially protects against the

development of CHPH, without affecting HPV (Malczyk

et al., 2013). In contrast, TRPC6 seems to be crucial for

both acute HPV (Weissmann et al., 2006; Smith et al.,

2015) and the development of CHPH (Xia et al., 2014).

Additionally, a partial protection against CHPH was

demonstrated for mice treated with BI-749327, a specific

TRPC6 inhibitor (Jain et al., 2021). Of interest, Dietrich

et al. (2005b) described a counter-regulation of TRPC3 in a

single TRPC6−/− mouse (Dietrich et al., 2005b). Such a

compensatory counter-regulation might explain the only

partial protection against development of CHPH. However,

an investigation of the development of CHPH in mice by

simultaneous deletion of TRPC1, 3 and 6 had not been

performed. Examining TRPC1/3/6−/− mice avoids the

FIGURE 6
Hypoxia- and non-hypoxia-induced pulmonary vasoconstriction in TRPC WT and TRPC1/3/6−/− mice. TRPC WT and TRPC1/3/6−/− mice were
investigated using the isolated, ventilated and perfused lung system for vasoreactivity to hypoxia and pharmacological stimulation. (A) Pulmonary
arterial pressure (PAP) was recorded for 180 min and is given as mean ± SEM. Arrows indicate time points of data assessment shown in panel B. (B)
Changes in PAP, related to the PAP directly prior to the onset of hypoxic ventilation (ΔPAP). Values for the acute as well as the sustained phase
are plotted (TRPC WT n = 7; TRPC1/3/6−/− n = 6). Significance was calculated using two-way ANOVA with Sidak post-hoc test. (C) Values for
normoxic PAP directly prior to the onset of hypoxic ventilation and either application of the thromboxane A2 mimetic U46619 or KCl (TRPC WT n =
11; TRPC1/3/6−/− n= 8). (D)Changes in PAP compared to PAP prior to application of U46619 or KCl under normoxic conditions (ΔPAP; U46619: TRPC
WT n = 5; TRPC1/3/6−/− n = 3; KCl; TRPC WT n = 6; TRPC1/3/6−/− n = 5). (E) KCl-induced changes in the tension of isolated pulmonary arteries
analyzed in wiremyography experiments under normoxic conditions (TRPCWT n = 7; TRPC1/3/6−/− n = 7). (F) Stiffness of isolated pulmonary arteries
in TRPCWT and TRPC1/3/6−/−mice. The stiffness is given as the tangential slope of the determined stress-strain curve (TRPCWT n = 6; TRPC1/3/6−/−

n = 6). A significant interaction describes an interdependency between changes in genotype and exposure (acute-sustained hypoxia). Significance
was calculated using unpaired student’s t-test.
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compensatory counter-regulation of TRPC3 as described in

TRPC6 knockout mice (Dietrich et al., 2005b).

We found that TRPC1/3/6−/− mice developed a lower degree

of CHPH than TRPC WT mice, but most interestingly, this was

not related to a decreased degree of pulmonary vascular

muscularization. This finding was unexpected as the

development of pulmonary hypertension is usually related to

the degree of pulmonary vascular remodeling. However, not only

vascular remodeling but also HPV determines pulmonary

vascular resistance in hypoxia. Accordingly, our finding that

acute and sustained HPV is almost absent in TRPC1/3/6−/− mice

might explain the reduced CHPH in the absence of altered

muscularization of pulmonary arterial vessels.

In detail, our data revealed that TRPC1/3/6−/− mice

developed a lower degree of CHPH than TRPC WT mice

after exposure to chronic hypoxia for 4 weeks as evident from

a lower RVSP, RVWT and PVRecho. The fact that the

echocardiographically assessed reduction in RVWT was not

reflected by the Fulton Index suggests that echocardiography

is a more sensitive parameter to evaluate RVH than weight

determination. Moreover, we found a difference in heart rate

between normoxic TRPC WT and TRPC1/3/6−/− mice that was

absent after exposure to hypoxia. Since CI was unchanged

between the two genotypes, we assume that this is a general

effect of anesthesia, which does not influence heart function.

In addition, we showed that hypoxia-exposed TRPC1/3/6−/−

mice developed a higher hematocrit than WT mice. Among

other factors, a high hematocrit is described to be causative for

the development of PH by elevating PVR and pulmonary arterial

pressure due to increased blood viscosity (Hoffman 2011).

Surprisingly, a different effect was found in EPO overexpressing

mice that demonstrated a decreased PVR as well as a reduced

vasoconstriction, despite a highly increased hematocrit (Weissmann

et al., 2005). In this regard one might speculate that the increased

hematocrit found in our TRPC1/3/6−/− mice possibly contributes to

the partial protection against CHPH.

Furthermore, the absence of an altered proliferation and

migration of PASMC in chronic hypoxia is in line with the

unaltered vascular remodeling between the two genotypes:

Increased proliferation and migration as well as decreased

apoptosis of PASMCs are crucial mechanisms for the

development of vascular remodeling in CHPH (Pietra et al.,

2004; Tajsic and Morrell, 2011; Stenmark et al., 2018). Moreover,

it seems that a complex interaction between proliferation,

migration and apoptosis is necessary to drive vascular

remodeling, since our data revealed, that this pathomechanism

is not affected by reduced apoptosis alone. Finally, the finding of

the absence of a difference in proliferation between TRPC1/3/6−/−

and TRPC WT mice in our study is supported by the unaltered

expression of p38 MAPK and its phosphorylation upon hypoxia

in isolated PASMCs, as p38 MAPK has been reported to be

involved centrally in abnormal proliferation of PASMCs (Li et al.,

2020; Yue et al., 2020).

However, it should be noted that TRPC channels have

previously been shown to be involved in proliferation, migration,

apoptosis and pulmonary vascular remodeling in CHPH (Lin et al.,

2004; Malczyk et al., 2013; Wang et al., 2013; Xia et al., 2014;

Fernandez et al., 2015; Smith et al., 2015; Xu et al., 2021).

While in previous studies proliferation of PASMCs in TRPC1−/−

and TRPC1/6−/− mice was reduced (Malczyk et al., 2013),

contradictory findings investigating TRPC6 exist: although it

seems that knockdown of TRPC6 in IPAH patients led to a

reduced proliferation of PASMCs (Yu et al., 2004) TRPC6 is not

involved in PASMCproliferation inmice (Malczyk et al., 2013). This

last finding was confirmed by our TRPC1/3/6−/− mice and might

indicate that distinct TRPC proteins contribute differently to the

development of PH by either different channel compositions or

compensatory counter-regulations.

So far, data from human patients or mice that have investigated

the role of TRPC3 in hypoxia-induced proliferation are not available.

However, it was shown in PASMCs isolated from lipopolysaccharide

treated rats, that proliferation induced by ET-1 after knockdown of

TRPC3 was reduced (Jiang et al., 2016).

Another important pathomechanism driving vascular

remodeling is migration. Here, only little is known about the effect

of TRPC1, 3 and 6 on hypoxia-inducedmigration. However, previous

studies investigating PASMCs isolated from IPAH patients

demonstrated that activation of TRPC6 via calcium-sensitive

receptors induces migration (Tang et al., 2016). Moreover, an

upregulation of TRPC6 during chronic hypoxia was described to

drive migration of pulmonary venous SMC in rats, whereas

knockdown of TRPC6 abolishes this alteration (Wang et al., 2016).

These findings could be confirmed by our study, where simultaneous

deletion of TRPC1, 3 and 6 did not promote PASMC migration.

Interestingly, the finding of an unaltered pulmonary

vascular muscularization between TRPC1/3/6−/− and TRPC

WT mice in normoxia and chronic hypoxia is in contrast to

findings from single TRPC1−/−, TRPC6−/− and double TRPC1/

6−/− mice, which were—at least partially—protected from

CHPH, including decreased vascular remodeling (Malczyk

et al., 2013; Xia et al., 2014). One might speculate that the

additional deletion of the TRPC3 protein in our TRPC1/3/6−/−

mice causes a compensatory upregulation of other TRPC

proteins, antagonizing the protective effect of the single

and double knockout. One candidate for such a possible

counter-regulation can be the TRPC7 protein, as the Trpc7

gene was found to be upregulated in hypoxia exposed

PASMCs of TRPC1/3/6−/− mice when compared to the

hypoxic control animals (Supplementary Figure S3C).

Loss of TRPC1, 3 and 6 alters pulmonary
vasoconstriction

Since the partial protection against CHPH could not be

explained by TRPC1, 3 and 6-dependent alterations in
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pulmonary vascular muscularization, we next investigated vascular

tone and vasoreactivity to hypoxia and pharmacological stimuli by

means of isolated, ventilated and perfused lungs as well as by wire

myography. Our experiments indeed revealed that acute (after

10 min) and sustained hypoxia (over a timeframe of 180 min)

were almost absent in TRPC1/3/6−/− mice and that their

vasoconstrictor response upon KCl application was reduced.

Most likely the decreased RVSP in the TRPC1/3/6−/− mice in

chronic hypoxia is a consequence of the decreased vascular

contractility as validated by the myographical data. Similar

findings of less pronounced development of PH as in our study

were previously published by Smith et al. (2015), where TRPC6−/−

mice displayed a reduced RVSP after chronic hypoxia (Smith et al.,

2015). Such findings were further validated by a second study

investigating TRPC1−/−, TRPC6−/− and TRPC1/6−/−deficient mice,

demonstrating both a reduced pulmonary arterial pressure and

RVSP after chronic hypoxia (Xia et al., 2014). These changes

were accompanied by decreased wall tension of pulmonary

arteries isolated from chronic hypoxic TRPC1 −/− and TRPC6−/−

mice and are suggested to be responsible for the decreased RVSP in

this study. RegardingHPV,Malczyk et al. (2013) could not detect an

association between the strength of HPV and PH development in

TRPC1−/− mice, where RVSP was reduced after exposure to chronic

hypoxia but HPV was unchanged. Thus, the reduced PH was most

probably related to a decreased vascular remodeling (Malczyk et al.,

2013). In contrast to this unaltered HPV in TRPC1−/−mice, deletion

of TRPC6 abolished the acute phase of HPV, although the sustained

phase was fully developed (Weissmann et al., 2006). As already

referred to above, vasoconstriction in response to both acute and

sustained hypoxia was almost absent in our TRPC1/3/6−/−mice. This

observationmight indicate that either TRPC3 alone or the combined

deletion of TRPC proteins 1, 3 and 6 is responsible for this finding.

Of interest, TRPC1/3/6−/− mice not only demonstrated an

altered contractility of the pulmonary circulation, but of the

systemic circulation as well shown by a reduced

vasoconstriction of the aorta after application of KCl in

normoxia compared to TRPC WT mice. However, systemic

blood pressure was increased both in normoxic and hypoxic

TRPC1/3/6−/− mice. This discrepancy might be explained by

the fact that measurements in the wire myograph do not

represent the full physiological function of vessels, as e.g.,

the Windkessel effect of the aorta as well as confounding

factors of circulating vasoactive agents are absent. Moreover,

CI was unchanged between both genotypes in normoxia and

hypoxia. This indicates a general effect on the systemic

vasculature due to the simultaneous deletion of TRPC1,

3 and 6 rather than the occurrence of systemic

hypertension or an effect due to hypoxia.

A connection between vascular tone and CHPH is not only

attributed to TRPC channels, but was described for other

proteins such as Rho-associated protein kinase (Fagan et al.,

2004), suggesting that the partial protection against CHPH

can indeed be driven by alteration in pulmonary

vasoconstriction. The observed reduced vasoconstriction

might be caused by a reduced [Ca2+]i due to the

simultaneous deletion of TRPC1, 3 and 6. However, since

TRPC and TRPC1 channels in particular are permeable for

both Ca2+ and Na+ we cannot exclude a Na+-mediated impact

on vasoreactivity. However, it was previously demonstrated

that TRPC1 is crucial for Ca2+ signaling and proper channel

function, thus emphasizing the importance of TRPC1-

dependent Ca2+−permeability (Dietrich et al., 2014).

In conclusion, our data provide evidence that simultaneous

deletion of TRPC1, 3 and 6 partially protects against

development of CHPH although vascular remodeling remains

unaltered. We demonstrate that deletion of TRPC1, 3 and 6 alters

(hypoxic) pulmonary vasoconstriction, which is associated with a

partial protection against CHPH. The present study thus offers

further evidence for TRPC1, 3 and 6 being crucially involved in

the pathomechanisms of CHPH. Further studies are needed to

confirm whether TRPC1, 3 and 6 might be possible treatment

targets against CHPH.
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