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ABSTRACT 

Pulmonary hypertension (PH) is characterized by enhanced vasoconstriction and vascular 

remodeling, which are attributable to the alteration of Ca2+ homeostasis in pulmonary arterial 

smooth muscle cells (PASMCs). It is well established that store-operated Ca2+ entry (SOCE) 

is augmented in PASMCs during PH and it plays crucial roles in PH development. Our 

previous studies showed that the melastatin-related transient receptor potential 8 (TRPM8) is 

down-regulated in PASMCs of PH animal models; and activation of TRPM8 causes 

relaxation of pulmonary arteries (PAs). However, the mechanism of TRPM8-induced PA 

relaxation is unclear.  Here we examined the interaction of TRPM8 and SOCE in PAs and 

PASMCs of normoxic and chronic hypoxic pulmonary hypertensive (CHPH) rats, a model of 

human Group 3 PH.  We found that TRPM8 was down-regulated and TRPM8-mediated 

cation entry was reduced in CHPH-PASMCs. Activation of TRPM8 with icilin caused 

concentration-dependent relaxation of cyclopiazonic acid (CPA) and ET-1 contracted 

endothelium-denuded PAs; and the effect was abolished by the SOCE antagonist Gd3+.  

Application of icilin to PASMCs suppressed CPA-induced Mn2+ quenching and Ca2+ entry, 

which was reversed by the TRPM8 antagonist AMTB.  Moreover, the inhibitory effects of 

icilin on SOCE in PA and PASMCs of CHPH rats were significantly augmented due to 

enhanced SOCE activity in PH.  Our results, therefore, demonstrated a novel mechanism of 

TRPM8-mediated inhibition of SOCE in pulmonary vasculature.  Since SOCE is important 

for vascular remodeling and enhanced vasoconstriction, down-regulation of TRPM8 in 

PASMCs of CHPH rats may minimize its inhibitory influence to allow unimpeded SOCE 

activity for PH development. 
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INTRODUCTION 

Pulmonary hypertension (PH) is a pathological condition associated with a wide 

spectrum of diseases.  It is classified into five categories: pulmonary arterial hypertension 

(PAH)(Group 1); PH due to left heart disease (Group 2); PH due to lung diseases and/or 

hypoxia (Group3); chronic thromboembolic PH (Group 4); and PH with unclear 

multifactorial mechanisms (Group 5)(Simonneau et al., 2013).  Many forms of PH exhibit 

progressive increase in pulmonary vascular resistance due to sustained pulmonary 

vasoconstriction and vascular remodeling and in the case of severe PH, e.g. PAH, leads to 

right heart failure and death (Stenmark et al., 2006; Lai et al., 2014).  The cellular and 

molecular mechanisms of PH are complex, but the disturbance of Ca2+ homeostasis within 

pulmonary arterial smooth muscle cells (PASMCs) is recognized as an important trigger for 

the pathogenesis of PH (Remillard and Yuan, 2006).  In vascular smooth muscle cells 

(VSMCs), the transient receptor potential (TRP) superfamily encodes a large repertoire of 

cation channels, which play critical roles in many vascular functions including myogenic 

response, agonist-induced vasoconstriction and VSMC proliferation (Inoue et al., 2006).  

There is growing evidence suggests that several members of TRP subfamilies are involved in 

PH development (Lin et al., 2004; Yang et al., 2012; Liu et al., 2013; Xia et al., 2013; Xia et 

al., 2014).   

The canonical TRP (TRPC) channels regulate vascular function mainly by modulating 

[Ca2+]i through store-operated Ca2+ entry (SOCE) and receptor-operated Ca2+ entry (Lin et al., 

2004; Remillard and Yuan, 2006).  SOCE is the best recognized Ca2+ entry pathway playing 

critical roles in PH (Lin et al., 2004; Yu et al., 2004; Morrell et al., 2009; Fernandez et al., 
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2012; Kuhr et al., 2012). It is activated subsequent to Ca2+ release from 

endoplasmic/sarcoplasmic reticulum (ER/SR) (Putney, 2009). The decrease in SR Ca2+ level 

is detected by the Ca2+ sensors stromal interaction molecules (STIM1 or STIM2)(Roos et al., 

2005; Zhang et al., 2005), which oligomerize and translocate to the SR-plasma membrane 

junctions and couple with the store-operated cation channels (e.g. Orai1, Orai2, TRPC) to 

mediate Ca2+ entry (Soboloff et al., 2012; Choi et al., 2014).  In PASMCs, TRPC1 and 

Orai1 are the major channels for SOCE.  siRNA knockdown of these proteins inhibits 

SOCE (Sweeney et al., 2002; Lin et al., 2004; Ng et al., 2012; Lin et al., 2016); and 

overexpression of TRPC1 enhances SOCE (Kunichika et al., 2004).  Other TRPC channels 

such as TRPC6 could be involved in SOCE during PASMC proliferation (Yu et al., 2003; Yu 

et al., 2004; Zhang et al., 2004a).  Previous studies consistently showed that enhanced 

SOCE are associated with TRPC1 upregulation in PASMCs of chronic hypoxia (CH) and 

monocrotaline-induced PH animal models (Lin et al., 2004; Liu et al., 2012; Xia et al., 2014) 

and TRPC6 upregulation in PASMCs of idiopathic PAH (IPAH) patients (Yu et al., 2004; 

Zhang et al., 2007; Song et al., 2011; Fernandez et al., 2015).  Deletion of trpc1 and/or trpc6 

genes can effectively attenuate CHPH in mice (Malczyk et al., 2013; Xia et al., 2014; Smith 

et al., 2015).  Moreover, a functional single nucleotide polymorphism of TRPC6 has been 

identified in patients of IPAH (Yu et al., 2009).  These findings clearly suggest that TRPC1- 

and TRPC6-mediated SOCE are important signaling pathways related to the development of 

PH.  

In contrast to the TRPC channels, the role of melastatin-related TRPM channels in 

pulmonary vascular function and PH is more obscure.  We have previously showed that 
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several TRPM channel subtypes are expressed in rat pulmonary arteries (PAs) and aorta with 

TRPM8 being the most abundant TRPM subtype (Yang et al., 2006). Activation of TRPM8 

with menthol induced an increase in [Ca2+]i that could be abolished by the removal of 

extracellular Ca2+ or application of Ni2+, indicating TRPM8 is a functional channel in 

PASMCs.  TRPM8 agonists have minimal effect on the relaxed PAs, but caused significant 

vasorelaxation after agonist-induced contraction in endothelium-denuded PAs (Liu et al., 

2013).  More importantly, TRPM8 channel is the only member of the TRP channels that is 

down-regulated in PAs of CH and monocrotaline-induced PH rats (Yang et al., 2012; Liu et 

al., 2013).  The down-regulation occurs in the early stage of PH and persists throughout PH 

development (Liu et al., 2013), suggesting that the process may be related to PH pathogenesis. 

However, the precise physiological functions of TRPM8 in the pulmonary vasculature and its 

roles in PH are unclear.  

TRPM8 was originally identified as a prostate-specific gene in human prostate 

carcinoma cells (Tsavaler et al., 2001) and a cold-sensitive ion channel in sensory neurons 

(Peier et al., 2002). It is localized in both the plasma membrane and SR to mediate 

extracellular cation influx and intracellular Ca2+ release, respectively (Bidaux et al., 2007; 

Melanaphy et al., 2016; Xiong et al., 2017).  In systemic VSMCs, TRPM8 mediated SR 

Ca2+ release regulates mitochondrial reactive oxygen species (ROS) generation to antagonize 

vasoconstriction and hypertension through inhibition of the RhoA/Rho kinase pathway (Sun 

et al., 2014; Xiong et al., 2017).  It has been shown in the prostate cancer-derived epithelial 

cells that stimulation of TRPM8 causes Ca2+ release from ER and activates SOCE (Thebault 

et al., 2005).  However, the participation of TRPM8 in SOCE has not been determined in 
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VSMCs.  In view of the importance of SOCE in PH, we hypothesize that TRPM8 and 

SOCE interact functionally and contribute to the altered pulmonary vascular function in PH.  

In this study, we used the CHPH rat model, a close resemblance of the human Group 3 PH, to 

examine the possible interactions of TRPM8 and SOCE in PAs under normal physiological 

condition and pathological condition during the development of PH. 

  

METHODS 

Animal model of CH-induced PH  Male Sprague-Dawley rats (200-220 g) obtained from 

the animal center of Fujian Medical University were placed in a hypoxic chamber (9.5% 

-10.5%O2) for three weeks as described previously (Lin et al., 2004; Liu et al., 2013).  They 

were housed under controlled temperature conditions (24°C) with food and water given ad 

libitum.  At the end of CH exposure, animals were anesthetized with urethane (1 g/kg), and 

ventilated with a volume-controlled ventilator (Inspira ASC, Harvard Apparatus, USA). Right 

ventricle systolic pressure (RVSP) and pulmonary arterial pressure (PPa) were measured using 

a Mikro-Tip pressure catheter (Millar Instruments, USA) through direct puncture of RV, 

followed by advancing the catheter into the main PA, using an open-chest approach.  At the 

end of hemodynamic measurement, heart and lung were then dissected.  Right ventricular 

mass index (RVMI) was determined by the mass ratio of RV to left ventricle (LV) plus 

septum (S)[RV/(LV+S)] as an index of RV hypertrophy. All animal protocols were approved 

by the Animal Care and Use Committee of Fujian Medical University in accordance to the 

national guidelines.   

Isometric contraction of intralobar PAs  Intralobar PAs (300~800μm OD) were isolated in 
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oxygenated modified Krebs’ solution containing 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 

10 mM HEPES, 11.1 mM glucose, and 2.0 mM CaCl2, and cut into 4 mm length rings. The 

endothelium of PA was disrupted by gently rubbing the inner intimal surface with a small 

wooden stick (Liu et al., 2013; Jiao et al., 2016).  PA rings were suspended in organ 

chambers filled with modified Krebs’ solution aerated with 95% O2 plus 5% CO2, and 

isometric contraction was measured with force transducers (JZJ01H; Chengyi, China). 

Resting tension was adjusted to 0.8~1 g. After one hour equilibration, arterial rings were 

exposed three times to KCl (60 mM) to establish maximum contraction, and then to 

phenylephrine (3 μM) followed by acetylcholine (10 μM) to verify the complete disruption of 

endothelium. Arterial rings with >20% acetylcholine-induced relaxation were discarded. 

Isolation and culture of PASMCs  PASMCs were isolation enzymatically and transiently 

cultured as previously described (Liu et al., 2013; Jiao et al., 2016).  Briefly, lungs were 

removed and transferred to a Petri dish filled with cold HEPES-buffered salt solution (HBSS) 

containing (in mM) 130 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 10 mM HEPES, 10 mM 

glucose, and 1.5 mM CaCl2.  The third- and fourth-generation PAs were isolated and 

cleaned free of connective tissue. Endothelium was removed by gently rubbing the luminal 

surface with a cotton swab. Arteries were then allowed to recover for 30 min in cold (4 °C) 

Hanks’ Balanced Salt solution (HBSS), followed by 20 min in reduced-Ca2+ (20 μM) HBSS 

at room temperature.  The tissue was digested in reduced-Ca2+ (20μM) HBSS solution 

containing collagenase (type I, 1750U/ml), papain (9.5 U/ml), and bovine serum albumin (2 

mg/ml) at 37°C for 20~30 min, and then washing with Ca2+-free HBSS to stop digestion. 

PASMCs were manually dispersed by trituration with a small-bore pipette in Ca2 +-free HBSS 
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at room temperature. The cell suspension was placed on 25 mm glass coverslips in Ham's 

F-12 medium (with l-glutamine) supplemented with 0.5% fetal calf serum, 100 U/ml of 

streptomycin, and 0.1 mg/ml of penicillin. PASMCs from CH and normoxic animals were 

transiently (~ 24 h) cultured inside a modular incubator chamber (Billups-Rothenberg, Inc.) 

under 4% O2/5% CO2 and 21% O2/5% CO2, respectively.  

Immunofluorescent microscopy  Immunofluorescence analysis of TRPM8 and TRPC1 in 

the PASMCs were performed as previously described (Jiao et al., 2016).  PASMCs grown 

on coverslips were washed and fixed in 4% paraformaldehyde for 30 min.  The cells were 

then washed in PBS solution, permeabilized with 0.1% Triton- X in PBS for 10 min, and 

blocked with 2% BSA for 1 hour.  Following fixation and blocking, the cells were then 

incubated overnight at 4 °C in with a primary rabbit polyclonal anti-TRPM8 (1:100; Alomone) 

and a primary mouse anti-TRPC1 (1:50; Santa Cruz), or without a primary antibody (PBS 

only, negative control).  Thereafter, PASMCs were incubated with a fluorescence labeling 

conjugated anti-rabbit (Fluor 488; 1:1000; Beyotime Biotechnology) and anti-mouse 

secondary antibodies (Fluor 555; 1:1000; Beyotime Biotechnology) for 1 hour, followed by 3 

minute incubation with 4', 6-diamidino-2-phenylindole to counterstain the nuclei. Fluorescent 

images were captured using a Nikon Ti-E microscope (Nikon Corp, Tokyo, Japan) equipped 

with epi-fluorescence attachments and an iXon DU-897 EMCCD camera (Andor, England). 

For the entire protocol, PASMCs of normoxia and CH rats were processed in parallel to 

reduce experimental variability, taking into account of potential differences in excitation 

intensity and exposure. The average fluorescent signals of various proteins were quantified 

for comparison. 
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Western blot analysis  Protein samples were separated with standard 12% 

SDS-polyacrylamide gels and transfer to a PVDF membrane.  The membrane was then 

probed overnight at 4°C with 5% non-fat dry milk and a rabbit monoclonal antibody specific 

for TRPC1 (1:1000; Abcam), a polyclonal antibody against TRPM8 (1:300; Alomone labs), 

or β-actin (1:5000; Cell Signaling Technology). After 3 washes with 0.1% TBST, the 

membrane was incubated with a secondary antibody (anti-rabbit from Abcam) for 1 h at room 

temperature. After 3 more washes, bound antibodies were detected using the enhanced 

chemiluminescence (Pierce, Rockford, IL), and images for subsequent quantification were 

captured using the Gel Logic 200 image system (Kodak, New Haven, CT).  The specificity 

of antibodies for TRPC1 and TRPM8 were verified as they detected a single major protein 

band at the predicted molecular weight. 

Measurements of [Ca2+]i of PASMCs  [Ca2+]i of PASMCs were detected using the 

membrane-permeable Ca2+-sensitive dye Fluo-3 AM.  PASMCs were incubated with 5 μM 

Fluo-3/AM and 0.025% Pluronic F-127 for 45~60 min at room temperature in normal Tyrode 

solution containing 137 mM NaCl, 5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 

and 11.1 mM glucose. Cells were then washed thoroughly and rested for 15–30 min to allow 

for complete deesterification of cytosolic dye.  Fluo-3 was excited at 488 nm, and emission 

light at >515 nm was detected using a Nikon TE2000U epifluorescence imaging system with 

a microfluometer (PTI, USA). [Ca2+]i of PASMCs with 5-10 cells per field were monitored 

and recorded in each experimental trial. Fluo-3 fluorescence was calibrated for [Ca2+]i as 

previously described (Liu et al., 2012; Jiao et al., 2016).  

Measurement of SOCE by Mn2+ quenching of Fura-2  The rates of cation entry through 
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TRPC1 and TRPM8 was quantified using the Mn2+ quenching technique as described (Liu et 

al., 2013; Wang et al., 2015).  PASMCs were incubated with 5 μM Fura-2AM. Fura-2 was 

excited at the Ca2+-insensitive isobestic point of 360 nm, and emission light was recorded at 

510 nm using a Nikon TE2000U epifluorescence imaging system with a microfluometer (PTI, 

USA). PASMCs were then bathed in a Ca2+ free (with 0.1 mM EGTA) Tyrode solution 

containing 10 µM nifedipine. After a stable baseline fluorescent measurement was attained, 

500 µM Mn2+ was applied through a concentration-clamp system with the multi-barrel 

pipette positioned <50 µm from PASMCs. The rates of quenching of fura-2 fluorescence in 

PASMCs (5-10 cells per field) with/without drug treatments were determined and compared.  

Chemicals and Drugs Icilin, phenylephrine, acetylcholine and other chemicals were 

obtained from Sigma Chemical (St. Louis, MO) unless otherwise indicated. Ham’s F-12 and 

FBS were purchased from GIBCO (Australia), and the fluorescent dye Fluo-3AM and 

Fura-2AM were obtained from Enzo Life Sciences International (U.S.A.).  

Statistical analysis  Data are all represented as the mean ± SEM, and N indicates the 

number of animals, cell samples, or PA rings as specified in the text. Statistical significance 

(P < 0.05) was determined with paired or unpaired Student’s t-tests or by one- or two-way 

ANOVA as appropriate using the software of Sigma Plot 11.0. 

 

RESULTS 

Verification of CHPH rat model Rats exposed to 10% O2 for 3 weeks developed PH and 

RV hypertrophy.  RVSP was increased from 24.8±0.8 mmHg (n = 12) in the control animals 

to 61.3±2.4 mmHg (n=12, p < 0.01) in the CH-exposed animals; and the mean PPa was 
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increased from 16.7±0.8 (control, n=12) to 34.7±2.7 mmHg (CH, n=12, P<0.01)(Figure 

1C-D).  RVMI, an index of RV hypertrophy, was also increased significantly in the CH 

exposed rats (control: 25.7±0.2%, n = 15; CH: 40.6±1.1%, n =13, p < 0.01)(Figure 1E).  

These results confirmed that significant PH had developed in the CHPH rat model.   

Alteration of TRPM8 and TRPC1 expression in PASMCs of CHPH rats  Our previous 

studies using real-time RT-PCR and Western blot showed that TRPM8 mRNA and protein are 

down-regulated while TRPC1 are upregulated in PAs of PH animal models (Lin et al., 2004; 

Liu et al., 2012; Yang et al., 2012; Liu et al., 2013).  This is verified in the present study 

using Western blot analysis. TRPC1 protein expression was significantly higher (control: 

0.03 ± 0.01, n = 3; CH: 0.27 ± 0.04, p < 0.01, n=3); whereas TRPM8 protein expression was 

markedly reduced (control: 0.32 ± 0.03, n = 3; CH: 0.10 ± 0.02, n = 3) in PAs of CHPH rats 

(Fig. 2A and B).  Immunofluorescence analysis was performed to further characterize the 

expression of TRPM8 and TRPC1 proteins in PASMCs.  Double-staining of PASMCs with 

specific antibodies against TRPC1 and TRPM8 showed clear expression of TRPM8 and 

TRPC1 in PASMCs (Figure 2C).  The fluorescent intensity of TRPM8 was significantly 

suppressed (control: 2699.50 ± 63.45, n = 72 cells; CH: 1237.21 ± 29.92, n = 80 cells, P < 

0.01; Fig. 2D), whereas the \signal of TRPC1 was increased robustly in PASMCs of CHPH 

rats (control: 1257.57 ± 37.03, n = 72 cells; CH: 2511.79 ± 60.6, n = 80 cells, P < 0.01; Fig. 

2D). These results show that TRPM8 and TRPC1 are co-expressed in PASMCs; TRPC1 

expression is upregulated and TRPM8 expression is markedly decreased during CHPH.  

Alteration in TRPM8-mediated cation entry and SOCE in PASMCs of CHPH rats 

TRPM8-mediated cation entry in PASMCs was assessed by Mn2+ quenching of Fura-2 
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fluorescence. Activation of TRPM8 with the specific TRPM8 agonist icilin (10 µM, 15 min 

preincubation) caused a significant increase in the rate of Mn2+ quenching. The percent 

reduction of fluorescence signal measured 500 s after Mn2+ application was -32.27±2.2%, and 

the maximal rate of Mn2+ quenching was -0.064±0.007%/s in control PASMCs (n=13).  

They were significantly reduced to -21.38±1.90% and -0.045±0.005%/s (n=13, P<0.01), 

respectively, in CHPH-PASMCs (Figure 3A, C and D).  In contrast, Mn2+ quenching 

induced by activation of SOCE with cyclopiazonic acid (10µM CPA, 15 min preincubation) 

was significantly enhanced in PASMCs of CHPH rats (control: -34.10±1.70%, n=11; CH: 

-69.78±0.81%, n=12, p<0.01, Figure. 3B, C, D). The maximal rate of Mn2+-induced 

quenching was increased from -0.062±0.004%/s (n=13,) in control to -0.102±0.004%/s (n=12, 

P<0.01, Fig. 3) in hypoxic PASMCs. These findings clearly show that the functional activity 

of TRPM8 and TRPC1 in PASMCs are altered in CHPH.  

TRPM8 activation attenuates SOCE mediated PAs vasoconstriction  The functional 

interaction between TRPM8 activation and SOCE was first examined in endothelium 

denuded PAs of normoxic rats pre-incubated with 10 μM CPA for 15 minutes in Ca2+ free and 

3 µM nifedipine containing solution.  2 mM Ca2+ was then re-introduced to elicit 

SOCE-mediated vasoconstriction.  Application of icilin (0.1 μM to 100 μM) caused 

concentration-dependent relaxation of CPA-precontracted PAs (Figure 4A and C). The 

maximal percentage relaxation (Emax) was -98.52±11.69% and EC50 of vasodilation was 

6.09±0.66 μM (n=15).  The vasorelaxant effect of icilin was completely abolished by the 

TRPM8 antagonist N-(3-aminopropyl)-2-([(3-methylphenyl)methyl])- 

oxy-N-(2-thienylmethyl)benzamide hydrochloride salt (AMTB, 10 μM)(Lashinger et al., 
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2008) (Figure 4B).   

  To further investigate the mechanism of TRPM8 activation on inhibiting SOCE, we 

examined the effects of icilin and the SOCE blocker gadolinium (Gd3+) on CPA-induced 

contraction in control and CHPH rats.  In control PAs, application of 10 µM icilin caused 

significant relaxation of the CPA-induced contraction from 54.60±1.00% of the maximal KCl 

response to 40.14±1.33% (n=13, p<0.01)(Figure 5A, E).  Addition of 0.4 µM Gd3+ caused 

further relaxation to 31.72±1.09% (n=13, p<0.01).  In contrast, application of Gd3+ alone 

inhibited CPA-induced contraction (33.87±1.20%, n=13, p<0.01) to a level similar to that 

caused by icilin plus Gd3+.  Subsequent addition of icilin failed to cause further relaxation 

(31.46±1.13%)(Figure 5B, F), suggesting the effect of icilin is dependent on the availability 

of SOCE.  In PAs of CHPH rats, CPA-induced maximal response was significantly 

augmented (control: 54.61±1.03% of maximal KCl response, n=13; CH: 98.76±2.43%, n=13, 

P<0.01) (Figure 5C, D).  Icilin or Gd3+ caused greater relaxation compared to the control 

PAs (Figure 5G, H).  Similar to the control PAs, application of icilin after Gd3+ was 

ineffective to cause further relaxation of the CH PAs (Figure 5H).  These results provide the 

evidence that TRPM8 activation with icilin inhibits SOCE in PAs, and inhibition is enhanced 

during PH.   

TRPM8 activation attenuates endothelin-1-induced PAs contraction in control and 

CH-exposed rats  Previous studies showed that endothelin-1 (ET-1) activates Ca2+ release 

and SOCE in PASMCs (Liu et al., 2012).  To evaluate the interactions between TRPM8 and 

SOCE elicited by a natural agonist, we examined the effect of icilin on ET-1-induced 

contraction (Figure 6A-D). Consistent with our previous observations (Liu et al., 2012; Wang 
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et al., 2015; Jiao et al., 2016), ET-1 induced contraction was increased in PAs of CHPH rats.  

Icilin caused dramatic relaxation of ET-1 precontracted PAs in the presence of nifedipine, and 

subsequent application of Gd3+ caused additional relaxation (icilin: -31.50 ± 1.12%, n = 15; 

icilin+ Gd3+: -49.56±1.41%, n = 15, Figure 6G).  The percentage inhibition induced by icilin 

and icilin plus Gd3+ were significantly enhanced in CH PAs (icilin: -42.84 ± 1.75%, n = 18; 

icilin +Gd3+: -68.16 ± 2.38%, n = 18, P < 0.01).  Moreover, application of Gd3+ alone caused 

relaxation of PAs of control rats and CHPH rats to a level similar to that elicited by icilin plus 

Gd3+ (Figure 6B, D).  Application of icilin in the presence of Gd3+ failed to cause further 

relaxation (Figure 6F, H). These results provide evidence suggesting that icilin inhibits SOCE 

activated by ET-1.  It has to point out however that TRPM8 activation with icilin may affect 

other ET-1 dependent signaling pathways and Gd3+ may affect some unknown conductance 

which may contribute to PA relaxation under certain conditions.   

Effects of TRPM8 activation on CPA-induced cation entry and Ca2+ transients of PASMCs   

To further investigate the inhibitory effects of TRPM8 activation on SOCE, CPA-induced 

cation entry was monitored using the Mn2+ quenching technique in PASMCs. Icilin 

preincubation attenuated the CPA-induced Mn2+ quenching in PASMCs of control and 

CHPH rats (Figure 7A, B). The maximal rate of Mn2+ quenching was reduced from 

-0.062±0.004%/second (n=8) to -0.039±0.003%/second (n=8) in the control PASMCs; and 

from -0.102±0.004%/second (n=9) to -0.06±0.003%/second (n=9) in the CH PASMCs 

(Figure 7D).  The inhibitory effect of icilin was greater in PASMCs of CHPH rats 

(-38.98±1.93%, n=8, P<0.01) compared to the control rats (-28.99±4.07%, n=9, 

P<0.01)(Figure 7C).     

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 5, 2018 as DOI: 10.1124/jpet.117.247320

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #247320 
 

17 
 

  TRPM8-induced inhibition of SOCE was further evaluated by measuring the 

CPA-induced Ca2+ transients in PASMCs.  Application of CPA (10 µM) to PASMCs in Ca2+ 

free and nifedipine containing solution activated a large Ca2+ release transient. Subsequent 

reintroduction of 2 mM Ca2+ elicited a sustained Ca2+ response due to Ca2+ influx (Figure 8A).  

Preincubation with icilin (10 µM, 15 min) caused a reduction in the baseline [Ca2+]i, but had 

no effect on CPA-induced Ca2+ release (Figure 8E).  However, the CPA-induced Ca2+ influx 

was significantly reduced (control: 165.1±8.1 nM, n=8; icilin: 114.8±4.8 nM, n=8)(Figure 

8F).  The resting [Ca2+]i was significantly higher in CH PASMCs suggesting enhanced 

SOCE (control: 194.3±12.9 nM, n=8); CH: 318.4±20.4 nM, n=10, P<0.01).  CPA-induced 

Ca2+ release and Ca2+ influx were significant greater in CH PASMCs (Figures 8B).  Similar 

to the control PASMCs, icilin had no effect on CPA-induced Ca2+ release, but caused 

significant reduction in the Ca2+ influx in PASMCs (Figure 8E, F).  The inhibitory effect of 

icilin on CPA-induced SOCE was more pronounced in CH PASMCs (% inhibition: control: 

-28.78±4.91%, n=8; CH: -45.32 ± 2.36%, n=10, P < 0.05) (Figure 8G).  Moreover, the effect 

of icilin on CPA-induced Ca2+ influx was completely blocked by AMTB in the control and 

CH cells (Figure 8C, D).  These results provide the direct evidence that TRPM8 activation 

can effectively inhibit SOCE; and this effect is potentiated when SOCE is upregulated during 

CHPH. 
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DISCUSSION 

The present study tested the hypothesis that activation of TRPM8 can modulate 

pulmonary vasoreactivity through the regulation of SOCE in PASMCs; and evaluated the 

change of this TRPM8-dependent mechanism in CHPH.  The major findings are: (1) 

TRPM8 expression was down-regulated and the TRPM8-mediated cation entry was reduced 

in the PASMCs of CHPH rats; (2) activation of TRPM8 with icilin caused 

concentration-dependent relaxation of CPA and ET-1 pre-contracted PAs, and the 

vasorelaxant effect of icilin was blocked by the SOCE antagonist Gd3+; (3) icilin suppressed 

CPA-induced cation entry and Ca2+ transients in PASMCs, and this inhibitory effect of icilin 

was abolished by the TRPM8-specific antagonist AMTB; and 4) the TRPM8-mediated 

inhibitory effects on SOCE were significantly augmented in PAs and PASMCs of CHPH rats, 

in which SOCE was significantly augmented. These results show for the first time that 

activation of TRPM8 can cause relaxation of PA through SOCE inhibition.  Since SOCE 

plays many important roles crucial to the enhanced vasoconstriction and vascular remodeling 

in PH (Lin et al., 2004; Yu et al., 2004; Liu et al., 2012; Xia et al., 2014), the down-regulation 

of TRPM8 in PASMCs during CHPH may minimized the TRPM8-dependent inhibition and 

allow unimpeded SOCE activity for PH development. 

We have previously shown that TRPM8 is highly expressed in PA and aorta; and 

activation of TRPM8 with menthol elicits Ca2+ influx in PASMCs (Yang et al., 2006).  

Subsequent studies by others in systemic arteries showed that TRPM8 agonists menthol and 

icilin can elicit small vasoconstriction in resting arteries and vasorelaxation in arteries 

pre-contracted with contractile agonists (Johnson et al., 2009; Silva et al., 2015; Melanaphy 
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et al., 2016).  Vasoconstriction induced by the TRPM8 agonists in resting arteries is due to 

Ca2+ mobilization (Yang et al., 2006; Melanaphy et al., 2016), but the TRPM8-mediated 

vasorelaxation is not well understood. Several mechanisms, including activation of 

Ca2+-independent phospholipase A2, inhibition of voltage-gated Ca2+ channels (VDCC) and 

RhoA/Rho kinase pathway (Johnson et al., 2009; Cheang et al., 2013; Sun et al., 2014; Silva 

et al., 2015; Melanaphy et al., 2016), have been proposed for the menthol-induced 

vasorelaxation. A recent study in rat tail arteries showed that the TRPM8 agonists menthol 

has the dual effects of vasoconstriction mediated by TRPM8 activation; and vasorelaxation 

related to L-type Ca2+ channel inhibition; and the vasoconstriction is the primary response of 

TRPM8 activation caused by Ca2+ release from the SR (Melanaphy et al., 2016).  However, 

the icilin-induced vasorelaxation reported here is unlikely related to VDCC inhibition.  

Icilin is a more specific TRPM8 agonist and it does not inhibit VDCC at the concentration 

used (10 µM)(Baylie et al., 2010), even though it partially inhibits VDCC in rat tail VSMCs 

at a higher concentration (50 µM)(Melanaphy et al., 2016).  The involvement of VDCC was 

further precluded by including nifedipine in all of our experiments. Moreover, a 

submicromolar Gd3+, which is ineffective for VDCC inhibition but highly potent for SOCE 

inhibition (Flemming et al., 2003; Lin et al., 2016), completely blocked the icilin-induced 

response. Our observation of TRPM8-specific vasorelaxation of PAs is consistent with a 

previous study in mouse mesenteric arteries, showing that icilin caused significant inhibition 

of U46619-induced contraction, and the effect was absent in the arteries of trpm8-/- mice (Sun 

et al., 2014).   

The present study suggests that the TRPM8-induced PA relaxation is mediated via 
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SOCE inhibition.  This is supported by several lines of converging evidence.  At the tissue 

level, icilin caused relaxation of PA precontracted by the SR Ca2+-ATPase inhibitor CPA or by 

ET-1, which activates SOCE through the phospholipase C-IP3 and Ca2+ release signaling 

cascade (Zhang et al., 2004b; Liu et al., 2012; Jiao et al., 2016).  The vasorelaxant responses 

were completely abolished when SOCE was inhibited by submicromolar Gd3+ (Flemming et 

al., 2003; Liu et al., 2012; Lin et al., 2016).  At the cellular level, icilin suppressed 

CPA-induced Mn2+ quenching and Ca2+ influx transients; and the effect could be abolished by 

the TRPM8 antagonist AMTB (Lashinger et al., 2008; Melanaphy et al., 2016).  Our 

observation in PASMCs is different from those in LNCaP cells, where stimulation of TRPM8 

with menthol or icilin caused Ca2+ release from ER and SOCE activation (Thebault et al., 

2005).  In our study, SOCE was maximally activated by CPA prior to TRPM8 activation; 

hence icilin did not cause further activation of SOCE.  Under these conditions, icilin caused 

a TRPM8-dependent inhibition of SOCE in PASMCs. It is important to note, however, that 

this mechanism operates not only under the condition of SR Ca2+-ATPase inhibition because 

similar TRPM8-mediated vasorelaxation was observed in PA contracted with ET-1.   

Despite the above-mentioned observations, how TRPM8 modulates SOCE is unclear. 

There are several possible mechanisms.  First, it could be related to the functional 

interactions of TRPM8 and the SOCE complex.  SOCE is mediated by intermolecular 

interactions between many plasma membrane and SR proteins, including the SR Ca2+ sensors 

STIM1 and STIM2 (Song et al., 2011; Ogawa et al., 2012), the Ca2+ permeating channels 

Orai1, Orai2 and TRPC (Ng et al., 2010; Ng et al., 2012; Fernandez et al., 2015), as well as a 

range of other associated proteins (Soboloff et al., 2012).  Activation of TRPM8 in the SR 
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and/or plasma membrane may interfere the formation or function of the SOCE complex.  

However, direct molecular interactions of TRPM8 with STIM, Orai or TRPC channels and 

their associated proteins have not been established.   

TRPM8 may also affect SOCE indirectly through channel-dependent and independent 

mechanisms.  It had been shown that activation of SR-resident TRPM8 couples Ca2+ release 

to mitochondrial Ca2+ uptake to regulate ROS generation and oxidative stress in non-smooth 

muscle cells and VSMCs (Bidaux et al., 2015; Bidaux et al., 2016; Xiong et al., 2017).  In 

non-smooth muscle cells, oxidative states can regulate STIM-Orai coupling through 

redox-dependent modification of cysteine residues in STIM and Orai proteins (Cioffi, 2011; 

Nunes and Demaurex, 2014; Alansary et al., 2016).  In particular, S-glutathionylation of 

cysteine residue C56 close to the EF-hand of STIM1 can reduce the Ca2+ binding affinity of 

STIM1, leading to STIM1 oligomerization and activation (Hawkins et al., 2010); and 

oxidation of the cysteine residue C195 of Orai1 can lock the channel in a closed 

conformation to block Ca2+ influx (Bogeski et al., 2010; Alansary et al., 2016).  

Redox-regulation of TRPC channels, including TRPC1, TRPC3, TRPC4 and TRPC5, has 

also been observed in several cell types (Yoshida et al., 2006; Cioffi, 2011; Kozai et al., 2014; 

Badr et al., 2016).  Moreover, TRPM8 activation can antagonize angiotensin II induced 

mitochondrial respiratory dysfunction and excess ROS generation in mouse VSMCs (Xiong 

et al., 2017).  Hence it is possible that TRPM8 activation may trigger a similar 

ROS-dependent mechanism to modulate SOCE in PASMCs and PA contraction.  In addition, 

TRPM8 is known to activate other channel-independent signaling mechanisms.  For 

example, stimulation of TRPM8 can cause trapping of the small GTPase Rap1 (Genova et al., 
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2017), which is required for the maintenance of vascular tone (Lakshmikanthan et al., 2014); 

and TRPM8 activation can also affect RhoA/Rho kinase pathway in systemic vasculature 

(Sun et al., 2014).  Hence, future studies are warranted for studying TRPM8-dependent 

regulation of ROS and other signaling pathways in the modulation of SOCE and relaxation in 

pulmonary vasculatures. 

TRPM8 activation with icilin caused greater inhibition of SOCE in PAs and PASMCs 

of CHPH rats, despite the down regulation of TRPM8 expression. One possible explanation 

is that TRPM8 expression in normoxic PA is high and maybe in excess; hence the reduced 

number of TRPM8 in CH PAs is still sufficient to effectively inhibit SOCE when activated by 

a potent agonist like icilin. This is consistent with our previous finding that TRPM8 is the 

most abundant channel among the eight TRPM subtypes in PAs (Yang et al., 2006).  

Moreover, SOCE activity is dramatically enhanced in CH PAs (Lin et al., 2004; Wang et al., 

2015).  Hence TRPM8 activation can cause a stronger inhibition of SOCE in CHPH-PAs 

compared to the control.  Increased SOCE activity has been demonstrated consistently in 

PASMCs of PH models and IPAH patients (Lin et al., 2004; Yu et al., 2004; Zhang et al., 

2007; Liu et al., 2012; Jiao et al., 2016).  It is accompanied with the upregulation of the 

SOCE channels TRPC1, TRPC6, Orai1 and Orai2 in CHPH rats (Lin et al., 2004; Wang et al., 

2017); TRPC1 and TRPC4 in monocrotaline-induced PH rats (Liu et al., 2012); TRPC4 and 

STIM1 in the high altitude CH neonatal lamb (Parrau et al., 2013); and STIM2, Orai2 and 

TRPC6 in IPAH-PASMCs (Song et al., 2011; Fernandez et al., 2015)  The augmentation of 

SOCE plays many critical roles in the elevated vascular tone, enhanced vasoreactivity, and 

vascular remodeling in PH (Lin et al., 2004; Fernandez et al., 2012; Kuhr et al., 2012; Liu et 
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al., 2012; Xia et al., 2014).   

Down-regulation of TRPM8 has been observed in CHPH and monocrotaline-induced 

PH (Yang et al., 2012; Liu et al., 2013).  The decrease in TRPM8 expression occurs in the 

early stage of PH, preceding the increase in PVSP and RV mass index, and remains at a low 

level throughout PH development (Liu et al., 2013).  Since TRPM8 activation inhibits 

SOCE, down-regulation of TRPM8 during PH could reduce the inhibitory influence on 

SOCE.  With the concomitant upregulation of SOCE during PH, TRPM8 down-regulation 

may allow unimpeded SOCE activity for increasing pulmonary vascular tone, vasoreactivity 

and vascular remodeling. In conclusion, we have revealed a novel mechanism of 

TRPM8-dependent inhibition of SOCE in rat pulmonary vasculatures, and down-regulation 

of TRPM8 may play a significant role in facilitating CHPH development. The possible role of 

TRPM8 down-regulation in other forms of PH requires future investigations. 
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FIGURE LEGENDS 

Figure 1 Validation of pulmonary hypertension in rats exposed to chronic hypoxia (CH) 

for 3 weeks.  (A and B) Representative tracings of right ventricular pressure (PRV) and 

pulmonary arterial pressure (PPa) recorded from a control and a CHPH rat. (C, D and E) The 

average values of right ventricular systolic pressure (RVSP), mean PPa, and right ventricular 

mass index (RVMI) of control (n=11) and CH rats (n=11).  ** indicates a significant 

difference of p<0.01 compared to control.  

 

Figure 2 Western blot and immunofluorescence analysis of TRPM8 and TRPC1 

expression in pulmonary arterial smooth muscle cells (PASMCs) isolated from control and 

CHPH rats.  (A) Western blot of TRPC1, TRPM8 and β-actin protein from PAs of normoxic 

and CHPH rats.  (B) A bargraph shows the mean signals of TRPC1 and TRPM8 proteins 

from PAs of normoxic and CHPH rats (n=3 rats each group).  (D) Representative 

immunofluorescent images of PASMCs from control and CHPH rats stained for TRPM8 

(green), TRPC1 (red), and the nucleus (DAPI, blue).  (B) Bargraph shows the average 

fluorescence intensity of TRPM8 and TRPC1 measured in control (n=72) and CH PASMCs 

(n=80).  Primary cultures of PASMCs were obtained from three control and three CHPH 

rats.  ** indicates a significant difference of p<0.01 compared to control.   

 

Figure 3 Characterization of icilin and CPA-induced cation entry by measuring Mn2+ 

quenching of Fura-2 fluorescence in PASMCs of control and CHPH rats.  (A and B) 

Representative tracings of icilin and CPA-induced cation entry recorded in control and CH 
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PASMCs.  (C) The averaged percent reduction of fluorescence measured 500 seconds after 

application of Mn2+ in control and CH PASMCs pretreated with 10 µM icilin (control: n=13 

and CH: n=15 experiments) or 10 µM CPA (control: n=11 and CH: n=12 experiments).  (D) 

The average maximum rate of quenching measured in the various groups of treated cells in C.  

** indicates a significant difference of p<0.01 compared to control. Each group consisted of 

at least 10 dishes of PASMCs from 6 rats.  

  

 

Figure 4  The effect of icilin-induced activation of TRPM8 on the SOCE-mediated 

vasoconstriction in rat pulmonary arterial rings. (A and B) Typical traces of icilin-induced 

concentration-dependent relaxation of CPA pre-contracted endothelium-denuded PAs, in the 

absence or presence of the TRPM8 channel antagonist AMTB (10 µM).  (C) The average 

percent relaxation elicited by icilin in PAs pre-contracted with CPA (control: n=15; AMTB: 

n=11).  Icilin-induced relaxation is expressed as percent decrease in the maximum tension 

elicited by re-application of 2 mM Ca2+ to the CPA-pretreated PAs. ** indicates a significant 

difference of p<0.01 compared to control. The downward arrow indicates the addition of the 

reagent and the concentration attained thereafter. Each group consisted of cells from 6-8rats. 

 

Figure 5 The relaxant effects of icilin and Gd3+ in CPA precontracted PAs of control and 

CHPH rats.  (A and B) Typical tracings of icilin-induced vasorelaxation in CPA (10 µM) 

precontracted PAs of control rats before or after the application of 0.4 µM Gd3+.  (C and D) 

Representative tracings of icilin-induced vasorelaxation in CPA precontracted PAs of CHPH 
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rats before or after the application of Gd3+.  (E) The average values of CPA-induced 

contraction measured before and after the application of icilin, and the subsequent addition of 

Gd3+ in PAs of control and CHPH rats (control: n=13, CH: n=13). (F) The average values of 

CPA-induced contraction measured before and after the application of Gd3+, and the 

subsequent addition of icilin in PAs of control and CHPH rats (control: n=13, CH: n=14). ** 

indicates a significant difference of P<0.01 between CPA-induced contraction before and 

after drug treatment, and ## indicates a significant difference (P<0.01) between the icilin and 

icilin+Gd3+ treatments. (G) Percent relaxation of CPA-induced contractions caused first by 

icilin and then by icilin+Gd3+ and (H) caused first by Gd3+and then by Gd3++icilin in PAs of 

control and CH-exposed rats. ** indicates a significant difference (P<0.01) between the icilin 

and icilin+Gd3+, and ## indicates a signficant difference (P<0.01) between the response in the 

control and CH PAs. The downward arrow indicates the addition of the reagent and its 

continued presence throughout the remainder of the experiment. Each group consisted of PAs 

from 6-8 rats. 

 

Figure 6  The relaxant effects of icilin and Gd3+ in endothein-1 (ET-1) precontracted PAs 

of control and CHPH rats.  (A and B) Typical tracings of icilin-induced vasorelaxation in 

ET-1 (10 nM) precontracted PAs of control rats before or after the application of 0.4 µM 

Gd3+.  (C and D) Representative tracings of icilin-induced vasorelaxation in ET-1 

precontracted PAs of CHPH rats before or after the application of Gd3+.  (E) The average 

values of ET-1-induced contraction measured before and after the application of icilin, and 

after the subsequent addition of Gd3+ in PAs of control and CHPH rats (control: n=15, CH: 
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n=18). (F) The average values of ET-1-induced contraction measured before and after the 

application of Gd3+, and after the subsequent addition of icilin in PAs of control and CHPH 

rats (control: n=16, CH: n=12). ** indicates a significant difference (P<0.01) between 

ET-1-induced contraction before and after drug treatment, and ## indicates a significant 

difference (P<0.01) between the icilin and icilin+Gd3+ treatments. (G) Percent relaxation of 

caused first by icilin and then by icilin+Gd3+; or (H) caused first by Gd3+and then by 

Gd3++icilin in PAs of control and CH-exposed rats. ** indicates a significant difference 

(P<0.01) between the icilin and icilin+Gd3+, and ## indicates a signficant difference (P<0.01) 

between the response in the control and CH PAs. The downward arrow indicates the addition 

of the reagent and its continued presence throughout the remainder of the experiment. Each 

group consisted of 6-10 rats. 

 

Figure 7 Effect of icilin on CPA-induced SOCE measured by Mn2+ quenching of Fura-2 

fluorescence in PASMCs of control and CHPH rats.  (A and B) Representative tracings of 

CPA-induced Mn2+ quenching in PASMCs of control and CHPH rats with or without 

pre-incubation with icilin. (C) The averaged percent reduction of fluorescence measured at 

500 seconds after Mn2+ application in control and CH PASMCs with or without icilin (10 µM)  

(control: n=8 and CH: n=9 experiments).  (D) The maximum rate of quenching measured in 

PASMCs of control and CHPH rats. ** indicates a significant difference (P<0.01) between 

PASMCs with and without icilin treatment; ## indicates a significant difference (p<0.01) 

between the PASMCs of normoxic and CH rats.  Each group consisted of at least 8 dishes of 

PASMCs from 6 rats. 
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Figure 8 The effect of icilin on CPA-induced Ca2+ transients in PASMCs of control and 

CHPH rats.  (A and B) Representative tracings of CPA-induced Ca2+ transients in PASMCs 

of control and CHPH rats with or without pretreatment with icilin. (C and D) Representative 

tracings of CPA-induced Ca2+ transients in PASMCs with or without icilin in the presence of 

the TRPM8 channel antagonist AMTB. (E and F) The average values of the peak Ca2+ 

transients elicited by CPA-induced Ca2+ release and Ca2+ entry in PASMCs of control and 

CHPH rats in the presence or absence of icilin or AMTB. ** indicates a significant difference 

(P<0.01) between PASMCs with and without icilin pretreatment. (G) The percentage 

inhibition of CPA-induced Ca2+ entry caused by icilin. ** indicates a significant difference 

(P<0.01) between PASMCs of control and CHPH rats.  The downward arrow indicates the 

addition of the reagent and its continued presence throughout the remainder of the experiment. 

Each group consisted of 8-10 dishes of PASMCs from 8 rats. 
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