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Abstract

Background and Purpose: The TRPM8 ion channel is involved in innocuous cold

sensing and has a potent anti-inflammatory action. Its activation by lower tempera-

ture or chemical agonists such as menthol and icilin induces analgesic effects, revers-

ing hypersensitivity and reducing chronic pain. On the other hand, prostacyclin (PGI2)

enhances pain and inflammation by activating the IP receptors. Due to the critical

roles of TRPM8 and IP receptors in the regulation of inflammatory pain, and consid-

ering their overlapping expression pattern, we analysed the functional interaction

between human TRPM8 and IP receptors.

Experimental Approach: We transiently expressed human TRPM8 channels and IP

receptors in HEK293T cells and carried out intracellular calcium and cAMP measure-

ments. Additionally, we cultured neurons from the dorsal root ganglia (DRGs) of mice

and determined the increase in intracellular calcium triggered by the TRPM8 agonist,

icilin, in the presence of the IP receptor agonist cicaprost, the IP receptor antagonist

Cay10441, and the Gq/11 inhibitor YM254890.

Key Results: Activation of IP receptors by selective agonists (cicaprost, beraprost,

and iloprost) inhibited TRPM8 channel function, independently of the Gs-cAMP

pathway. The potent inhibition of TRPM8 channels by IP receptor agonists involved

Gq/11 coupling. These effects were also observed in neurons isolated from

murine DRGs.

Conclusions and Implications: Our results demonstrate an unusual signalling pathway

of IP receptors by coupling to Gq/11 proteins to inhibit TRPM8 channel function.

This pathway may contribute to a better understanding of the role of TRPM8 chan-

nels and IP receptors in regulating pain and inflammation.
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1 | INTRODUCTION

Pain perception and heat production are hallmarks of the inflamma-

tory response that require the expression and modulation of an intri-

cate and elaborate network of chemical mediators, membrane

proteins, and cellular signalling pathways (Ronchetti et al., 2017).

Among the most important membrane proteins involved in the regula-

tion of inflammation and pain perception are ion channels and GPCRs

(Che, 2021; Veldhuis et al., 2015).

The transient receptor potential melastatin subtype 8 (TRPM8)

is an ion channel activated by a mild temperature decrease, as well as

by supercooling agents such as icilin and menthol (Bautista

et al., 2007; Brauchi et al., 2004). Its activation in unmyelinated

type-C afferent fibres by low temperatures and supercooling agents

induces transient increases in the cytosolic calcium and sodium ions,

leading to depolarization and initiation of action potentials (McCoy

et al., 2011). Furthermore, TRPM8 is a negative regulator of inflamma-

tion and neuropathic pain, mediating analgesic effects (B. Liu

et al., 2013; Proudfoot et al., 2006; Ramachandran et al., 2013).

TRPM8 is also expressed in macrophages and pulmonary epithelial

cells. In macrophages, the activation of TRPM8 channels induces anti-

inflammatory effects, by increasing IL-10 and decreasing the expres-

sion of TNF-α (Khalil et al., 2016; Silverman et al., 2020), whereas its

activation in pulmonary epithelial cells induces the expression of pro-

inflammatory IL-1 (Sabnis et al., 2008). Moreover, in hypothalamic

neurons, TRPM8 activation induced by cold stress leads to TRPM8

overexpression, reduced nuclear localization of the transcription fac-

tor NF-kB, and a decrease in transcription of NF-kB-dependent genes,

leading to a down-regulation of TNF expression and a diminished

inflammatory response (Wang et al., 2017).

The prostacyclin (PGI2) receptor (IP receptor) belongs to the

family of prostanoid receptors within the large superfamily of GPCRs.

Extensive research has demonstrated that PGI2 and its synthetic

mimetics, acting through this cognate IP receptor, play critical roles in

vascular homeostasis, inhibiting platelet aggregation and promoting

arterial smooth muscle relaxation (Moncada & Vane, 1979; Ricciotti &

FitzGerald, 2011). These effects are mediated by the interaction of IP

receptors with intracellular heterotrimeric Gs proteins, triggering a

positive effect on adenylyl cyclase, with subsequent increases in

intracellular cAMP and PKA-dependent activation of several intracel-

lular signalling pathways (Woodward et al., 2011). Studies performed

on mice genetically modified to lack the Ptgir gene that encodes the

IP receptor also demonstrated its involvement in pain and inflamma-

tion, as inflammatory and pain responses were significantly reduced in

IP receptor-deficient mice (Murata et al., 1997).

Apart from temperature or exogenous chemical agonists, TRPM8

channels are modulated by several other factors such as lysophospho-

lipids and polyunsaturated fatty acids, (Andersson et al., 2007).

Phosphatidylinositol 4,5-bisphosphate (PIP2) is an important intracel-

lular modulator of TRPM8 channels (Rohacs, 2014), as PIP2 depletion

shifted its voltage dependence towards more positive potentials, thus

reducing cold- and menthol-induced currents (Daniels et al., 2009).

The modulation of TRPM8 channels by GPCRs remains a matter of

continuing exploration, as it appears to be dependent on the interact-

ing heterotrimeric G proteins of the receptor. On this note, TRPM8

channels are was shown to be inhibited following the activation of

α2A-adrenoceptors, in a Gi-dependent fashion, involving a decrease in

PKA-dependent phosphorylation of the channel (Bavencoffe

et al., 2010), while another study found no influence of the PKA path-

way on TRPM8 activity in dorsal root ganglion (DRG) neurons

(Sarria & Gu, 2010). In contrast, earlier studies had found that the

intracellular cAMP elevation inhibits TRPM8 channels in a PKA-

dependent manner (De Petrocellis et al., 2007; Linte et al., 2007).

Taken together, these contradictory results point to a complex regula-

tion of TRPM8 channel function by G proteins and GPCRs, possibly

depending on the cellular context the experiments were performed in,

and indicate that further studies are needed to draw a clear picture of

TRPM8 modulation by GPCRs. To add a new layer of complexity to

the regulation of TRPM8 channels by GPCRs, other studies showed

that Gq-coupled GPCRs inhibited these ion channels, an effect medi-

ated by the direct binding of the Gαq subunit to TRPM8, thus chal-

lenging the idea of the mechanism of inhibition through PIP2

depletion as a result of PLCβ activation by Gq-coupled GPCRs

(B. Liu & Qin, 2005; X. Zhang, 2019; X. Zhang et al., 2012).

The aim of our present study was to determine whether there is a

functional regulation of TRPM8 channel activity by IP receptors, given

the opposing effects they have on pain and inflammatory responses.

By employing a combination of cellular pharmacology experiments

carried out on recombinant TRPM8 expressed in heterologous expres-

sion systems and on TRPM8 channels natively expressed in neurons

isolated from mouse DRGs, we demonstrated that the activation of IP

receptors by synthetic agonists inhibited icilin and cooling-induced

What is already known

• IP receptors and TRPM8 channels exert opposing effects

on pain and inflammation.

• IP receptors and TRPM8 channels are co-expressed in

cell types relevant to inflammatory pain.

What does this study add

• IP receptor agonists inhibited TRPM8 channels in

HEK293T cells and neurons isolated from mouse DRGs.

• Inhibition of TRPM8 channels by IP receptor agonists

involved an unusual G protein coupling.

What is the clinical significance

• IP receptors are targets of FDA-approved drugs that can

also affect TRPM8 channel activity.
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activation of TRPM8 channels in a Gq/11-dependent manner. More-

over, the typical signalling pathway of IP receptors, involving Gs pro-

teins, activation of adenylyl cyclase and cAMP increase did not play a

role in the modulation of TRPM8 activity following the activation of

IP receptors. The functional interaction between TRPM8 channels

and IP receptors was also shown in mouse DRG neurons, as the pre-

activation of IP receptors with cicaprost resulted in a significant

reduction of icilin-induced calcium transients, an effect that was

reversed by the IP receptor antagonist, Cay10441, and the

Gq/11-protein inhibitor YM254890. Our data support the idea that

the Gs-cAMP-PKA pathway does not play any role in the modulation

of TRPM8 activity and strongly indicates that Gq proteins have an

inhibitory effect on TRPM8 channels. Moreover, our results point to a

novel role of IP receptors in the modulation of an important regulator

of pain and inflammation by an unusual signalling pathway involving

Gq/11 proteins.

2 | METHODS

2.1 | Cell cultures and determination of
intracellular cAMP levels

HEK293T cells were from ATCC (Cat. # CRL-3216 RRID:CVCL_

0063; LGC Standards Sp. KielpinLomianki, Poland), grown in DMEM

containing 10% FBS, were seeded in clear bottom, white-walled

96-well plates. The next day, cells were transfected with plasmids

containing cDNA for the indicated membrane proteins and the

cytosolic cAMP-sensitive bioluminescent p22F probe (Cat. # E2301,

Promega, Madison, WI, USA) by using Lipofectamine 2000 reagent

(ThermoFisher Scientific, Waltham, MA, USA) following the manufac-

turer's recommendations. After 48 h, cells were removed from the

incubator and the growth medium was replaced with HBSS contain-

ing 2% (v/v) endotoxin-free, luciferin (Cat. # E1290, Promega,

Madison, WI, USA), 2-mM CaCl2, and 10 mM glucose. Following 2 h

of incubation in the dark, at room temperature, intracellular cAMP was

determined by recording the light generated after stimulation of cells

with indicated ligands for 10 min at room temperature. The light was

recorded by using a 96-well plate reader (Mithras LB940, Berthold, Bad

Wildbad, Baden-Württember, Germany) with an integration time of

500 ms and expressed as relative luminescence units (RLU).

2.2 | Determination of cAMP response element
(CRE) protein activity

HEK293T cells, grown in DMEM containing 10% FBS, were seeded

on clear bottom, white-walled 96-well plates. The next day, cells were

transfected with plasmids containing cDNA for the indicated mem-

brane proteins and the cytosolic pGL4.29[luc2P/CRE/Hygro] probe

(Promega, Madison, WI, USA) by using Lipofectamine 2000 reagent

(ThermoFisher Scientific, Waltham, MA, USA) following the manufac-

turer's recommendations. After 48 h, cells were removed from the

incubator and the growth medium was replaced with DMEM without

FBS containing indicated concentrations of ligands. Following 5 h of

incubation in a 5% CO2 incubator at 37�C, media with ligands was

aspirated and the cells were lysed using Universal lysis buffer

(NanoLight Technology, Pinetop, AZ, USA) and then a solution of

D-luciferin (NanoLight Technology, Pinetop, AZ, USA) was added in

each well. CRE activity was determined by measuring the light gener-

ated using a 96-well plate reader (Mithras LB940, Berthold, Bad

Wildbad, Baden-Württember, Germany) with an integration time of

500 ms and expressed as relative luminescence units (RLU).

2.3 | Intracellular calcium determination

HEK293T cells, seeded on clear bottom white-walled 96-well plates,

were transfected with plasmids encoding the indicated membrane

proteins and the cytosolic calcium-sensitive fusion protein between

aequorin and GFP (termed G5A) (Baubet et al., 2000) by using

Lipofectamine 2000 reagent (ThermoFischer Scientific, Waltham, MA,

USA) following manufacturer's recommendations. After 48 h, the

growth medium was replaced with HBSS containing 5 μM coelentera-

zine h (Invitrogen, Waltham MA, USA), 2 mM CaCl2 and 10 mM glu-

cose. Following 2 h of incubation at 37�C, in the absence of CO2,

intracellular calcium was determined by continuously recording the

light generated for 100 seconds after stimulation with the indicated

ligands. Measurements were performed by using a luminometric plate

reader (FlexStation 3, Molecular Devices, San Jose, CA, USA), and the

area under each calcium transient was calculated and expressed as

AUC by using SoftMaxPro 6 software.

2.4 | Heterologous expression of human TRPM8
channels in HEK293T cells

HEK293T cells were transiently co-transfected with either hTRPM8

or an hTRPM8 triple mutant R364Q, R368Q, R470Q and prostacyclin

receptor IP (DNA ratio 1:10) using the jetPEI transfection reagent

(Polyplus transfection, Illkirch, France). The pcDNA3.1 vector contain-

ing human TRPM8 was generously provided by Dr. Gordon Reid,

University College Cork, while the triple TRPM8 mutant was a kind

gift from Dr. Xuming Zhang, University of Warwick, UK. After trans-

fection, cells were plated onto 24 mm borosilicate glass coverslips

(0.17 mm thick), which had been treated with poly-D-lysine (Sigma-

Aldrich, 0.1 mg�ml�1 for 30 min). All experiments were performed

within 48 h from the transfection.

2.5 | Immunoprecipitation and western blot
analysis

The immunoblot procedures complied with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

To assess the effects of Gq/11 protein on expression of human

1440 TRIF ET AL.
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TRPM8, HEK293T cells grown in 6-well plates were transiently trans-

fected with pcDNA3.1-GQ209L plasmid encoding for the constitutive

active mutant form of Gq/11 (kindly provided by Dr. Xuming Zhang)

together with pcDNA3.1-c-Myc-TRPM8 plasmid, encoding for

N-terminally c-Myc-tagged TRPM8 (generated in-house by subcloning

untagged human TRPM8 in an N-terminally c-Myc tagged pcDNA 3.1

vector), at plasmid DNAs ratio 1:1, using PEI reagent (Sigma-Aldrich,

St. Louis, USA). Forty-eight hours after transfection, cells were lysed

in a lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM

MgCl2, 1% NP-40, pH 7.4, supplemented with 0.25% N-dodecyl-

beta-maltoside detergent (D310S, Anatrace, Maumee, USA), protease

inhibitors cocktail (ThermoFischer Scientific, Waltham, USA), 1 mM

PMSF (AppliChem, GmbH, Germany), 1 mM ortho-vanadate, 5 mM

iodoacetic acid, 5 mM NaF (HGNT lysis buffer) for 45 min at 4�C.

After that, the lysates were clarified by a centrifugation step at

25.000 g, 4�C for 45 min. The protein concentration of each sample

was quantified by using BCA protein assay kit (ThermoFischer Scien-

tific, Waltham, USA). Samples were diluted in 5� SDS sample buffer

and incubated for 10 min at 70�C. Equal amounts of the indicated

samples were separated by SDS-PAGE electrophoresis and trans-

ferred to PVDF membranes (Merck-Millipore, Burlington, USA) fol-

lowed by blocking with 5% milk in TBST (0.1% Tween-20) for 1 h at

room temperature. Next, membranes were incubated over-night

at 4�C, with rotation, with antibodies anti-c-Myc (9E10)-HRP (Cat. #

sc-40, Santa Cruz Biotechnology, Dallas, USA, RRID:AB_627268,

mouse monoclonal IgG1 raised against amino acids 408–439 of

human c-Myc), anti-Gα q/11/14 Antibody (G-7) (Cat. # sc-365906,

Santa Cruz Biotechnology, Dallas, USA, RRID:AB_10842057, mouse

monoclonal IgG1 raised against amino acids 60–359 of mouse and

human Gα11) and anti-GAPDH-HRP (FL-335) (Cat. # sc-25778, Santa

Cruz Biotechnology, Dallas, USA, RRID:AB_10167668, rabbit poly-

clonal IgG raised against amino acids 1–335 of human GAPDH). The

immunoblotting signals were detected with Immobilon Crescendo

Western HRP Substrate (Merck-Millipore, Burlington, USA). Specific

bands were visualized using the ChemiDoc MP Imaging System (Bio-

Rad Laboratories Inc., Hercules, USA) and processed with ImageLab

4.1 software (Bio-Rad Laboratories Inc., Hercules, USA). To study the

interaction between c-Myc-tagged human TRPM8 and human

N-terminally tagged HA prostacyclin receptor (HA-IP-R), HEK293T

cells grown in 75 cm2 flasks were transiently transfected with

pcDNA3.1-c-Myc-TRPM8 and pcDNA3.1-HA-IP-R plasmids, at plas-

mid ratio 1:1, using PEI reagent. After 48 h, cells were washed twice

with ice-cold PBS and stored at �80�C until processing. Cells were

lysed in HGNT-lysis buffer as described above. For immunoprecipita-

tion, 500 μg total protein of each sample was incubated both with 1

μg anti-HA.11 Epitope Tag Antibody (Cat. # 901523, BioLegend, San

Diego, USA, RRID:AB_2734657, mouse monoclonal antibody, IgG1k

isotype) and with 1 μg of anti-c-Myc overnight at 4�C, with rotation.

On the second day, 10 μl of protein G-Sepharose 4 FastFlow (Cytiva,

Marlborough, USA) was added to the samples, and incubated for 3 h

at 4�C with rotation. After washing three times with ice-cold HGNT-

lysis buffer, proteins bound to the beads were eluted in 2�SDS

sample buffer and incubated at 75�C for 10 min. Equal amounts of

indicated samples of lysate and immunoprecipitates were separated by

SDS-PAGE and transferred to PVDF membranes as described above

and immunoblotted with antibodies anti-HA.11 Epitope Tag Antibody

and anti-c-Myc. For loading control of cell lysates, an anti-GAPDH-HRP

(FL-335) antibody was used. Visualization and processing of the immu-

noblotting signals were performed as described above.

2.6 | Cultures of neurons from mouse DRGs

All animal care and experimental procedures were approved by the

institutional ethics committee of the Faculty of Biology, University of

Bucharest (Decision no. 105/23.06.2016 of the Committee for Ethics

in Scientific Research of the University of Bucharest). Animal studies

are reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British Jour-

nal of Pharmacology (Lilley et al., 2020).

Mice were provided by the animal facility of the “Cantacuzino”
National Institute for Medical-Military Research and Development

(INCDMM “Cantacuzino”, Bucharest, Romania). Mice were kept in a

conventional (non-SPF) facility and were housed separated by sexes,

up to four in a standard individually ventilated cage, kept on a 12 h

light-dark cycle with ad libitum access to food and water. The bedding

material consisted of large wood shavings. The temperature was

maintained in the range of 21 to 22 ºC, and the relative humidity

between 45% and 55%. In the animal facility of the user (University of

Bucharest), animals were kept for up to 24 h, until the end of the

experiment and were provided with the same conditions as in the hus-

bandry facility, except for the individually ventilated cages.

DRG neurons were obtained from adult male C57Bl6 mice,

(humanely killed by inhalation of CO2 followed by decapitation), as

previously described (Babes et al., 2010). DRGs from all spinal level

were dissected out and incubated at 37�C for 60 min, in the IncMix

solution (NaCl, 155 mM; K2HPO4, 1.5 mM; HEPES, 5.6 mM; HEPES,

4.8 mM; glucose, 5 mM; and gentamicin 50 mg�ml�1) containing

3 mg�ml�1 dispase (Gibco, Grand Island, NY) and 1.5 mg�ml�1 collage-

nase (type XI, Sigma-Aldrich, St. Louis, MO, USA).

Following incubation, individual neurons were obtained by tritu-

rating DRGs using a fire-polished glass Pasteur pipette coated with sil-

icone. The cells were then plated onto glass coverslips (24 mm

diameter; 0.17 mm thickness), which had been treated for 30 min with

poly-D-lysine (0.1 mg�ml�1). The coverslips were placed in a 5% CO2

incubator at 37�C and kept in a 1:1 mixture of DMEM and Ham's F12

medium (Sigma-Aldrich, St. Louis, MO, USA), containing 50 μg�ml�1

gentamicin, 7.4 mM glucose, and 10% horse serum. The neurons were

used for calcium microfluorimetry recordings between 12 and 24 h

after plating.

2.7 | Intracellular non-ratiometric calcium
microfluorimetry on mouse DRG neurons and
HEK293T cells

For intracellular non-ratiometric calcium microfluorimetry, a standard

extracellular solution (ECS) was used, which contained (in mM) NaCl,

TRIF ET AL. 1441
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140; KCl, 4; CaCl2, 2; MgCl2, 1; HEPES, 10; NaOH, 4.54; and glucose,

5 (pH 7.4 at 25�C). The ECS also contained the vehicle used for dissol-

ving the drugs. The cells plated on coverslips were incubated in ECS

containing 0.02% Pluronic F-127 and 2-μM Calcium Green-1 AM

(both from Life Technologies GmbH, Darmstadt, Germany), for 30 min

at 37�C. After a recovery period of another 30 min, in standard ECS,

coverslips were mounted in a Teflon chamber (MSC TD, Digitimer,

Welwyn Garden City, UK), which was then positioned on the stage of

an Olympus IX70 inverted microscope. A CCD camera (Cohu 4910,

Pieper GmbH, Schwerte, Germany) was used for recording the

changes in fluorescence. The excitation light at 470 nm was emitted

by a Dual OptoLED light source (Cairn Research, Faversham, UK),

controlled by the Axon Imaging Workbench 2.2 software (Axon

Instruments, Union City, CA, USA). The same software was also used

for image acquisition and analysis.

Temperature stimuli were applied through local superfusion using

a Peltier-based system described elsewhere (Reid et al., 2001). To

measure the temperature experienced by the cells during the experi-

ment, a miniature thermocouple (1T-1E, Physitemp, Clifton, NJ, USA)

was placed very close to the imaged cells and the temperature was

measured in real time.

Custom software was used for the analysis of the change in cal-

cium indicator emission, and the amplitude of the response was calcu-

lated as ratio of maximal fluorescence change during stimulation to

the initial fluorescence (ΔF/F0). Cells that responded with a ΔF/F0 >

0.1 during the application of a chemical compound were considered

responsive to that stimulus. Unless otherwise stated, the experiments

were performed at 25�C.

2.8 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-

mendations of British Journal of Pharmacology on experimental design

and analysis (Curtis et al., 2022). In this study, the experiments were

designed to generate groups of equal size, using randomization and

blinded analysis where possible. In case of experiments performed on

single cells (as presented in Figures 1c-e, 4a-e, S1 and S2), the groups

could not be designed to be of equal size due to the isolation and

preparation of the cells. Statistical analysis was undertaken only for

experiments where each group size was at least n = 5 independent

values, using GraphPad Prism 6 (RRID:SCR_002798) software.

Concentration-response curves are presented as mean ± SEM plotted

on a semi-logarithmic scale. Log (agonist) vs response curves were

generated using non-linear regression curve fit.

Normalization of the response amplitude (ΔF/F0) to the magni-

tude of the first response to a series of identical thermal or chemical

stimuli was performed for each individual cell, to reduce the inter-cell

variability of TRPM8 expression. When using normalized data, com-

parisons with the first responses (normalized to themselves and thus

lacking SEM) were avoided, and therefore parametric tests were still

possible. We only compared the degree of desensitization between

different populations of treated and control cells, two sets of data

which were normally distributed. Data normalization presented in

Figures 1g and 3e-f was required because of the different assays

employed to determine the cellular effects in the presence of the

indicated inhibitors (Figure 1g and 3e or when comparing TRPM8

wild-type with TRPM8 mutant (Figure 3f). Statistical analyses of dif-

ferences between the two groups were performed by non-parametric,

unpaired, two-tailed Mann–Whitney tests. P values less than 0.05

were considered to show significant differences between means.

2.9 | Materials

Cicaprost, beraprost, iloprost, forskolin, treprostinil, YM254890, and

Cay10441 were from Cayman Chemicals (Ann Arbor, MI, USA). Gallein,

polyethyleneimine (PEI, 40872-7), cholera toxin (CTX), SQ22,536, PP2

(4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyramidine), U-

73122 were from Sigma-Aldrich (St. Louis, MO, USA), Lipofectamine™

2000 Transfection Reagent (11668019) was from ThermoFisher Scien-

tific (Waltham, MA, USA). Icilin and WS-12 were from Tocris

(Bristol, UK).

DMEM supplemented with 4.5 g�L�1 glucose, L-glutamine,

sodium pyruvate, 1.5 g�L�1 NaHCO3, Cat. #P04-03596, was from Pan

Biotech (Aidenbach, Germany), FBS (Cat. # 16000044), 100� MEM

Non-Essential Amino Acids (NEAA) (Cat. #11140), 100-mM sodium

pyruvate (Cat. #11360070), and 1� PBS (Cat. #18912-014) used in

cell culture were from Gibco (ThermoFisher Scientific, Waltham,

MA, USA).

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Fabbro

et al., 2021; Alexander, Mathie, et al., 2021).

3 | RESULTS

3.1 | Agonists of IP receptors inhibit icilin- and
cold-induced activation of TRPM8 channels

To test whether there is a functional relationship between activation

of IP receptors and TRPM8 activity, we transiently co-expressed

human TRPM8 and IP receptors in HEK293T cells and determined the

effect of icilin (1 μM) on intracellular calcium in cells pretreated for

10 min with increasing concentrations of synthetic agonists of IP

receptors, such as iloprost, beraprost, treprostinil, and cicaprost. As

shown in Figure 1a, all IP receptor agonists potently inhibited icilin-

induced TRPM8 activation in a concentration-dependent manner,

demonstrating that there is a strong functional effect of IP receptors

on TRPM8 activity. Because there was no difference in maximal
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inhibition and potency among the tested IP receptor agonists, we con-

tinued our study by using cicaprost, a chemically stable and a widely

used IP receptor agonist to examine various functions of the IP recep-

tor. To exclude the possibility that the observed effects are due to the

interference of cicaprost with TRPM8 activity, either as an agonist

(promoting TRPM8 desensitization) or an antagonist, we tested its

effects on TRPM8 heterologously expressed in HEK293T, in the

absence of IP receptors. As shown in Figure 1b, whereas icilin induced

a robust concentration-dependent activation of TRPM8 channels,

stimulation of cells expressing TRPM8 with increasing concentrations

of cicaprost did not produce any significant calcium transients, ruling

out the possibility that cicaprost might act as an agonist of TRPM8

channels. On the other hand, when icilin was tested at increasing con-

centrations together with a maximal concentration of cicaprost

(1 μM), no effect on the potency or efficacy of icilin-induced TRPM8

activation was observed (Figure 1b), clearly demonstrating that cica-

prost does not act as an antagonist of icilin-dependent activation of

TRPM8 channels. Collectively, these results prove that the inhibition

of TRPM8 channels by cicaprost is specifically mediated through IP

receptors. The physiological role of TRPM8 channels is to elicit cellu-

lar responses triggered by cooling. Therefore, we sought to examine

whether activation of IP receptors by cicaprost also inhibits cooling-

induced TRPM8 activation. As shown in Figure 1c–e, cicaprost pre-

treatment of HEK293T cells expressing TRPM8 together with IP

receptors significantly reduced the activation of TRPM8 in response

to cooling ramps (from �32�C to �22�C, 60s duration). It is important

to note that in Figure 1d, the addition of cicaprost induced a calcium

transient in mouse DRG neurons, resulting in a second fluorescence

peak. As shown in Figure S1, the calcium peak induced by cicaprost

originates from the internal stores, as the removal of the extracellular

calcium does not affect cicaprost-induced calcium transient. In

HEK293T cells only expressing TRPM8 and an empty backbone vec-

tor, cicaprost had no effect on the cold-induced calcium transients

mediated by TRPM8 (Figure S2). All the data presented so far point to

a specific inhibition of TRPM8 channel function by IP receptor ago-

nists. In the next series of experiments, we sought to determine the

type of inhibition exerted by IP receptor agonists on TRPM8 channels

by performing a pharmacological profile of icilin on cells co-expressing

TRPM8 and IP receptors, in the presence of increasing concentrations

of cicaprost. As shown in Figure 1f, raising the concentration of cica-

prost from 1 nM to 1 μM resulted in a marked decrease of the effi-

cacy of icilin, whereas its potency remained unchanged. These results

suggest that the effect of cicaprost/IP receptor on TRPM8 functional-

ity resembles a non-competitive type of inhibition, which would be

compatible with the idea of a negative regulation of TRPM8 function

by IP receptor agonists through a cellular mediator that acts on a dif-

ferent binding site from that of icilin at TRPM8. Because the main

physiological intracellular mediators of IP receptors are Gs proteins

that activate adenylyl cyclase with subsequent generation of cAMP,

we measured the concentration dependence of the inhibitory effect

of a competitive antagonist of cicaprost at IP receptors, Cay10441, on

the cAMP accumulation induced by 1 μM of cicaprost in IP receptor-

expressing HEK293T cells and also on the inhibition of TRPM8 func-

tion produced by the same concentration of cicaprost in HEK293T

cells co-expressing IP receptors and TRPM8 channels. As shown in

Figure 1g, the effect of cicaprost, to inhibit TRPM8 channels, was

right-shifted compared with the effect on cAMP accumulation, sug-

gesting that the inhibitory action of cicaprost-activated IP receptors

on TRPM8 might include other intracellular components besides the

physiological Gs-cAMP pathway. In conclusion, these data strongly

indicate that the inhibition of TRPM8 function by IP receptor agonists

occurs in a specific manner, most likely involving an intracellular

mediator.

3.2 | Inhibition of TRPM8 channels by IP receptors
occurs in a cAMP-independent fashion

Our data, presented so far, demonstrate a potent inhibition of cold-

and icilin-induced TRPM8 activity by PGI2 analogues such as cicaprost

and related compounds. Because the main physiological actions of IP

receptor agonists are mediated by the IP receptors coupling to intra-

cellular Gs proteins to increase intracellular cAMP, we wanted to

determine whether the contribution of either the increase in intracel-

lular cAMP levels or the activation of Gs proteins, in a receptor-

independent manner, affect TRPM8 function measured by its

responses to increasing concentrations of icilin. As shown in

Figure 2a,b, raising intracellular cAMP levels by forskolin, which

F IGURE 1 Prostacyclin receptor inhibits the activation of TRPM8 channels by icilin and cold temperature. (a) Effect of preincubation for
10 min with increasing concentrations of the indicated IP receptor agonists on [Ca2+]i evoked by 1-μM stimulation with icilin of HEK293T cells
expressing TRPM8 channels and IP receptors, together with the calcium-sensitive cytosolic-localized probe (G5A). (b) Effect of increasing
concentrations of icilin, cicaprost and icilin plus with 1 μM cicaprost on [Ca2+]i in cells expressing TRPM8 channels together with G5A. (c–e)
Calcium microfluorimetry in HEK293T cells expressing TRPM8 channels together with IP receptors and stimulated with three cold-ramps (CR1–3)
in the absence (c, n = 104) or presence of 1 μM cicaprost (d, n = 72). The selective TRPM8 channel agonist WS-12 (5 μM) was applied at the end
of each experiment, to confirm functional expression of TRPM8 channels. Data shown are means (continuous traces) ± SEM (dotted traces).

(e) Mean responses to cooling ramps CR2 and CR3 quantified as ΔF/F0 normalized to the response evoked by the first cooling ramp (CR1). Data
shown are means ± SEM. * P ≤ 0.05, significantly different as indicated; Student's two-tailed t test. (f) Effect of increasing concentrations of icilin
on [Ca2+]i in the presence of 10 min prestimulation with indicated concentrations of cicaprost in HEK293T expressing TRPM8 channels and IP
receptors together with G5A. (g) Normalized quantification of the effect of increasing concentrations of the IP receptor antagonist Cay10441 on
cicaprost-induced cAMP accumulation in HEK293T cells expressing only IP receptors, together with a cytosolic cAMP-sensitive probe (p22F-Glo)
(white dots, [cAMP](IP-R)) or on icilin (1 μM)-induced increases in [Ca2+]i in cells expressing TRPM8 channels and IP receptors together with G5A,
and prestimulated with 1 μM cicaprost, for 10 min (black dots, [Ca2+]i (TRPM8-IP-R)). (a,b,f,g). Data shown are means ± SEM; n = 5.
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activates adenylyl cyclase in a GPCR/G protein-independent manner,

or by activating Gs proteins with cholera toxin (CTX), did not affect

the potency or the efficacy of icilin-induced TRPM8 activation in

HEK293T cells expressing TRPM8 and the cytosolic calcium-sensitive

probe G5A. Despite the lack of inhibitory effects on TRPM8 channels,

both forskolin and CTX strongly increased intracellular cAMP levels

(Figure 2c). In addition, the inhibition of adenylyl cyclase with a spe-

cific inhibitor, SQ22536, did not affect cicaprost-induced TRPM8 inhi-

bition through IP receptors (Figure S3d), although the inhibitor

strongly reduced cicaprost-induced cAMP elevation in HEK293T cells

expressing IP receptors (Figure S3c). Moreover, SQ22536 had no

effect on the icilin-induced TRPM8 activation in HEK293T and also

did not impair cicaprost-induced Gq/11 signalling of IP receptors that

led to the intracellular calcium elevation (Figure S3b). These data dem-

onstrate that the Gs-cAMP pathway does not play any role in the

modulation of TRPM8 activity in general and, most likely, in the inhibi-

tory effect induced by the activation of IP receptors by cicaprost.

Interestingly, the inhibition of TRPM8 by cicaprost through IP recep-

tors was time-dependent, with a half-time of around 5 min of preincu-

bation of HEK293T cells expressing TRPM8 and IP receptors with

1-μM cicaprost (Figure 2d). Taken together, these results demonstrate

that the inhibition of TRPM8 channels function by IP receptor ago-

nists occurs in a cAMP-independent manner.

3.3 | Gq/11 proteins mediate the inhibition of
TRPM8 channels by IP receptor agonists

Considering the data presented so far, which clearly demonstrated

the insensitivity of TRPM8 function to activated Gs proteins or

F IGURE 2 TRPM8 channel activity is not affected by Gs proteins or by cAMP-dependent pathway. (a,b) Effect of 10 μM forskolin (a) or
100 ng�ml�1 cholera toxin (CTX) (b) on the potency and efficacy of icilin-induced calcium transients in HEK293T cells expressing TRPM8 channels
together with G5A. (c) Effect of 10 μM forskolin or 100 ng�ml�1 CTX on intracellular cAMP accumulation in HEK293T expressing TRPM8.
(d) Time dependence of TRPM8 inhibition by 1 μM cicaprost, in HEK293T cells expressing TRPM8 channels and IP receptors together with G5A
followed by stimulated with 1 μM icilin. Data shown are means ± SEM; n = 5.
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elevated intracellular cAMP levels, we examined the effect of pharma-

cological inhibitors of specific intracellular pathways on the negative

regulation of TRPM8 channels, by IP receptors, pre-stimulated for

10 min with 1 μM cicaprost. Pretreatment of HEK293T cells expres-

sing TRPM8 and IP receptors with gallein, an inhibitor of G protein

βγ-subunits, did not abolish the cicaprost-induced inhibition of

TRPM8 function by IP receptor agonists. Similarly, the inhibition of

PLCβ with U-73122 and of protein kinases with PP2 did not block the

inhibition of TRPM8 function by IP receptor agonists. However,

the Gq/11 blocker YM254890 (C. Zhang et al., 2020) could fully restore

TRPM8 functionality in response to icilin, in HEK293T cells expressing

TRPM8 and IP receptors, incubated with cicaprost (1 μM) for 10 min

(Figure 3a). Moreover, in the same cellular system and assay conditions,

the effect of YM254890 on restoring TRPM8 response to icilin was

dose-dependent, with an EC50 of 100 nM (Figure 2b). The results

obtained using YM254890 indicate that Gq/11 proteins mediate the

inhibitory effects of IP receptor agonists on TRPM8 channels.

Should this be the case, we would expect IP receptors to couple

not only to Gs, but also to Gq/11, upon agonist stimulation. When IP

receptors were heterologously expressed in HEK293T cells, cicaprost

and related agonists increased intracellular cAMP levels in a

concentration-dependent manner with expected potencies, which

were similar among the different compounds (Figure 3c). Interestingly,

the same ligands could promote intracellular calcium increases in

F IGURE 3 Inhibition of TRPM8 function
by IP receptor activation occurs in a
Gq/11-dependent fashion. (a) Effect of the
indicated pharmacological inhibitors on the
inhibition of TRPM8 channels by IP receptor
agonists. HEK293T cells co-expressing
TRPM8 channels with IP receptors and G5A
were treated with indicated inhibitors for
30 min before incubation with cicaprost
(1 μM) for 10 min. After that, cells were
stimulated with icilin (1 μM) and [Ca2+]i was
recorded. Gallein = 30 μM,
YM254890 = 1 μM, U73122 = 30 μM,
PP2 = 300 μM. (b) Effect of incubation with
increasing concentration of YM254890 on

icilin (1 μM)-induced [Ca2+]i increases in
HEK293T cells co-expressing TRPM8
channels and IP receptors together with
G5A, after 10 min of preincubation with
cicaprost (1 μM). (c,d) Effect of increasing
concentrations of the indicated ligands on
intracellular cAMP accumulation, as
determined by CRE-reporter activity (c) or
[Ca2+]i transients in HEK293T cells
expressing IP receptors. (e) Normalized
representation of the effects of increasing
concentrations of YM254890 on cicaprost
(1 μM)-induced cAMP accumulation (white
dots) or [Ca2+]i increases in HEK293T
expressing IP receptors together with the
intracellular probes for cAMP (p22F-Glo) and
calcium (G5A), (black dots), respectively. (f)
Normalized representation of the effect of
increasing concentrations of cicaprost on
icilin-induced [Ca2+]i transients in HEK293T
expressing wild-type TRPM8 (TRPM8-WT)
and Gq/11-binding deficient TRPM8 mutant
(TRPM8-Mut.) together with G5A. Data
shown are means ± SEM; n = 5.
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these IP receptor expressing HEK293T cells, with a potency similar to

that of cAMP accumulation, demonstrating that IP receptors have

indeed a dual Gs- and Gq/11-coupling (Figure 3d), a feature that has

been previously described (Woodward et al., 2011). Although

YM254890 was considered a specific inhibitor of Gq/11-proteins, a

recent report evaluated its specificity among other types of G proteins

revealing that it may also inhibit, to some extent, Gs proteins (Peng

et al., 2021). For this reason, we tested the effect of increasing con-

centrations of YM254890 on the ability of IP receptors, heterolo-

gously expressed in HEK293T cells, to elicit calcium and cAMP

responses, after stimulation with 1 μM cicaprost. As shown in

Figure 3e, whereas YM25490 potently abolished cicaprost-induced

calcium transients, cAMP responses to the IP receptor agonist

remained unaltered. These data confirm that, at least in the case of

heterologous expression of IP receptors, YM254890 is a specific

Gq/11 inhibitor, thus strengthening the idea of a Gq/11-mediated

inhibition of TRPM8 by IP receptor agonists. In order to find out how

Gq/11 proteins alter TRPM8 activity in the context of IP receptor

activation by cicaprost, we analysed the responses of a TRPM8

mutant (TRPM8-TM), defective in binding Gq proteins

(X. Zhang, 2019), to 1 μM icilin in HEK293T cells co-expressing IP

receptors and subjected to prestimulation with increasing concentra-

tions of cicaprost, and compared them to responses elicited by equiv-

alent concentration of icilin acting on wild-type TRPM8 channels.

As shown in Figure 3f, whereas cicaprost could strongly inhibit

wild-type TRPM8 channels, co-expressed with IP receptors, it was

much less effective in inhibiting the mutant deficient in binding Gq

proteins. Interestingly, although the inhibition is severely reduced, at

higher cicaprost concentrations, the activation of TRPM8-TM by icilin

is still significantly inhibited. This could be the result of a possible

response of TRPM8-TM to G11 proteins, or as a result of a yet uni-

dentified mediator.

Taken together, the presented data clearly support the notion

that Gq/11 proteins mediate the inhibitory effect of IP receptor ago-

nists on TRPM8 channel activity.

3.4 | IP receptors mediate, in a Gq/11-dependent
manner, inhibition of TRPM8 channels in DRG-derived
neurons,

To determine whether the IP receptors can modulate the function of

TRPM8 channels in a more physiological context, we decided to

explore the possible functional interaction of the two proteins in DRG

neurons from mice, which are relevant for pain and inflammatory

responses. We identified TRPM8-expressing neurons by their sensi-

tivity to the selective TRPM8 agonist WS-12 (Sherkheli et al., 2008).

When these neurons were exposed to icilin, a strong intracellular cal-

cium response was generated (Figure 4a,e). However, preincubation

of neurons with cicaprost (1 μM) for 8 min significantly reduced icilin-

induced calcium transients (Figure 4b,e). Importantly, this effect was

reversed by a maximal concentration of the IP receptor antagonist

Cay10441 indicating that the inhibitory effect of cicaprost was

mediated by IP receptors co-expressed with TRPM8 channels in

mouse DRG-derived neurons (Figure 4c,e). Consistent with the results

obtained in the heterologous expression system, pretreatment of

DRG neurons with the Gq/11 inhibitor YM254890 (1 μM) fully

restored the response of TRPM8 channels to icilin in neurons presti-

mulated with 1 μM cicaprost for 10 min (Figure 4d,e). The results pre-

sented above support the notion that the Gq/11-dependent inhibition

of TRPM8 channels by IP receptor agonists can also be observed in

DRG neurons.

4 | DISCUSSION

Ion channels and GPCRs expressed in the membranes of nociceptive

nerve endings are key players in inflammatory pain states. The TRPM8

channel has been acknowledged as an important cold sensor and also

as a contributor to the regulation of inflammation. TRPM8 channels

are responsible for detecting temperatures in the innocuous cooling

range (i.e., between 32�C and ca. 15�C) and, while they contribute to

noxious cold sensing (Bautista et al., 2007), activation of TRPM8

channels also produces analgesia in both neuropathic and inflamma-

tory pain states (Liu et al., 2013; Proudfoot et al., 2006). In contrast,

the IP receptor is involved in the initiation and maintenance of inflam-

matory states, leading to pain hypersensitivity (Murata et al., 1997).

Given the co-expression of TRPM8 and IP receptors in the vascular

system as well as in a subpopulation of primary afferent neurons

(Dhaka et al., 2008; Oida et al., 1995) and their opposing roles in

inflammation and pain, we sought to clarify whether there is a func-

tional crosstalk between these proteins. It has been previously shown

that TRPM8 activity can be modulated by intracellular heterotrimeric

G proteins, especially from the Gi and Gq/11 classes. Gi-mediated

inhibition of TRPM8 channels is thought to occur indirectly, involving

a decrease in PKA-induced phosphorylation of the channel. Signal

transduction pathways downstream of Gq-coupled receptors have

been reported to suppress TRPM8 function via several mechanisms:

PKC-mediated dephosphorylation of the channel (Premkumar

et al., 2005), PIP2 depletion (B. Liu & Qin, 2005) and direct binding of

Gαq subunit to TRPM8 (X. Zhang et al., 2012). Of note, the latter

mechanism was shown to be solely responsible for the inhibition of

TRPM8 channels, which followed activation of bradykinin B2

receptors in primary afferent neurons. The direct modulation of Gαq

proteins on TRPM8 activity occurs by electrostatic interactions

between the N-terminus of TRPM8 and the Switch III domain in Gαq,

while the C-terminus of TRPM8 interferes with the PLCβ-PIP2 path-

way by direct binding to the α3 helix of Gαq (X. Zhang, 2019).

In our experiments, the PLCβ inhibitor U73122 had no effect on

the cicaprost-induced inhibition of TRPM8 function, indicating that

PIP2 hydrolysis does not play a significant role in this effect. Zhang

(2019) demonstrated that binding of the B2 receptor to TRPM8 ren-

ders the channel insensitive to PIP2 depletion (X. Zhang, 2019). A sim-

ilar mechanism may be responsible for the apparent TRPM8

insensitivity to PIP2 depletion following the activation of IP receptors.

To explore that possibility, we examined whether TRPM8 channels
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and IP receptors can physically interact with each other. As shown in

Figure S4, when heterologously expressed in HEK293T, human

c-Myc-N-terminally tagged TRPM8 channels interacted with

human N-terminally HA-tagged IP receptors in an immunoprecipita-

tion assay. However, this interaction is unlikely to explain the effect

of IP receptors on TRPM8 channels, as the inhibition of TRPM8 chan-

nels by IP receptor agonists, was fully reversed by a small molecule

inhibitor of Gq/11 proteins (Figure 3a,b). Our results demonstrate that

while Gs proteins and cAMP do not alter TRPM8 function, the selec-

tive Gq/11 inhibitor YM254890 fully restored the sensitivity of

TRPM8 to icilin in the presence of cicaprost supporting the hypothesis

of a direct effect of Gq/11 proteins on TRPM8. Consistent with a

direct effect of Gq/11 proteins on TRPM8, co-expression of a

constitutively active mutant of Gαq, GQ209L (F. Liu et al., 2005),

completely blocked icilin-induced TRPM8 activation (Figure S5). This

conclusion is also strengthened by the fact that the ability of IP recep-

tor agonists to inhibit TRPM8 function was substantially diminished in

a TRPM8 mutant, which lacks the ability to bind Gαq (Figure 3f). Pre-

vious studies of IP receptors have shown that besides the physiologi-

cal Gs coupling, Gi and Gq/11 coupling might also occur in a cell-

dependent manner and appear to be species-specific. When heterolo-

gously expressed, hIP receptors coupled to Gq/11 and Gs proteins in

HEK293T and COS cells (Smyth et al., 1998). However, studies on

endogenously expressed IP receptors in platelets (Nishimura

et al., 1995) and vascular smooth muscle cells (Cottafava et al., 1978)

confirmed the coupling to Gs but not to Gq/11. Early work

F IGURE 4 Inhibition of TRPM8 channels by IP receptor agonists in DRG neurons is mediated by Gq/11 proteins. (a–d) Representative
recordings of calcium transients in DRG-derived neurons subjected to two icilin stimulations (1 μM, ic1 and ic2) followed by stimulation with a
selective TRPM8 channel agonist, WS-12 (5 μM), in the absence (a) or in the presence of 1 μM cicaprost (b–d) and 30 μM Cay10441 (c) or 1 μM
YM254890 (d). A high potassium-containing solution (KCl, 50 mM) was applied at the end of each experiment to depolarize neurons and select
viable ones (i.e., neurons that responded with calcium transients to KCl). (e) Quantification of the response (ΔF/F0) evoked by the second icilin
stimulation (ic2, normalized to the response evoked by the first icilin stimulation, ic1) in DRG-derived neurons in the absence or in the presence
of cicaprost, together with 30-μM Cay10441 and 1-μM YM254890. Data shown are means ± SEM, from n = 26, solvent; n = 34, cicaprost;

n = 29, Cay10441; n = 27, YM254890. * P ≤ 0.05, significantly different as indicated; Student's two-tailed t test.
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demonstrated that the coupling of mouse IP receptors to Gq/11 pro-

teins depends on initial coupling to Gs proteins ultimately leading to

the activation of PKA and subsequent phosphorylation of Ser356. In

human IP receptors, that critical serine appears at position

328 (Ser328) forming a PKC phosphorylation site, and this modifica-

tion did not appear to affect the coupling of hIP receptors to Gq/11

proteins (Miggin & Kinsella, 2002). However, that paper was retracted

in 2018 (Miggin & Kinsella, 2018). IUPHAR acknowledges that dual

Gs and Gq/11 coupling of IP receptors might occur but also mentions

that it is still unclear whether the Gq/11 coupling happens widely

in vivo. Our results indicate that Gq/11 coupling of IP receptors

occurs in mouse DRG neurons, resulting in the inhibition of endoge-

nously expressed TRPM8 (Figure 4a–e). While it is known that icilin

also acts as an agonist of TRPA1, a polymodal receptor-channel also

expressed in mouse DRG neurons, in our experiments we used a very

low concentration of icilin (1 μM), which is insufficient to activate

mouse TRPA1 channels, as we demonstrate in Figure S6. Moreover,

of the total 116 icilin-sensitive neurons identified, 108 (93.1%) also

responded to WS-12, indicating a very high correlation of icilin sensi-

tivity with functional expression of TRPM8. We are therefore confi-

dent that the icilin-evoked calcium transients we recorded in cultured

mouse DRG neurons were solely mediated by TRPM8 channels.

The reported co-expression of TRPM8 and IP receptors is rela-

tively limited in murine primary afferent neurons (Jung et al., 2023), a

feature that may explain that in DRG neurons the inhibition of TRPM8

by IP receptors is only around 30%, compared with almost 100% in a

heterologous expression system. However, given the robust inhibition

of TRPM8 channels following activation of IP receptors, it may be

inferred that this inhibitory action, which removes the anti-

inflammatory effects of the cold and menthol receptor TRPM8, under-

lies at least to some extent the pro-inflammatory peripheral action of

prostacyclin. Further studies will be needed to determine the role

of this interaction in the regulation of inflammatory responses

and pain.
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