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Abstract 25 

Transient receptor potential melastatin 3 (TRPM3) is a non-selective cation channel that is 26 

inhibited by Gβγ subunits liberated following activation of Gαi/o protein-coupled receptors. 27 

Here, we demonstrate that TRPM3 channels are also inhibited by Gβγ released from Gαs and 28 

Gαq. Activation of the Gs-coupled adenosine 2B receptor and the Gq-coupled muscarinic 29 

acetylcholine M1 receptor inhibited the activity of heterologously expressed TRPM3 in 30 

HEK293 cells. This inhibition was prevented when the Gβγ sink βARK1-ct (C-terminus of β-31 

adrenergic receptor kinase-1) was co-expressed with TRPM3. In neurons isolated from 32 

mouse dorsal root ganglia (DRG), native TRPM3 channels were inhibited by activating Gs-33 

coupled prostaglandin-EP2 and Gq-coupled bradykinin B2 (BK2) receptors. The Gi/o inhibitor 34 

pertussis toxin and inhibitors of PKA and PKC had no effect on EP2- and BK2-mediated 35 

inhibition of TRPM3, demonstrating that the receptors did not act through Gαi/o, or through 36 

the major protein kinases activated downstream of GPCR activation. When DRG neurons 37 

were dialysed with GRK2i, which sequesters free Gβγ protein, TRPM3 inhibition by EP2 and 38 

BK2 was significantly reduced. Intraplantar injections of EP2 or BK2 agonists inhibited both 39 

the nocifensive response evoked by TRPM3 agonists, and the heat-hypersensitivity 40 

produced by Freund’s Complete Adjuvant (FCA). Furthermore, FCA-induced heat-41 

hypersensitivity was completely reversed by the selective TRPM3 antagonist ononetin in 42 

wildtype mice and did not develop in Trpm3-/- mice. Our results demonstrate that TRPM3 is 43 

subject to promiscuous inhibition by Gβγ protein in heterologous expression systems, 44 

primary neurons and in vivo, and suggest a critical role for this ion channel in inflammatory 45 

heat hypersensitivity. 46 

 47 
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Significance 48 

The ion channel TRPM3 is widely expressed in the nervous system. Recent studies showed 49 

that Gαi/o-coupled GPCRs inhibit TRPM3 through a direct interaction between Gβγ subunits 50 

and TRPM3. Since Gβγ proteins can be liberated from other Gα subunits than Gαi/o, we 51 

examined whether activation of Gs- and Gq-coupled receptors also influence TRPM3 via Gβγ. 52 

Our results demonstrate that activation of Gs- and Gq-coupled GPCRs in recombinant cells 53 

and native sensory neurons inhibits TRPM3 via Gβγ liberation. We also demonstrated that 54 

Gs- and Gq-coupled receptors inhibit TRPM3 in vivo, thereby reducing pain produced by 55 

activation of TRPM3, and inflammatory heat hypersensitivity. Our results identify Gβγ 56 

inhibition of TRPM3 as an effector mechanism shared by the major Gα subunits. 57 

Introduction 58 

Transient receptor potential melastatin 3 (TRPM3) is a non-selective cation channel that is 59 

widely expressed in mammalian tissues. TRPM3 is present in peripheral sensory neurons 60 

where it may act as a heat sensor and its activation in vivo evokes nociceptive behaviours in 61 

mice (Vriens et al., 2011). TRPM3 can be activated by the endogenous neurosteroid 62 

pregnenolone sulphate (PS), which has been employed as a pharmacological tool to study 63 

the channel (Wagner et al., 2008). In studies of isolated dorsal root ganglia (DRG) neurons, 64 

PS application evoked increases in intracellular Ca2+ concentrations ([Ca2+]i) in approximately 65 

58% of cells (Vriens et al., 2011) and a high proportion of TRPM3-expressing DRG neurons 66 

also express TRPV1 (Vriens et al., 2011), identifying these neurons as nociceptors. Trpm3-/- 67 

mice exhibit compromised behavioural responses to noxious heat, altered temperature 68 
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preferences and fail to develop heat hyperalgesia associated with inflammation (Vriens et 69 

al., 2011). 70 

Like most TRP channels, the activity of TRPM3 can be inhibited by phospholipase C-71 

mediated PtdIns(4,5)P2 hydrolysis (Rohacs, 2014). We recently demonstrated, along with 72 

two other groups, that activation of Gi/o-coupled GPCRs inhibits TRPM3 both in vitro and in 73 

vivo (Badheka et al., 2017; Dembla et al., 2017; Quallo et al., 2017). TRPM3 can also be 74 

inhibited by activation of heterologously expressed Gq-coupled GPCRs in recombinant 75 

systems (Badheka et al., 2017). This inhibition is independent of Gαi/o and Gαq subunits and 76 

is due to the direct interaction of Gβγ subunits with TRPM3, since direct application of Gβγ 77 

to the intracellular face of excised inside-out patches inhibits the channel and TRPM3 can be 78 

co-immunoprecipitated together with Gβγ (Badheka et al., 2017; Dembla et al., 2017; Quallo 79 

et al., 2017). Earlier studies of some voltage gated calcium (VGCCs) and G protein-coupled 80 

inwardly-rectifying potassium (GIRK) channels have shown that these can be promiscuously 81 

modulated by Gβγ released from different Gα subunits (see (Dascal, 1997; Yamada et al., 82 

1998; Dolphin, 2003) for review). We therefore examined whether activation of Gs-coupled 83 

GPCRs can similarly modulate TRPM3 through liberated Gβγ subunits. Additionally, we 84 

assessed whether Gq-coupled GPCR activation modulates TRPM3 activity in native sensory 85 

neurons and in vivo. 86 

We have used endogenously and heterologously expressed Gs-coupled adenosine 2B (A2B) 87 

receptors in HEK293 cells heterologously expressing TRPM3. We also studied the influence 88 

of natively expressed Gs-coupled prostaglandin EP2 and Gq-coupled bradykinin B2 receptors 89 

on TRPM3 in isolated mouse DRG neurons. Our results demonstrate that activation of Gs- 90 

and Gq-coupled GPCRs inhibits TRPM3 through a direct interaction with Gβγ subunits. The 91 
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inhibition of TRPM3 by Gs- and Gq-coupled GPCRs also operated in DRG neurons and in vivo, 92 

where GPCR agonists reduced pain-related behaviours evoked by activation of TRPM3, as 93 

well as the heat hyperalgesia associated with inflammation. 94 

Materials and Methods 95 

Mice 96 

Male and female WT C57BL/6J, WT C57BL/6N and TRPM3-knockout (Trpm3−/−; C57BL/6N 97 

background) mice were used. Trpm3-/- mice were provided by Stephan E. Philipp (University 98 

of Saarland, Homburg, Germany). Mice were kept in a climatically controlled environment 99 

with ad libitum access to food and water and were acclimatized in the procedure room for 100 

1 hour before the experiments. All behavioural experiments were approved by the King’s 101 

College London Animal Welfare and Ethical Review Board and conducted under the UK 102 

Home Office Project Licence (PF0C9D185). 103 

Cell Culture 104 

DRG neurons were prepared from adult male and female C57Bl/6J mice using methods 105 

described previously (Bevan and Winter, 1995). Isolated neurons were plated on poly-d-106 

lysine coated coverslips and maintained at 37°C in an atmosphere of 95% air and 5% CO2 in 107 

MEM AQ (Sigma, Poole, UK) supplemented with 10% fetal bovine serum (FBS), 100 U/mL 108 

penicillin, 100 μg/mL streptomycin and 50 ng/mL NGF (Promega, Southampton, UK) for up 109 

to 24 hr before experimentation. Untransfected HEK293 cells (RRID:CVCL_U427, 110 

ThermoFisher Scientific) were grown in DMEM AQ supplemented with penicillin (100 U/mL), 111 

streptomycin (100μg/mL), FBS (10%). HEK293 cells stably expressing TRPM3α2 plasmid 112 

(pcDNA3.1) DNA (provided by Dr Stephan Philipp; University of Saarland, Homburg, 113 
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Germany) were grown in DMEM AQ supplemented with penicillin (100 U/mL), streptomycin 114 

(100μg/mL), FBS (10%) and G418 (0.5 mg/ml). HEK293 cells stably expressing 115 

pGloSensonsor-22F (Promega, Southampton, UK) were grown in DMEM AQ supplemented 116 

with penicillin (100 U/mL), streptomycin (100μg/ml), FBS (10%) and hygromycin (200 117 

μg/mL). For some experiments, TRPM3 HEK293 cells were transiently transfected with 118 

plasmids encoding pEYFP-N1-A2BR (a gift from Robert Tarran Addgene plasmid # 37202), 119 

pRK5 BARK1 minigene (a gift from Robert Lefkowitz Addgene plasmid # 14695 120 

http://n2t.net/addgene:14695; RRID:Addgene_14695) and muscarinic M1 receptor (a gift 121 

from David Julius), using Lipofectamine 2000 according to the supplier’s protocol. All cells 122 

used were mycoplasma free.  123 

Imaging intracellular calcium concentrations 124 

DRG neurons and TRPM3 HEK293 cells were loaded with 2.5 μM Fura-2 AM (Molecular 125 

Probes) in the presence of 1 mM probenecid (Tocris Bioscience, Bristol, UK) for 1-1.5 hr. Dye 126 

loading and all experiments were performed in a physiological saline solution containing (in 127 

mM) 140 NaCl, 5 KCl, 10 glucose, 10 HEPES, 2 CaCl2 and 1 MgCl2, buffered to pH 7.4 (NaOH). 128 

Drug solutions were applied to cells by local microsuperfusion of solution through a fine 129 

tube placed very close to the cells being studied. The temperature of the superfused 130 

solution (25 °C) was regulated by a temperature controller (Marlow Industries) attached to a 131 

Peltier device with the temperature measured at the outlet orifice of the microperfusion 132 

tube. Images of a group of cells were captured every 2 s at 340 and 380 nm excitation 133 

wavelengths with emission measured at 520 nm with a microscope-based imaging system 134 

(PTI, New Jersey, USA). Analyses of emission intensity ratios at 340 nm/380 nm excitation 135 

were performed with the ImageMaster suite of software.  136 
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Multi-well readings of calcium and cAMP levels 137 

In order to monitor intracellular cAMP levels, we used the pGLOSensor-22F plasmid which is 138 

a biosensor for cAMP that is able to respond rapidly and reversibly to changes in the 139 

intracellular concentration of cAMP (Binkowski et al., 2009).  Untransfected and 140 

pGLOSensor-22F HEK293 cells were plated in poly-d-lysine coated 96-well black walled 141 

Corning Costar plates 1-2 days prior experimentation. Cells were loaded with Fura-2 using 142 

the protocol described above. When measuring changes in intracellular cAMP levels, 143 

pGLOSensor-22F expressing HEK293 cells were loaded with GloSensor (Promega) diluted in 144 

physiological saline solution for 45 min prior to experimentation. In both assays, wells were 145 

injected with compounds and responses read using the FlexStation 3 Multi-Mode 146 

Microplate Reader (Molecular Devices) using appropriate excitation and emission 147 

wavelengths (340/380 excitation, 520 emission for Fura-2 and luminescence for Glosensor). 148 

Electrophysiology 149 

DRG neurons and TRPM3 expressing HEK293 cells were studied under voltage-clamp 150 

conditions using an Axopatch 200B amplifier and pClamp 10.0 software (RRID:SCR_011323, 151 

Molecular Devices). Recordings were performed at +60 mV using borosilicate electrodes 152 

(2.5-5 MΩ) filled with a solution containing (in mM): 140 CsCl, 10 EGTA, 2MgATP and 2 153 

Na2ATP, buffered to pH 7.4 (CsOH). In some experiments, 500 μM GDPβS or 300 μM GTPγS 154 

were also included in the intracellular solution. The extracellular solution was the same used 155 

for the [Ca2+]i-measurements (see above).  156 

Behavioural assessment of pain responses 157 
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Male C57BL/6J mice (6-10 per group) were administered by intraplantar (i.pl.) injection with 158 

a combination of PS (5 nmole) and CIM0216 (0.5 nmole in 25 μL) or capsaicin (5 nmole in 25 159 

μL) into one of the hind paws using Luer-syringe (Hamilton Co.) fitted with a 26-guage x 3/8 160 

inch needle. Bradykinin was injected 5 min and PGE2 and butaprost (0.3 nmole in 20 μL, i.pl., 161 

each) were injected 10 min before PS/CIM0216 or capsaicin. Mice were habituated to the 162 

experimental Perspex chambers before the experiment and placed in the chambers 163 

immediately after injection of the compounds. The duration of pain-related behaviours 164 

(licking, biting, flinching, shaking and elevating the injected paw) were recorded using a 165 

digital stopwatch. Total pain response times over the first 2 min were used for analysis as 166 

the pain behaviours were largely restricted to this period. 167 

Male and female WT C57BL/6J, C57BL/6N and Trpm3-/- C57BL/6N mice (6-8 per group) were 168 

injected with Freund’s Complete Adjuvant (FCA; 15 μl) in one of the hind paws. Paw 169 

withdrawal latencies from the hotplate were assessed prior to and 72 hours after FCA 170 

injection. Thermal nociception was examined by lightly restraining the animal and placing 171 

one of the hind paws onto a hot-plate maintained at 50 °C (Andersson et al., 2011). The paw 172 

withdrawal latency was measured using 30 s as a cut-off to avoid tissue damage. To assess 173 

the effects of ononetin, PGE2 or bradykinin, paw withdrawal latencies in FCA-injected mice 174 

were also measured 1 hour after administration of ononetin (10 mg/kg, i.p.), and 10 min 175 

and 5 min after i.pl. administration of PGE2 and bradykinin.  176 

Materials 177 

Stock solutions of pregnenolone sulphate, capsaicin, forskolin (Sigma-Aldrich, Poole, UK), 178 

bisindolylmaleimide VIII, butaprost (Cayman Chemical, Ann Arbor, USA), BAY 60-6583, 179 

CIM0216, PSB 603, KT 5720 (Tocris Bioscience; Bristol, UK) and SSR240612 (Sanofi Aventis, 180 
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Surrey, UK) were prepared in DMSO. GRK2i, carbachol, 2-Furoyl-LIGRLO-amide, adenosine, 181 

bradykinin, HOE 140 (Tocris Bioscience) and morphine sulphate (Sigma-Aldrich) were 182 

dissolved in H2O. PGE2 (Sigma-Aldrich) and CAY10598 (Cayman Chemical) were made in 183 

ethanol. Pertussis toxin (0.2 mg/ml; Sigma-Aldrich) was diluted in cell media. GTP S and 184 

GDPβS (Sigma-Aldrich) were added to the intracellular solution. FCA was obtained from 185 

Sigma-Aldrich.   186 

Experimental design and statistical analyses 187 

Data are presented as box plots showing the mean (square symbol), median (horizontal line) 188 

and SEM (box). For imaging and electrophysiology experiments, ‘n’ represents the number 189 

of PS responding neurons or cells; for multi-well experiments, ‘n’ indicates the number of 190 

independent experiments performed (each in triplicate wells) and in behavioural 191 

experiments, ‘n’ values represent the number of animals in each group. A priori power 192 

calculations were not performed, but our sample sizes are similar to, or greater than, those 193 

generally employed in the field. Normality of data was tested using the Shapiro-Wilk Test. 194 

Normally distributed data were analysed using an independent samples t-test. Differences 195 

in normally distributed data means between three groups or more were analysed using two-196 

way and repeated measures ANOVA, followed by Tukey’s or Dunnett’s multiple comparisons 197 

post-hoc test. Differences in non-normally distributed data means between two groups 198 

were analysed using a Mann-Whitney U test. Differences in non-normally distributed data 199 

means between three groups or more were analysed using a Kruskal-Wallis test, followed by 200 

a Dun’s multiple comparisons post-hoc test. All statistical analyses were made using 201 

GraphPad Prism version 7.  202 
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Relative amplitudes in [Ca2+]i imaging experiments were calculated by comparing the 203 

minimum response amplitude during the co-application of PS and GPCR agonists (3-6 min 204 

timepoint) to the maximum amplitude during PS application (0-3 min timepoint). All PS-205 

responsive cells were included in the analysis.  206 

The effect of GPCR agonist application on PS-evoked currents in patch clamp 207 

electrophysiology were calculated in a similar manner and represented as the percentage 208 

inhibition of the maximal PS response. 209 

Results 210 

Non Gi/o mediated inhibition of TRPM3 211 

Since Gi/o-coupled GPCRs inhibit TRPM3 by an interaction with Gβγ (Badheka et al., 2017; 212 

Dembla et al., 2017; Quallo et al., 2017), we examined whether Gβγ subunits liberated by other 213 

Gα proteins can exert a similar influence on TRPM3. To assess the effects of the irreversible 214 

Gα activator GTPγS and inhibitor GDPβS we studied HEK293 cells stably expressing TRPM3 215 

by voltage-clamp. In the absence of either GTP analogue, currents evoked by repeated 216 

application of PS (100 μM) showed a time-dependent, but modest decline in amplitude (Fig. 217 

1 A and D). Inclusion of GTPγS (300 μM) in the pipette solution significantly accelerated the 218 

desensitisation of TRPM3 after about 3 min (3rd PS application) (Fig. 1 B and D). In contrast, 219 

dialysing the cell with GDPβS (500 μM) lead to a progressive and significant increase in the 220 

PS-evoked current amplitude, which reached a maximum after about 4 min (4th PS 221 

application) (Fig. 1 C and D). To test whether the effects of GTPγS were partly mediated by 222 

non-Gi/o signalling, we incubated the cells with pertussis toxin (PTX, 200 ng/ml, for 24 hrs), 223 

which specifically locks the αi/o subunits into an inactive, GDP-bound state and inhibits Gαi/o 224 
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subunits coupling to their cognate GPCRs. GTPγS was still able to inhibit PS-evoked currents 225 

in PTX-treated cells, albeit more slowly than in the absence of PTX (10th PS application) (Fig. 226 

1 E, F and G), which is consistent with a mechanism independent of Gi/o signalling.  227 

Gs-mediated inhibition of TRPM3 228 

Since our experiments with GTPγS demonstrate that G proteins other than Gi/o can inhibit 229 

TRPM3 currents, we examined the effects of agonists of GPCRs coupled to Gαs on TRPM3 230 

activity. The adenosine A2B receptor is expressed at high levels in HEK293 cells (Cooper et 231 

al., 1997) and couples to Gαs, thereby generating substantially increased intracellular cAMP 232 

upon stimulation. To confirm that the receptor is expressed in our cell line, we used HEK293 233 

cells stably expressing the pGLOSensor (Binkowski et al., 2009) to monitor the effect of A2B 234 

agonists on cAMP levels. Application of the endogenous full agonist adenosine and the 235 

selective partial A2B agonist BAY 60-6583 (Hinz et al., 2014) produced robust intracellular 236 

cAMP responses (Fig. 2A). The response profile and pEC50 values of adenosine (4.75 ± 0.05 237 

SEM, n = 4) and BAY 60-6583 (6.04 ± 0.18 SEM, n = 4) agree with previous studies (Goulding 238 

et al., 2018). To confirm that both agonists produced cAMP by activating the A2B receptor, 239 

we generated inhibitory concentration response curves using the selective A2B antagonist 240 

PSB603 and sub-maximally effective (EC80) concentrations of adenosine (50 μM) and BAY 241 

60-6583 (5 μM). PSB603 inhibited the responses with a similar pIC50 for both adenosine 242 

(7.18 ± 0.15 SEM, n = 4) and BAY 60-6583 (6.71 ± 0.3 SEM, n = 4) and almost completely 243 

inhibited intracellular cAMP responses at the highest concentrations tested (Fig. 2B). To 244 

assess whether A2B can also couple to Gαq, we applied adenosine and used fura-2 to 245 

measure [Ca2+]i (Fig. 2C). As a positive control for Gq-mediated [Ca2+]i-increases, we used the 246 

selective PAR2 agonist, 2-Furyl LIGRLO-NH2 (2F-LIGRLO), as the receptor has been shown to 247 
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couple to Gαq and produce calcium responses in HEK293 cells (Kawabata et al., 1999). 248 

Stimulation of A2B evoked substantial intracellular cAMP production, but no detectable 249 

increase in [Ca2+]i (Fig. 2A and Fig. 2C), and we therefore used activation of the A2B receptor 250 

to explore the influence of Gs-mediated activity on TRPM3. 251 

The TRPM3 agonist PS (20 μM) evoked [Ca2+]i-increases in TRPM3-expressing HEK293 cells, 252 

which were only subject to a minor degree of desensitisation during the 9 min application 253 

period (77.6 ± 0.81% of maximal amplitude, Fig. 2 D and G). A2B receptor stimulation with 254 

adenosine (100 μM) or BAY 60-6583 (20 μM) significantly and reversibly reduced the 255 

amplitudes of the TRPM3-mediated responses to 34.2 ± 1.1% and 64.1 ± 0.5% (Fig. 2 E, F 256 

and G). The smaller degree of inhibition produced by BAY 60-6583 is consistent with its 257 

properties as a partial agonist at A2B receptors (Hinz et al., 2014) (Fig. 2 A and G). Next we 258 

used patch-clamp recordings to confirm that the observed A2B mediated inhibition of PS-259 

evoked [Ca2+]i-responses was associated with a corresponding inhibition of TRPM3 currents. 260 

Adenosine (100 μM) and BAY 60-6583 (20 μM) significantly inhibited PS-evoked (100 μM) 261 

currents to a similar extent (by 41.6 ± 6.4% and 43.1 ± 5.8%) (Fig. 2 H, I and J). Since the 262 

current inhibition achieved by A2B stimulation was variable, we repeated the experiments 263 

using TRPM3 HEK293 cells overexpressing the A2B receptor. Overexpression of A2B 264 

generated more uniform and robust inhibition of PS-evoked currents (by 87.5 ± 3.8% for 265 

adenosine and 80.6 ± 6.7% for BAY 60-6583) (Fig. 2 K, L and M). Together these observations 266 

demonstrate that Gs-coupled GPCR activation can inhibit TRPM3. 267 

Gs-mediated inhibition of TRPM3 in sensory neurons 268 

We next measured [Ca2+]i-responses  in isolated mouse DRG neurons to confirm that the Gs-269 

mediated inhibition of TRPM3 operates in native cells. PS (20 μM) was applied to evoke a 270 
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response and agonists of different GPCRs were co-administered as described for HEK293 cell 271 

experiments above. Continuous application of PS evoked a sustained increase in [Ca2+]i in 272 

DRG neurons (Fig. 3A). In control experiments, the amplitude of PS-evoked responses after 9 273 

min of application was reduced by 17.8 ± 1.2% of the maximal response amplitude, 274 

consistent with a small degree of desensitization (Fig. 3C). Applications of the inflammatory 275 

mediator PGE2 (1 μM), which has been widely used to sensitise nociceptive afferents 276 

(Meves, 2006), strongly inhibited PS-induced [Ca2+]i-responses in a subpopulation of DRG 277 

neurons (>50% inhibition in 97 out of 187 cells; Fig. 3B). Treatment with PGE2 significantly 278 

reduced the amplitude of PS responses measured in all neurons by 48.4 ± 2.6% (Fig. 3C). 279 

Scatter plots of response amplitudes (Fig. 3C and I) revealed a large inhibition in some 280 

neurons and little or no inhibition in other neurons.  The effect of PGE2 was unaffected by 281 

the overnight incubation of neurons with PTX (200 ng/ml, 18 hrs) (Fig. 3C). Conversely, PTX 282 

(200 ng/ml, 18 hrs) treatment fully reversed morphine-mediated Gi/o-inhibition of PS-evoked 283 

responses in DRG neurons (Fig. 3 D-F) (Badheka et al., 2017; Dembla et al., 2017; Quallo et 284 

al., 2017). These findings demonstrate that PGE2 inhibits PS responses independently of Gi/o.  285 

PGE2 acts on two cognate Gs-coupled E prostanoid receptors, EP2 and EP4, which are both 286 

found in DRG neurons (Cruz Duarte et al., 2012). To determine the relative contribution of 287 

these receptors to the PGE2-mediated inhibition of TRPM3, we used the selective EP2 288 

agonist butaprost and the selective EP4 agonist CAY10598. Butaprost (1 μM), significantly 289 

inhibited PS-induced [Ca2+]i-responses in a subpopulation of neurons (>50% inhibition in 90 290 

out of 294 cells) (Fig. 3G), reducing the overall amplitude of PS-evoked responses by 28.1 ± 291 

1.8% compared to control experiments (12.8 ± 1.4%) (Fig. 3H). Butaprost (1 μM) was still 292 

able to inhibit PS-evoked responses in neurons treated with PTX (200 ng/ml, 18 hrs) (Fig. 293 

3H). In contrast to the effect of the EP2 receptor activator, the selective EP4 receptor 294 
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agonist CAY10598 (30 nM) had no effect on PS responses in DRG neurons when compared 295 

to untreated controls (Fig. 3I). 296 

TRPM3 is widely expressed in DRG neurons and mediates PS evoked [Ca2+]i responses 297 

(Vriens et al., 2011). Here we found that 64.2% (52 out of 81) of DRG neurons studied by 298 

voltage-clamp responded to stimulation with PS, which agrees well with previously reported 299 

results (Vriens et al., 2011). To confirm that PS-evoked currents in DRG neurons were 300 

mediated by TRPM3, the selective TRPM3 antagonist ononetin (10μM) (Straub et al., 2013) 301 

was applied during PS application. Ononetin inhibited PS evoked currents completely (by 98 302 

± 2%) and reversibly in all treated cells (Fig. 3J). We therefore conclude that TRPM3 303 

mediates PS-evoked current responses in DRG neurons. 304 

Voltage-clamp recordings confirmed that PGE2 and butaprost inhibited PS-evoked TRPM3 305 

currents in isolated DRG neurons. Application of PGE2 (1 μM) or butaprost (1 μM) reversibly 306 

inhibited PS-evoked TRPM3 currents to a similar extent (by 65.7 ± 10.6% and 50.5 ± 8.9%) 307 

(Fig. 3 K-M). These results demonstrate that activation of Gs-coupled EP2 receptor inhibits 308 

TRPM3 in DRG neurons. 309 

Gq-mediated inhibition of TRPM3 in sensory neurons 310 

It has previously been shown that stimulation of Gq-coupled muscarinic acetylcholine M1 311 

and BK2 receptors leads to the inhibition of TRPM3-evoked currents in recombinant cells 312 

(Badheka et al., 2017). Consistent with these results we found that activation of muscarinic 313 

M1 receptors inhibited TRPM3-mediated [Ca2+]i-responses in HEK293 cells (Fig. 4 A and B). 314 

As M1 receptor activation can increase [Ca2+]i we therefore used a low concentration of 315 

carbachol (0.1 μM) that did not evoke a [Ca2+]i response in control experiments (Fig. 4C).  316 
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We next examined whether Gq-coupled GPCRs can inhibit the activity of TRPM3 in its native 317 

environment by stimulating isolated DRG neurons with bradykinin, a pronociceptive 318 

mediator often used to sensitise nociceptors (Pethő and Reeh, 2012). Application of 319 

bradykinin (100 nM) strongly, and rapidly inhibited PS-induced [Ca2+]i-responses in a 320 

subpopulation of DRG neurons (>50% inhibition in 86 out of 293 cells) (Fig. 5A). Bradykinin 321 

treatment significantly reduced the amplitude of PS responses by 34.4 ± 1.4% when 322 

compared to control experiments (22 ± 1.8%; Fig. 5B). The effect of bradykinin was 323 

unaltered by PTX pre-treatment (200 ng/ml, 18 hrs; Fig. 5C). Furthermore, pre-treatment 324 

with the selective BK2 receptor antagonist HOE 140 (50 nM) completely prevented the 325 

effect of bradykinin (control, reduced by 30.9  1.6% from the maximal amplitude; 326 

bradykinin: 41.5  1.7%, bradykinin + HOE 140: 31.3  1.6%) (Fig. 5D). In contrast, the BK1 327 

receptor antagonist SSR240612 (50 nM) was without effect on bradykinin-mediated 328 

inhibition of TRPM3 (control: 17.9  1.7%, bradykinin: 33.0  2.6%, bradykinin + SSR240612: 329 

31.6  1.8%; Fig. 5E).  330 

We also examined the effects of bradykinin on DRG neurons electrophysiologically.  331 

Application of bradykinin (100 nM) to DRG neurons in the voltage-clamp configuration 332 

reversibly inhibited PS-evoked TRPM3 currents (by 53.7 ± 10.8% SEM, n = 5; Fig. 5F). 333 

Together, these results show that bradykinin inhibits TRPM3 in DRG neurons by activating 334 

Gq-coupled BK2 receptors. 335 

Gs- and Gq-mediated inhibition of TRPM3 is independent of PKA and PKC activity 336 

Canonical Gs- and Gq-coupled receptor signalling leads to the downstream activation of PKA 337 

and PKC. This has been previously shown to increase nociceptor excitability, by sensitizing 338 

voltage-gated sodium channels and T-type VGCCs  (England et al., 1996; Gold et al., 1998; 339 
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Kim et al., 2006; Chemin et al., 2007) and the noxious heat transduction channel TRPV1 340 

(Bevan et al., 2014). We used the selective PKA inhibitor KT5720 to determine whether PKA 341 

contributed to the EP2-mediated inhibition of TRPM3. The butaprost-induced inhibition of 342 

PS-evoked [Ca2+]i responses in DRG neurons was unaffected by KT5720 (1 μM) (control: 19.3 343 

 1.8%, butaprost: 29.2  2.6%, butaprost + KT5720: 33.3  2 %; Fig. 6 A and B). Conversely, 344 

we used the adenylyl cyclase activator forskolin to raise intracellular cAMP and activate PKA. 345 

Forskolin (10 μM) was applied six minutes before and during PS and butaprost application. 346 

Forskolin treatment did not alter PS-induced [Ca2+]i-responses in neurons and had no effect 347 

on butaprost-mediated inhibition of PS responses (control: 16.3  1.40%, butaprost: 36.2  348 

2.15%, forskolin: 13.8  2.2%, butaprost + forskolin: 35.8  2.2%; Fig. 6 C and D). 349 

We examined whether PKC may be responsible for the inhibition of TRPM3 by BK2 receptor 350 

activation by applying the selective PKC inhibitor BIM VIII (1 μM) before and during 351 

bradykinin application. BIM VIII treatment did not prevent bradykinin-mediated inhibition of 352 

PS-induced [Ca2+]i-responses in neurons (control: 21.9  1.2%, bradykinin: 40.9  1.5%, 353 

bradykinin + BIM VIII: 55.9  1.4%; Fig. 6 E and F). Together, these observations strongly 354 

suggest that Gs- and Gq-coupled GPCRs inhibit TRPM3 independently of cAMP, PKA and 355 

PKC. 356 

Gβγ subunits mediate inhibition of TRPM3 in heterologous and endogenous systems 357 

Since the major canonical signalling events activated by Gαs and Gαq did not affect TRPM3 358 

inhibition, we next examined the potential involvement of Gβγ protein. TRPM3 HEK293 cells 359 

were transiently transfected with the Gβγ sink βARK1-ct (C-terminus of the β-adrenergic 360 

receptor kinase-1) (Koch et al., 1994) and the effects of A2B activation on TRPM3 examined 361 

using [Ca2+]i measurements. βARK1-ct transfection abolished the inhibitory effect of 362 
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adenosine (100 μM) and BAY 60-6583 (20 μM) application on TRPM3-mediated responses 363 

when compared to untransfected cells (control: 83.7  1.40%, adenosine: 34.2 ± 1.1%, 364 

adenosine + βARK1-ct: 75.3 ± 0.8%, BAY 60-6583: 64.1 ± 0.5% and BAY 60-6583 + βARK1-ct: 365 

80.5 ± 0.6%). Similarly, TRPM3 inhibition by muscarinic M1 receptor activation was 366 

completely prevented by transfection with βARK1-ct (control: 59.9  0.86 %, carbachol: 51.7 367 

 0.95 % and carbachol + βARK1-ct: 60.3  0.84 %; Fig. 7 A-F). We also used GRK2i, a smaller 368 

28 amino acid polypeptide that corresponds to the Gβγ binding region of βARK1 (β-369 

adrenoreceptor kinase 1 also known as GRK2, G protein receptor kinase 2), to further 370 

confirm the involvement of Gβγ in adenosine’s effect. GRK2i (10 μM) dialysis in TRPM3 371 

HEK293 cell patch-clamp experiments for >5 min significantly reduced adenosine-mediated 372 

inhibition of TRPM3-evoked currents (control: 67.4 ± 6.4% and GRK2i: 36.6 ± 6.3%). We next 373 

examined the involvement of Gβγ in EP2- and BK2-mediated inhibition of TRPM3 by 374 

dialysing GRK2i in isolated DRG neurons. GRK2i (10 μM) dialysis significantly reduced the 375 

butaprost- and bradykinin-mediated inhibition of TRPM3-evoked currents (butaprost: 50.5 ± 376 

8.9%, GRK2i and butaprost: 17.6 ±1.9%, bradykinin: 53.7 ± 10.8% and GRK2i and bradykinin: 377 

26.2 ± 3.2%; Fig. 7 G-L).  These results demonstrate that Gβγ subunits are responsible for 378 

TRPM3 inhibition produced by activation of GPCRs coupled to Gαs and Gαq in heterologous 379 

and native cell systems. 380 

Gs- and Gq-coupled GPCRs inhibit TRPM3 mediated nociception 381 

As activation of EP2 and BK2 receptors inhibits TRPM3 in isolated DRG neurons, we next 382 

examined whether activation of EP2 and BK2 receptors can inhibit pain evoked by TRPM3 383 

agonists in vivo. Previous studies in Trpm3-/- mice showed that the behavioural nocifensive 384 

responses to intraplantar injections of PS and a second TRPM3 agonist CIM0216 are 385 
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dependent on TRPM3 (Held et al., 2015). Intraplantar administration of a combination of 5 386 

nmole PS and 0.5 nmole CIM0216 evoked a robust paw licking/flinching behaviour in wild-387 

type mice. Intraplantar administration of 0.3 nmole of either PGE2 (10 min before PS+ 388 

CIM0216; vehicle: 19.4 ± 3s and PGE2: 10.4 ± 0.9s), butaprost (10 min before PS+ CIM0216; 389 

vehicle: 23.8 ± 3.8s and butaprost: 10.3 ± 4.2s) or bradykinin (5 min before PS+ CIM0216; 390 

vehicle: 13.8 ± 4.7s and bradykinin: 2.3 ± 1.4s) before PS/CIM0216 administration, 391 

significantly reduced the pain-related paw licking and flicking behavioural responses evoked 392 

by the TRPM3 agonists (Fig. 8 A, B and C). The doses of PGE2, butaprost and bradykinin were 393 

chosen not to directly evoke pain-related behavioural responses.  394 

To test whether this effect is specific for TRPM3-dependent nociception, we examined 395 

whether activation of EP2 and BK2 receptors could also inhibit TRPV1-mediated behavioural 396 

responses, since many TRPM3 expressing neurons also express TRPV1 (Vriens et al., 2011). 397 

However, neither PGE2 (vehicle: 68.5 ± 3.7s and PGE2: 62.7 ± 3.7s), butaprost (vehicle: 77 ± 398 

7.3s and butaprost: 72 ± 7.9s), nor bradykinin (vehicle: 57 ± 4.2s and bradykinin: 65 ± 10.7s) 399 

inhibited capsaicin-evoked behaviours (Fig. 8 D, E and F), in marked contrast to their 400 

inhibitory effect on responses elicited by PS/CIM0216. 401 

TRPM3 is required for the development and maintenance of inflammatory heat 402 

hyperalgesia, which consequently has been found to be absent from Trpm3-/- mice (Vriens 403 

et al., 2011). We compared the heat sensitivity of Trpm3+/+ and Trpm3-/- mice 3 days after 404 

intraplantar injections of Freund’s complete adjuvant (FCA, 15μl). FCA reduced the paw 405 

withdrawal latency in wildtype mice in the hot-plate test (50°C) but was without effect in 406 

Trpm3-/- mice, in good agreement with earlier observations (Vriens et al., 2011), indicating 407 

that TRPM3 is of critical importance for inflammatory heat hypersensitivity (Fig. 8 G). 408 
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Administration of the selective TRPM3 inhibitor ononetin (10mg/kg, i.p.), completely 409 

reversed established FCA-induced heat hypersensitivity (Fig. 8 H), demonstrating that the 410 

loss of hypersensitivity in Trpm3-/- mice was unlikely to be caused by developmental or 411 

compensatory mechanisms and suggests that TRPM3 may be a tractable target for 412 

inflammatory pain.   413 

FCA has long been used as a model for inflammatory hypersensitivity and pain, but the 414 

precise mechanisms by which it produces pain and hypersensitivity are not known.  To 415 

determine the influence of local, intraplantar injections of PGE2 and bradykinin on 416 

established FCA-induced heat hyperalgesia, we administered the same doses that inhibited 417 

the behavioural response to TRPM3 agonists (Fig. 8 A, C) but did not evoke a behavioural 418 

response on their own (5 or 10 min before hot-plate test). Perhaps counterintuitively, 419 

intraplantar administration of either PGE2 or bradykinin fully reversed heat hyperalgesia in 420 

FCA-treated mice (Fig 8 I). These observations are consistent with our observations that EP2 421 

and BK2 receptor activation inhibit TRPM3 in vitro and mimic the effects of pharmacological 422 

blockade or genetic inactivation of TRPM3 on heat hypersensitivity. 423 

Discussion 424 

Our results demonstrate for the first time that TRPM3 is inhibited by activation of GPCRs 425 

coupled to any of the three major classes of Gα in heterologous and native cellular 426 

environments. Based on our findings with GDPβS-treated cells, we show that TRPM3 is 427 

tonically inhibited by G-proteins in HEK293 cells, in good agreement with the tonic inhibition 428 

of TRPM3 previously observed in DRG neurons and in vivo (Quallo et al., 2017). Here we 429 

show that stimulation of Gs-coupled GPCRs exerts an inhibitory effect on TRPM3 in HEK293 430 

cells and DRG neurons. This inhibition is PTX-insensitive, demonstrating that Gi/o is not 431 
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responsible. Furthermore, the inhibition is not mediated by the canonical signalling 432 

pathways engaged by Gs activation, since it is unaffected by PKA inhibition or by stimulation 433 

of cAMP production. In contrast, Gs-coupled GPCR inhibition of TRPM3 is fully prevented by 434 

expression of βARK1-ct in HEK293 cells, demonstrating that Gβγ protein is responsible for 435 

this inhibition. 436 

Previous investigations demonstrated that Gαq does not co-immunoprecipitate with TRPM3 437 

(Dembla et al., 2017) and that inhibition of TRPM3 by heterologous expression of Gq-438 

coupled muscarinic M1 and BK2 receptors is unaffected by PtdIns(4,5)P2 supplementation 439 

but is reduced by βARK1-ct (Badheka et al., 2017). Here, we confirmed these findings by 440 

showing that TRPM3-mediated [Ca2+]i-responses in HEK293 cells is inhibited by muscarinic 441 

M1 receptor activation and that this inhibition is prevented by expression of βARK1-ct and 442 

we have further shown that BK2 receptor activation inhibits TRPM3 in vivo and in isolated 443 

DRG neurons. This inhibition is mediated by Gβγ and is independent of PKC. Along with our 444 

observations that βARK1-ct and GRK2i reversed TRPM3 inhibition by A2B and EP2 activation, 445 

these results clearly demonstrate that Gβγ mediates Gi/o-, Gs- and Gq-induced inhibition of 446 

TRPM3. 447 

Gβγ proteins directly modulate N and P/Q type VGCCs and GIRK channels independently of 448 

Gα and irrespective of whether they are liberated from Gαi/o, Gαs or Gαq (See (Dascal, 1997; 449 

Yamada et al., 1998; Dolphin, 2003) for review). Our results with GTPγS in control and PTX-450 

treated TRPM3 HEK293 cells show that although PS-evoked currents were gradually 451 

inhibited after PTX treatment, the inhibition developed more quickly in the absence of PTX. 452 

A more effective inhibition of TRPM3 by Gi/o-coupled GPCRs is supported by the stronger 453 

inhibition observed following activation of μ-opioid, NPY and GABAB receptors (Quallo et al., 454 
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2017) than with Gs- or Gq-coupled receptors. This finding agrees with the dominant 455 

modulation of VGCCs and GIRK channels by activating Gi/o-coupled GPCRs (Dolphin, 2003). 456 

Promiscuous GPCR activation of GIRK channels by Gβγ has been observed, but primarily in 457 

heterologous overexpression systems. In sinoatrial node pacemaker cells, GIRK is 458 

preferentially activated by the Gi/o-coupled M2 muscarinic receptor rather than by the Gs-459 

coupled β2-adrenergic receptor (Hein et al., 2006; Digby et al., 2008; Touhara and 460 

MacKinnon, 2018).  Reports that Gβγ proteins dissociate more readily from Gαo than from 461 

Gαs (Digby et al., 2008) lend further support to the notion that Gi/o-coupled Gβγ is more 462 

effective at inhibiting TRPM3. 463 

The proinflammatory mediators PGE2 and bradykinin, are both thought to produce pain and 464 

hypersensitivity at least in part by sensitization of sensory neuron TRP channels such as 465 

TRPA1 and TRPV1, downstream of EP2 and BK2 receptors (reviewed by (Bautista et al., 466 

2013) and (Veldhuis et al., 2015)). Here, low doses of PGE2 and bradykinin that did not 467 

evoke a behavioural response on their own, significantly reduced the pain-related 468 

behavioural responses evoked by topical injections of a combination of the TRPM3 agonists 469 

PS and CIM0216, in a manner similar to that observed with application of agonists of the 470 

Gi/o-coupled μ opioid receptor (Badheka et al., 2017; Dembla et al., 2017; Quallo et al., 471 

2017). This effect appears to be specific for TRPM3, since pain-related behaviours produced 472 

by the TRPV1 agonist capsaicin were not inhibited by application of PGE2, butaprost and 473 

bradykinin. Thus, activation of EP2 and BK2 receptors is unlikely to inhibit pain produced by 474 

TRPM3 agonists by interfering with action potential generation or membrane excitability, 475 

since many TRPM3 expressing neurons also express TRPV1 (Vriens et al., 2011).  476 
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We evaluated the effects of PGE2 and bradykinin on heat hypersensitivity produced by 477 

intraplantar FCA.  The roles of PGE2 and bradykinin in adjuvant-induced hypersensitivity are 478 

not clear and the behavioural effects produced by FCA are, for example, unchanged in mice 479 

lacking both BK1 and BK2 bradykinin receptors (Cayla et al., 2012). Intra-articular injections 480 

of FCA in the rat produced mechanical hyperalgesia, which was unaffected by inhibition of 481 

BK2 receptors three days after FCA-induction, whereas co-administration of a BK2 482 

antagonist together with FCA prevented the development of hypersensitivity, suggesting a 483 

role for BK2 in the development, rather than maintenance of hypersensitivity (Perkins et al., 484 

1993). An evaluation of the efficacy of analgesic drugs in rats treated with intraplantar FCA 485 

demonstrated that the non-selective NSAIDs indomethacin and diclofenac, at doses that 486 

would completely prevent cyclo-oxygenase mediated PGE2 formation, produced no, or only 487 

a minor reduction of heat hypersensitivity (Nagakura et al., 2003). Here, we found that FCA 488 

failed to produce heat hypersensitivity in Trpm3-/- mice, and that a selective TRPM3 489 

antagonist, ononetin, produced a complete reversal of the behavioural sensitization 490 

produced by FCA in wildtype mice.  Surprisingly, local intraplantar injections of either of the 491 

proinflammatory mediators PGE2 or bradykinin also produced a complete reversal of the 492 

established FCA-induced heat hypersensitivity in wild-type mice.  Taken together, our 493 

behavioural analysis thus confirms that TRPM3 is critically important for inflammatory heat 494 

hyperalgesia (see (Vriens et al., 2011)), and strongly indicates that activation of GPCRs may 495 

produce analgesia by inhibiting TRPM3.  Somewhat surprisingly, this was the case following 496 

local administration of PGE2 and bradykinin.  These latter findings are consistent with the 497 

absence of high concentrations of PGE2 and bradykinin in the inflamed paw at this post-FCA 498 

time point.   499 
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Our results demonstrate that TRPM3 is promiscuously inhibited by Gβγ after activation of 500 

receptors coupled to any of the major classes of G-proteins and thus may act as a pan-GPCR 501 

effector molecule.  We show that Gs- and Gq-coupled GPCRs inhibit TRPM3 in cell lines and 502 

in isolated sensory neurons in vitro and that they can produce antinociception and analgesia 503 

by inhibiting TRPM3 in vivo.   504 
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Figure Legends 605 

Fig. 1. Non Gi/o-mediated inhibition of TRPM3. (A-C) Example traces of multiple applications 606 

of PS (100 μM) in whole-cell voltage clamp recordings (+60 mV) of TRPM3 HEK293 cells with 607 

control, GTPγS (300 μM) or GDPβS (500 μM) intracellular solutions. (D) Bar chart of the 608 

average responses ± SEM of A (n = 7), B (n = 6) and C (n = 8) (F (2, 18) = 11.8, p = 0.0005). (E 609 

and F) Example traces of multiple applications of PS (100 μM) in whole-cell voltage clamp 610 

recordings (+60mV) of TRPM3 HEK293 cells treated with PTX (200ng/mL) with control or 611 

GTPγS (300 μM) intracellular solutions. (G) Bar chart of the average responses ± SEM of E (n 612 

= 7-8) and F (n = 9-10) (t (14) = 3.62, p = 0.028). *p<0.05 and **p<0.01 compared to control, 613 

repeated measures two-way ANOVA with Dunnett’s multiple comparisons test D and 614 

multiple t-test G. 615 

 616 

Fig. 2. Gs-coupled adenosine 2B receptor activation inhibits TRPM3-mediated responses in 617 

HEK293 cells. (A) Concentration response curves of intracellular cAMP production in 618 

response to adenosine and BAY 60-6583 application mean ± SEM in pGLOSensor HEK293 619 

cells. (B) Inhibitory concentration response curves using the selective A2B antagonist, 620 

PSB603, on intracellular cAMP production in response to adenosine (50 μM) and BAY 60-621 

6583 (5 μM) application mean ± SEM. (C) Concentration response curve of [Ca2+]i responses 622 

in HEK293 cells following application of 2F-LIGRLO and adenosine mean ± SEM (n = 4, both). 623 

(D) [Ca2+]i responses in TRPM3 HEK293 cells with PS application (20 μM). (E and F) [Ca2+]i 624 

responses in TRPM3 HEK293 cells treated with PS (20 μM) and adenosine (100 μM) or BAY 625 

60-6583 (20 μM). (G) Scatter plot representing the mean, median and SEM of the relative 626 
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amplitude from D (n = 731), E (n = 588) and F (n = 1145). The minimum response amplitude 627 

during co-application of PS and A2B agonists was compared to the maximum amplitude 628 

during PS application. (H and I) Example traces of adenosine (100 μM) and BAY 60-6583 (20 629 

μM) mediated inhibition of PS (100 μM)-evoked currents in whole-cell voltage clamp 630 

recordings (+60 mV) in TRPM3 HEK293 cells. (J) Scatter plot representing TRPM3-evoked 631 

current inhibition in H (n = 12) and I (n = 9) (t (19) = 0.17, p = 0.867, two-tailed). (K and L) 632 

Example traces of adenosine (100 μM) and BAY 60-6583 (20 μM) mediated inhibition of PS 633 

(100 μM)-evoked currents in whole-cell voltage clamp recordings (+60 mV) in TRPM3 and 634 

A2B transfected HEK293 cells. (M) Scatter plot representing TRPM3-evoked current 635 

inhibition in J and K (n = 4, both) (t (6) = 0.902, p = 0.402, two-tailed). ***p<0.001 compared 636 

to control, ###p<0.001 compared to adenosine treatment, Kruskal-Wallis with Dun’s multiple 637 

comparisons test. 638 

 639 

Fig. 3. Prostaglandin EP2 receptor activation inhibits TRPM3-mediated responses in 640 

sensory neurons. (A) [Ca2+]i responses in isolated mouse DRG neurons challenged by PS (20 641 

μM) followed by KCl (50 mM) application. (B) [Ca2+]i responses in isolated mouse DRG 642 

neurons treated with PS (20 μM) and PGE2 (1 μM). (C) Scatter plot representing the relative 643 

response amplitudes for control (n = 207), 1 μM  PGE2  (n = 175) and PGE2 + PTX (200 ng/ml; 644 

n = 151) treated DRG neurons. Relative responses represent the minimum amplitudes 645 

recorded 3-6 min during PS application (corresponding to the time of drug application) 646 

expressed as a percentage of the maximum amplitude recorded in the 0-3 min period.  647 

Some reduction in response amplitude was typically seen in control conditions. (D) [Ca2+]i 648 

responses in isolated DRG neurons treated with PS (20 μM) and morphine (10 μM). (E) 649 
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[Ca2+]i responses in PTX-treated (200 ng/ml) isolated DRG neurons challenged with PS (20 650 

μM) and morphine (10 μM). (F) Scatter plot representing the relative amplitudes of control 651 

(94.3 ± 1.6% SEM, n = 164), D (48.4 ± 2.7% SEM, n = 109) and E (86 ± 2.3% SEM, n = 135) 652 

neurons. (G) [Ca2+]i responses in isolated mouse DRG neurons treated with PS (20 μM) and 653 

butaprost (1 μM). (H) Scatter plot representing the relative amplitude in control (n = 212), 654 

butaprost (n = 250) and butaprost + PTX (n = 140) treated DRG neurons. (I) Scatter plot 655 

representing the relative amplitude in control (n = 409), PGE2 (n = 185), butaprost (n = 294) 656 

and CAY10595 (30 nM; n = 207) treated DRG neurons. (J) Ononetin (10 μM) mediated 657 

inhibition of PS (50 μM)-evoked currents in whole-cell voltage clamp recordings (+60 mV) in 658 

isolated DRG neurons (n = 6). (K and L) Example traces of PGE2 and butaprost (1 μM, both)-659 

mediated inhibition of PS (50 μM)-evoked currents in whole-cell voltage clamp recordings 660 

(+60 mV) in isolated DRG neurons. (M) Scatter plot representing TRPM3-evoked current 661 

inhibition in K (n = 6) and L (n = 7), (t (11) = 1.11, p = 0.289, two-tailed). *** p<0.001 when 662 

compared to control, ###p<0.001 when compared to morphine-treated cells Kruskal-Wallis 663 

with Dunn’s multiple comparisons test.  664 

 665 

 666 

Fig. 4. Gq-coupled muscarinic M1 receptor activation inhibits TRPM3-mediated responses 667 

in HEK293 cells. (A) [Ca2+]i responses in TRPM3/muscarinic M1 HEK293 cells treated with PS 668 

(20 μM) and carbachol (0.1 μM) followed by application of a high concentration of carbachol 669 

(1 μM) to confirm M1 transfection. (B) Scatter plot representing the mean, median and SEM 670 

of the relative amplitude from control cells (60 ± 0.9% SEM, n = 431) and A (51.7 ± 1.0% 671 
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SEM, n = 329), (Mann-Whitney U = 52821, p<10-4),***p<0.001. (C) [Ca2+]i responses in 672 

TRPM3/muscarinic M1 HEK293 cells with application of different carbachol concentrations.  673 

 674 

Fig. 5. Bradykinin BK2 receptor activation inhibits TRPM3-mediated responses in sensory 675 

neurons. (A) [Ca2+]i responses in isolated mouse DRG neurons treated with PS (20 μM) and 676 

bradykinin (100 nM). (B) Scatter plot representing the relative amplitudes in control (n = 677 

293) and bradykinin (n = 293)-treated DRG neurons (Mann-Whitney U = 29892, p<10-4), 678 

***p<0.001. (C) Scatter plot representing the relative amplitudes in control (n = 190), 679 

bradykinin (n = 157)- and bradykinin + PTX (200 ng/ml; n = 165)-treated DRG neurons. (D) 680 

Scatter plot representing the relative amplitudes in control (n = 157), bradykinin (n = 197)- 681 

and bradykinin + HOE 140 (50 nM; n = 182)-treated DRG neurons. (E) Scatter plot 682 

representing the relative amplitudes in control (n = 118), bradykinin (n = 106) and 683 

bradykinin + SSR240612 (50 nM; n = 144)-treated DRG neurons. ***p<0.001 when 684 

compared to control, ###p<0.001 when compared to bradykinin-treated cells, and Kruskal-685 

Wallis with Dunn’s multiple comparisons test C-E (F) Example trace of bradykinin (100 nM) 686 

mediated inhibition of PS (50 μM)-evoked currents in whole-cell voltage clamp recordings 687 

(+60 mV) in isolated DRG neurons. 688 

 689 

Fig. 6. Gs- and Gq-coupled mediated inhibition of TRPM3 is independent of PKA and PKC 690 

activity. (A) [Ca2+]i responses in isolated mouse DRG neurons treated with PS (20 μM), 691 

butaprost (1 μM) and KT5720 (1 μM). (B) Scatter plot representing the relative amplitudes in 692 

control (n = 112), butaprost (n = 151)- and butaprost + KT5720 (n = 151)-treated cells. (C) 693 

[Ca2+]i responses in isolated mouse DRG neurons treated with PS (20 μM), butaprost (1 μM) 694 
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and forskolin (10 μM). (D) Scatter plot representing the relative amplitudes in control (n = 695 

185), butaprost (n = 183)-, forskolin (n = 148)- and butaprost + forskolin (n = 155)-treated 696 

cells. (E) [Ca2+]i responses in isolated mouse DRG neurons treated with PS (20 μM), 697 

bradykinin (100 nM) and BIM VIII (1 μM). (F) Scatter plot representing the relative 698 

amplitudes in control (n = 236), bradykinin (n = 257)- and bradykinin + BIM VIII (n = 248)-699 

treated cells. **p = 0.0014 and ***p<0.001 when compared to control, ###p<0.001 when 700 

compared to bradykinin-treated cells, Kruskal-Wallis with Dunn’s multiple comparisons test. 701 

 702 

Fig. 7. Gs- and Gq-coupled GPCR inhibition of TRPM3 is reliant on Gβγ protein. (A-C) [Ca2+]i 703 

responses in control (upper panel) and βARK1-ct transfected (lower panel) TRPM3 HEK293 704 

cells treated with PS (20 μM) and adenosine (100 μM, n = 852), BAY 60-6583 (20 μM, n = 705 

553) or carbachol (0.1 μM, n = 386) . (D -F) Scatter plots representing the relative 706 

amplitudes of A-C with βARK1-ct untransfected control and treated TRPM3 HEK293 cells, 707 

***p<0.001 when compared to control and ###p<0.001 when compared to treated cells, 708 

Kruskal-Wallis with Dun’s multiple comparisons test. (G-I) Example traces of adenosine (100 709 

μM), butaprost (1 μM) and bradykinin (100 nM) mediated inhibition of PS (100 μM for HEK 710 

cells and 50 μM for DRG neurons)-evoked currents in whole-cell voltage clamp recordings 711 

(+60 mV) in HEK293 cells (for adenosine) and isolated DRG neurons (for butaprost and 712 

bradykinin) in control (upper panel) and GRK2i (10 μM, lower panel) intracellular solutions. 713 

(J-L) Scatter plots representing TRPM3-evoked current inhibition in G (t (15) = 3.32, p = 714 

0.0047, control n = 10, GRK2i n = 7, two-tailed), H (t (10) = 3.06, p = 0.012, control n = 7, 715 

GRK2i n = 5, two-tailed) and L (t (9) = 2.67, p = 0.026, control: n = 5, GRK2i: n = 6, two-tailed) 716 

*p<0.05 and **p<0.01. 717 
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 718 

Fig. 8. Gs- and Gq-coupled GPCR activation prevents mouse nociceptive behaviour in 719 

response to TRPM3 agonists and reverses heat hyperalgesia in FCA-treated mice. (A-C) 720 

Scatter plots representing the duration of pain responses in mice administered with 721 

intraplantar hind paw injections of PGE2 (t (18) = 2.86, p = 0.0103, n = 10, two-tailed), 722 

butaprost (Mann-Whitney U = 10.5, p = 0.0258, n = 8, two-tailed) and bradykinin (Mann-723 

Whitney U = 15.5, p = 0.0062, n = 10, two tailed) (all at a dose of 0.3 nmole) or with vehicle 724 

prior to PS (5 nmole)/CIM0216 (0.5 nmole) administration, *p<0.05, **p<0.01. (D-F) Scatter 725 

plots representing the duration of pain responses in mice administered with intraplantar 726 

hind paw injections of PGE2 (t (10) = 1.11, p = 0.29, two-tailed), butaprost (Man-Whitney U = 727 

16, p = 0.82, two-tailed) and bradykinin (t (10) = 0.69, p = 0.5, two-tailed) (0.3 nmole, n = 6, 728 

all) or with vehicle prior to capsaicin (5 nmole) administration. (G) Bar chart comparing heat 729 

withdrawal latencies of mice from 50 °C hot plate before and 72 hours after intraplantar 730 

FCA (15 μl) injection in Trpm3+/+ (t (14) = 5.49, p = < 0.0001, two-tailed) and Trpm3-/- mice (t 731 

(14) = 1.31, p = 0.21, two-tailed) (n = 8, both). (H) Bar chart comparing heat withdrawal 732 

latencies of mice from 50 °C hot plate before and 72 hours after injection with FCA (15 μl), 733 

vehicle or ononetin (10 mg/kg; F (2, 30) = 7.2, p = 0.0028) application (n = 6, both). (I) Bar 734 

chart comparing heat withdrawal latencies of mice from 50 °C hot plate before and 72 hours 735 

after injection with FCA (15 μl) or vehicle, PGE2 (0.3 nmole; F (2, 30) = 4.7, p = 0.0168) or 736 

bradykinin (0.3 nmole; F (2, 30) = 6.21, p = 0.0055) (n = 6, each). *p<0.05, **p<0.01 when 737 

compared to control and #p<0.05, ##p<0.01 when compared to 72 hours post FCA, two-way 738 

ANOVA followed by Tukey’s multiple comparisons test. 739 


















