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Abstract

Pro-inflammatory mediators can directly activate pain-sensing neurons, known as nociceptors.
Additionally, these mediators can sensitise ion channels and receptors expressed by these
cells through transcriptional and post-translational modulation, leading to nociceptor
hypersensitivity. A well-characterised group of ion channels that subserve nociceptor
sensitisation is the transient receptor potential (TRP) superfamily of cation channels. For
example, the roles of TRP channels vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1) in nociceptor
sensitisation and inflammatory pain have been extensively documented. In the case of TRP
melastatin 3 (TRPM3), however, despite the increasing recognition of this channel's role in
inflammatory pain, the mediators driving its sensitisation during inflammation remain poorly
characterised. Here, using Ca?* imaging, we found that an inflammatory soup of bradykinin,
interleukin 1B (IL-1B) and tumour necrosis factor a (TNFa) sensitised TRPM3 function in
isolated mouse sensory neurons; IL-18 and TNFa, but not bradykinin, independently
potentiated TRPM3 function. TRPM3 expression and translocation to the membrane remained
unchanged upon individual or combined exposure to these inflammatory mediators, which
suggests that post-translational modification might occur. Finally, using the complete Freund's
adjuvant-induced model of knee inflammation, we found that systemic pharmacological
blockade of TRPM3 does not alleviate inflammatory pain (as assessed through evaluation of
digging behaviour and dynamic weight bearing), which contrasts with previous reports using
different pain models. We propose that the nuances of the immune response may determine
the relative contribution of TRPM3 to nociceptive signalling in different neuro-immune contexts.
Collectively, our findings improve insight into the role of TRPM3 sensitisation in inflammatory
pain.
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1. Introduction

Activation of the nervous system is a crucial and significant consequence of inflammation.
Indeed, one of the primary effects of inflammatory states is the development of pain (Pinho-
Ribeiro et al., 2017), which is due to activation of nociceptors, specialised ‘pain-sensing’
neurons. Nociceptors have their cell bodies in the dorsal root ganglia (DRG) and express
specific receptors that recognise inflammatory cytokines and other immune-derived mediators
(Cook et al., 2018). During pathological inflammatory states, pro-inflammatory mediators can
disrupt normal nociceptor function, causing them to become hypersensitive, a process known
as peripheral sensitisation (Hucho and Levine, 2007; Pethé and Reeh, 2012). Nociceptor
hyperexcitability underpins allodynia, hyperalgesia, and/or spontaneous pain, and may
ultimately lead to the development of chronic pain (Gold and Gebhart, 2010). Despite many
advances in the field, the plethora of molecular mechanisms underlying inflammatory pain
remains to be fully elucidated.

The transient receptor potential (TRP) channel superfamily is one of the most studied type of
receptors/channels in the context of pain. These proteins function as molecular sensors of
multiple stimuli, including changes in pH (Jordt et al., 2000), chemical agents (Bessac and
Jordt, 2008), temperature (Tan and McNaughton, 2016; Vandewauw et al., 2018), osmolarity
(Strotmann et al., 2000), and even essential biological trace elements (Hu et al., 2009). TRP
channels are generally non-selective Ca?*- and Na*-permeable channels (Julius, 2013; Nilius
and Szallasi, 2014), classified into ankyrin (TRPA), canonical (TRPC), melastatin (TRPM),
mucolipin (TRPML), polycystin (TRPP), and vanilloid (TRPV) subtypes (Wu et al., 2010).
Notably, TRP channels play an important role in inflammatory pain. Indeed, TRPV1 is required
for the development of inflammatory heat hyperalgesia (Caterina et al., 2000; Davis et al.,
2000) and several pro-inflammatory mediators have been shown to be potentiate the function
of this channel leading to nociceptor hypersensitivity (Chuang et al., 2001). Similarly, TRPA1
plays an important role in inflammation-related hyperalgesia (Kwan et al., 2006; Lennertz et
al., 2012; Petrus et al., 2007). Pro-inflammatory mediators can also enhance the function of
TRPA1 (Wang et al., 2008) and some inflammatory molecules, such as bradykinin, cause
direct activation (Bandell et al., 2004). Inflammation-related sensitising effects are mediated
by the activation of specific receptors (G protein-coupled receptors, GPCRs; receptor tyrosine
kinases; and ionotropic receptors/ion channels) by pro-inflammatory mediators, which trigger
specific cellular signalling cascades targeting particular ion channels. Key sensitising
mechanisms include Gas/protein kinase A (PKA)-coupled, Gag/phospholipase C (PLC)-
coupled, Gayo-coupled, and receptor tyrosine kinase/mitogen-activated protein kinase
(MAPK)-coupled signalling pathways (Linley et al., 2010). For example, studies have shown
that bradykinin induces acute sensitisation of TRPV1 and TRPA1 by triggering a Gq11-coupled
signalling pathway (Chuang et al., 2001; Sugiura et al., 2002; Wang et al., 2008). Yet, the
molecular mechanisms involved in the activation and potentiation of other receptors, including
other TRP channels, in the context of inflammatory pain requires further investigation.

In recent years, TRPM3 has emerged as an important mediator of inflammatory pain. This
channel is expressed in a large subset of both mouse (~70-80%) and human (~50%) sensory
neurons (Vangeel et al., 2020; Vriens et al., 2011). Activation of TRPM3 by its agonist
pregnenolone sulphate evokes pain (Kelemen et al., 2021; Ueda et al., 2001; Vriens et al.,
2011) and its pharmacological inhibition has analgesic effects (Kriigel et al., 2017; Straub et
al., 2013). Of note, the expression and function of TRPM3 has been shown to increase during
skin or bladder inflammation (Mulier et al., 2020; Zhao et al., 2022). However, which pro-
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infammatory mediators lead to increased TRPM3 function remains poorly characterised. To
answer this question, we first explored the expression and function of TRPM3 in mouse
sensory neurons, before assessing the role of various pro-inflammatory mediators in
modulating TRPM3 activity and expression. Finally, we studied the role of TRPM3 in
inflammatory pain in a model of acute knee inflammation.

2. Material and Methods
2.1. Animals

All mouse experiments were performed in accordance with the Animals (Scientific Procedures)
Act 1986 Amendment Regulations 2012 under Project Licenses granted to E.St.J.S.
(PP5814995) by the Home Office and approved by the University of Cambridge Animal
Welfare Ethical Review Body. Experiments were performed using a mixture of male and
female C57BL6/J mice (8-14 weeks old). Mice were purchased from Envigo and housed
conventionally with nesting material and a red plastic shelter in a temperature-controlled room
at ~21 °C, with a 12-hour light/dark cycle and access to food and water ad libitum.

2.2. Imnmunostaining of whole DRG

Mice were transcardially perfused with phosphate buffered saline (PBS) followed by 4% (w/v)
paraformaldehyde (Sigma Aldrich) (in PBS, pH 7.4) under terminal anaesthesia (sodium
pentobarbital, 200 mg/kg). DRG (L2-L5) were isolated and post-fixed in 4% (w/v)
paraformaldehyde for 30 min, followed by overnight incubation in 30% (w/v) sucrose at 4 °C.
Next, individual DRG were embedded in Shandon M-1 Embedding Matrix (Thermo Fisher
Scientific), snap-frozen and stored at —80°C until processing. Cryosections (12 um) were
collated across Superfrost Plus slides (Thermo Fisher Scientific). Then, sections were washed
with PBS-tween 20 (0.1%) and incubated in blocking buffer (PBS supplemented with 0.2%
(v/v) Triton X-100, 5% (v/v) donkey serum and 1% (v/v) bovine serum albumin) for 2 hours at
room temperature. Next, samples were incubated with primary antibodies: guinea pig anti-
TRPV1 (1:500, Alomone, ACC-030-GP) and rabbit anti-TRPM3 (extracellular) (1:1000,
Alomone, ACC-050) overnight at 4 °C. Slides were washed three times using PBS-tween 20
(0.1%) and incubated with species-specific conjugated secondary antibodies: donkey anti-
rabbit Alexa Fluor 488 (1:1000, Invitrogen, A21206) and donkey anti-guinea pig Alexa Fluor-
594 (1:1000, Jackson ImmunoResearch, 706-585-148) for 2 hours at room temperature.
Slides were again washed three times using PBS-tween 20 (0.1%), mounted and imaged with
an Olympus BX51 microscope and Qlmaging camera. Exposure levels were kept constant for
each slide and the same contrast enhancements were made to all slides. Negative controls
without the primary antibody were performed and showed no staining with either secondary.

For the analyses, sections were blinded for experimental groups and ImagedJ software was
used (version 1.53k). After manually selecting all neurons in a DRG section, we measured
their mean grey value and normalised it between the highest and lowest intensity neurons in
that section. The threshold for scoring a neuron as positive for a stain was set to the normalised
minimum grey value across all sections plus 1.5 times the standard deviation (SD).

2.3. Drugs
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The following drugs were used for Ca?*-imaging experiments: pregnenolone sulphate (PregS)
(Sigma-Aldrich), capsaicin (Sigma-Aldrich), bradykinin (Tocris), recombinant murine
interleukin (IL)-1B (PeproTech), recombinant murine IL- 6 (PeproTech), recombinant murine
tumour necrosis factor (TNF) a (PeproTech), and isosakuranetin (PhytoLab). Stock
concentrations of PregS (50 mM and 500 mM) and isosakuranetin (5 mM and 10 mM) were
dissolved in dimethyl sulfoxide (DMSQO), capsaicin (1 mM) was dissolved in 100% ethanol,
and bradykinin (1 mM), IL-18 (100 pg/mL), IL-6 (100 pg/mL) and TNFa (50 ug/mL) were
dissolved in double distilled water (ddH20). Drug aliquots were stored at -20°C until use.

For in vivo experiments (see below), isosakuranetin was dissolved in Miglyol 812 (kindly
provided by IOl Oleo GmbH, Germany) containing 0.1% DMSO (Thermo Fisher Scientific).
Mice were administered isosakuranetin intraperitoneally (2 mg/kg) (Aloi et al., 2023); Miglyol
812 containing 0.1% DMSO was used as a vehicle control.

2.4. Mouse DRG sensory neuron culture

Mouse DRG (T8-T13; L1-L6) were bilaterally excised under a dissection microscope and
cultured as previously described (Higham et al., 2024). In brief, after excision, isolated ganglia
were incubated with Lebovitz L-15 Glutamax media (Invitrogen) containing 1 mg/mL type 1A
collagenase (Sigma-Aldrich) and 6 mg/mL bovine serum albumin (BSA, Sigma-Aldrich) for 15
minutes (37°C, 5% COz). Next, DRG were washed and subsequently incubated with L-15
media containing 1 mg/mL trypsin (Sigma-Aldrich) and 6 mg/mL BSA for 30 minutes (37°C,
5% COy). Then, DRG were gently triturated using a P1000 pipette. Dissociated cells were
resuspended in L-15 + GlutaMAX growth media supplemented with 10% (v/v) foetal bovine
serum, 24 mM NaHCO3 38 mM glucose and 2% (v/v) penicillin/streptomycin and plated on
laminin- and poly-D-lysine-coated coverslips (MatTek). DRG neurons were incubated
overnight at 37°C in 5% CO. and were used for imaging after no more than 24 hours. When
cells were incubated with inflammatory mediators, they were diluted in L-15 + GlutaMAX
growth media supplemented with 10% (v/v) foetal bovine serum, 24 mM NaHCO3z 38 mM
glucose and 2% (v/v) penicillin/streptomycin and incubated for 20 hours before Ca?*-imaging.
For sensitisation experiments, DRG neurons were incubated with bradykinin 100 nM, IL-13 10
ng/mL and TNFa 50 ng/mL, either in combination or separately. Vehicle-treated DRG neurons
were incubated with L-15 + GlutaMAX growth media supplemented with 10% (v/v) foetal
bovine serum, 24 mM NaHCO3; 38 mM glucose, 2% (v/v) penicillin/streptomycin and 0.1%
ddH20 (v/v).

2.5. Ca?* imaging of cultured DRG neurons

Following overnight seeding of DRG neurons, cells were loaded with 2 uM Fura-2AM
(Invitrogen) for 20-30 min at 37 °C. Next, culture dishes were mounted on the stage of an
inverted microscope (Olympus IX71) and visualised with a 20x objective (Olympus UApo/340).
Cells were continuously superfused with Krebs solution at room temperature, containing (in
mM): 150 NaCl, 6 KCI, 1 MgCl,, 1.5 CaCl,, 10 glucose, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and titrated to pH 7.4 with NaOH, during the entire
length of the experiment through a flexible perfusion pencil (Automate Scientific) placed
adjacent to the field of view. Superfusion was controlled with a clasp-valve, gravity-fed
perfusion system (Biologic RSC-200). Neurons were illuminated alternately with a 340 nm and
380 nm LED to excite Fura2 (Cairn Research), and emission at 520 nm was imaged with a
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Hamamatsu OrcaFlash 4.0LT camera (1 fps, 100 ms exposure) and recorded using MetaFluor
(Molecular Devices). The baseline intracellular Ca?* concentration was monitored for 120 s
before adding any other stimuli and a Krebs-based solution in which the KCI concentration
was increased to 45 mM by iso-osmotic substitution of NaCl was used at the end of each
experiment to identify DRG neurons. Agonists and mediators (see below) were diluted in the
aforementioned Krebs solution at the final concentrations required.

Initial analysis was carried out in MetaFluor. Regions of interest (ROI) were manually traced
around individual neurons, and the average emission intensity (minus background) at 520 nm
per ROl was calculated following alternate illumination at 340 nm and 380 nm. The ratio of
these intensities (Fs40/F3s0) was used as an indicator of intracellular [Ca?*]. A positive neuronal
response to a given stimulus was determined if an increase in Fzso/F3s0 of >10% over baseline
was measured. The magnitude of the response (peak minus baseline ratio, AFz40/F3s0) to each
stimulus was also measured. Cells not responding to 45 mM KCI with an abrupt Fzso/F3so
increase were considered unhealthy or non-neuronal cells and hence excluded from further
analysis.

For concentration-response experiments, all concentrations were performed in 2 series of
experiments, which were repeated twice. Thus, DRG neuron cultures were consecutively
stimulated with either PregS at 5 nM, 500 nM and 50 pM, or 50 pM, 50 nM and 500 uM. The
stimulation with each dose lasted 1 min, which was followed by a wash-out with Krebs for 2
min, before the subsequent dose was appliedd. The baseline for each dose was determined
as the minute before that specific dose. All neurons that responded to a low dose, responded
to a subsequent higher dose. In experiments where DRG neurons were incubated with
inflammatory mediators, both the control (vehicle) and experimental condition (inflammatory
mediator(s)) were measured on the same day. All Ca?*-imaging experiments were performed
twice, on different days, and data were pooled.

2.6. Immunostaining of cultured DRG neurons

DRG neurons were isolated as in 2.4, but with neurons plated on Corning BioCoat Poly-D-
Lysine/Laminin glass coverslips (Merck). After overnight incubation in supplemented L-15 +
GlutaMAX growth media (see section 2.4), neurons were fixed with 4% (w/v)
paraformaldehyde for 10 min, followed by 3 washes with PBS-tween 20 (0.1%). Next,
coverslips were incubated in blocking buffer (PBS supplemented with 0.2% (v/v) Triton X-100,
5% (v/v) donkey serum and 1% (v/v) bovine serum albumin) for 2 hours at room temperature,
followed by overnight incubation at 4 °C with primary antibodies: guinea pig anti-TRPV1
(1:500, Alomone, ACC-030-GP) and rabbit anti-TRPM3 (1:200, Alomone, ACC-050).
Coverslips were washed thereafter three times using PBS-tween 20 (0.1%) and incubated
with species-specific conjugated secondary antibodies: donkey anti-rabbit Alexa Fluor 488
(Invitrogen) and donkey anti-guinea pig Alexa Fluor-594 (Jackson ImmunoResearch) for 2
hours at room temperature. Coverslips were again washed three times using PBS-tween 20
(0.1%). During the second wash, coverslips were incubated with Hoechst 33342 (5 ug/mL,
Tocris) for nuclei staining.

Imaging and subsequent image analysis were performed by a researcher blinded to the
treatment conditions. Fluorescence images were captured with a Leica Stellaris 5 confocal
microscope equipped with a 63X oil immersion objective (NA 1.4). A 3X digital zoom was
applied, and the pinhole set to 1 Airy Unit to optimise optical sectioning. TRPV1-positive
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neurons were identified visually based on their fluorescence intensity. The z-axis height of
each neuron was determined, and a single optical section was captured at the midpoint of the
cell body. Image acquisition parameters, including laser power, detector gain, and pixel dwell
time, were kept constant across all samples to ensure comparability.

Marker expression and translocation image analysis was performed using ImageJ software,
following previously described methods (Balemans et al., 2019) with minor modifications. The
cell membrane was defined as the outermost 1 um of the cell surface, while the intracellular
region (cytoplasm) was defined as the area 1 ym inward from the cell surface, excluding the
nucleus (Supplementary Figure 3a). To generate the membrane ROlI, the fluorescence image
was first binarized. A median filter with a 3-pixel radius and the *fill holes' function was then
applied to smooth and connect the thresholded regions. Subsequently, 8 pixels (equivalent to
0.96 um) were eroded from the smoothed binary image. The membrane ROl was obtained by
subtracting this eroded binary image from the original smoothed binary image. The
intracellular ROI was created by subtracting the membrane ROI from the smoothed binary
image of the whole cell. Mean fluorescence intensity was measured for both membrane and
intracellular ROIs and the ratio of the membrane fluorescence to intracellular fluorescence
was calculated. Translocation was calculated as the ratio of the mean fluorescence intensity
of the membrane and the cytoplasm.

2.7. Knee joint intra-articular injections

All knee injections were performed through the patellar tendon and conducted under complete
anaesthesia (100 mg/kg ketamine and 10 mg/kg xylazine) as described previously
(Chakrabarti et al., 2020, 2018). For retrograde labelling of knee-innervating sensory neurons,
1.5 uL Fast Blue (2% in 0.9% saline; Polysciences) was injected in both knees one week
before isolation. In animals undergoing knee inflammation with complete Freund’s adjuvant
(CFA, 100 pgin 10 pL; Chondrex), Fast Blue was injected one week before CFA injection. CFA
was also intra-articularly injected in one knee (ipsilateral knee was determined randomly) and
the contralateral knee was used as internal control. A digital calliper was used to measure
knee width before and 24 hours after CFA injection. To measure knee inflammation, the ratio
of the width of the ipsilateral knee to that of the contralateral knee was calculated. Behavioural
tests (digging and dynamic weight bearing, see below) were performed before (baseline) and
24 hours after CFA injection.

2.8. Digging behaviour

Digging behaviour was conducted as previously described (Pattison et al., 2024), mice being
individually transferred to standard cages (49 x 10 x 12 cm) containing ~3 cm of tightly packed
fine-grain aspen midi 8/20 wood chip bedding (LBS Biotechnology). Mice were allowed 3
minutes to explore cages without interference and the behaviour was video recorded (iPhone
11 camera, Apple). Training sessions were carried out the day before baseline behaviours
were assessed to allow mice to gain familiarity with the setup. Test sessions, also lasting 3
minutes in total, were performed before the intra-articular injection with CFA and 24 hours
after. In mice treated with isosakuranetin, this was administered 24 hours after CFA injection
and 30 minutes before the behavioural test. The number of visible burrows, defined as crater-
like sites with displaced bedding material, remaining at the end of the 3-minute test was
recorded. Next, digging behaviour was analysed offline in a blinded fashion. The latency of
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mice to begin digging was measured and the total time mice spent digging was scored
independently by 2 observers, and the average digging times are reported (R? = 0.80 + 0.12
from 66 animals scored). Digging behaviour was defined as previously (Chakrabarti et al.,
2020, 2018; Pattison et al., 2024), that is, by the vigorous disturbance of the digging substrate
with all four limbs. Digging usually begins with the hind legs planted in a wide stance, followed
by rapid movement of the substrate under the body using the forelimbs, and concludes with
the hind limbs kicking the substrate backward to produce a burrow.

2.9. Dynamic weight bearing

Weight-bearing was measured in freely moving mice using an open field area with a pressure-
sensitive floor (dynamic weight-bearing device, Bioseb) (Chakrabarti et al., 2020). Each
mouse was tested for 3 minutes, of the 3-minute recording at least 1 minute was manually
vadlidated for correct annotation of fore paw and hind paw prints. Only frames where paw
identification was manually validated or assigned by the analysis software with the two highest
confidence levels were taken forward for analysis. We measured the time that mice spent
rearing (that is, standing on their hind legs only) in the arena, the time spent on individual rear
paws, and the ratio of weight placed through contralateral vs. ipsilateral rear paws. Dynamic
weight bearing was evaluated before the intra-articular injection with CFA and 24 hours after.
In mice treated with isosakuranetin, this was administered 24 hours after CFA injection and 30
minutes before the behavioural test.

2.10. Statistical analyses

Normal (Gaussian) distribution was determined for all datasets using the Shapiro—Wilk
normality test. Non-parametric tests were used for datasets where =1 group did not pass the
normality test (assuming a = 0.05). Otherwise, parametric tests were used. The type of
statistical test and the sample sizes for each experiment are provided in figure legends. Data
were plotted and statistical analyses performed with Prism (GraphPad Software version
10.2.3). P values <0.05 were considered statistically significant.

3. Results
3.1. Functional expression of TRPM3 in murine DRG sensory neurons

Before examining the effects of inflammatory mediators on TRPM3 function, we first
characterised the expression and function of TRPM3 in mouse DRG neurons under basal
conditions using immunohistochemistry and Ca?*-imaging. In agreement with previous studies
(Held et al., 2015; King et al., 2024; Vriens et al., 2011), we observed that ~73% of DRG
neurons display TRPM3 immunoreactivity (Figure 1a, b); the TRPM3 antibody used here has
been previously validated by others by employing Trom3-deficient mice (Xie et al., 2021).
Similarly, the TRPM3 agonist pregnenolone sulphate (PregS, 50 uM), an endogenous
neurosteroid known to rapidly and reversibly activate TRPM3 (Wagner et al., 2008), elicited a
robust increase in intracellular Ca?* concentration ([Ca?*];) increase in ~76% of cultured mouse
DRG neurons (Figure 1c, d) (IHC vs. Ca?* imaging for TRPM3"* neuron identification: p = 0.061,
Fisher’s exact test). Although TRPM3 immunoreactivity was prominently found in small- and
medium-diameter neurons (<30 um), the size distribution was similar to DRG neurons not



308
309
310
311
312
313
314
315
316

W wWW
— —
© 0o

320

322
323
324
325

expressing TRPM3 (Figure 1 e). This contrasts with TRPV1 immunoreactivity, which was
observed in ~44% of DRG neurons (Supplementary figure 1a) and had a significantly smaller
diameter than neurons devoid of TRPV1 (Supplementary figure 1b). Interestingly, most of the
TRPV1-expressing DRG neurons also displayed TRPM3 immunoreactivity (~82%, Figure 1f).
In agreement with the expression analysis, using Ca?*-imaging, ~87% of capsaicin-responding
neurons also responded to PregS (Figure 1g, h) (IHC vs. Ca?* imaging for TRPM3*-TRPV1*
neuron identification: p = 0.098, Fisher’s exact test). Altogether, these results confirm the high
expression of TRPM3 in murine DRG neurons, and that this TRPM3 is highly expressed in in
TRPV1-positive neurons, i.e. putative nociceptors.
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Figure 1. Functional expression of TRPM3 in murine DRG sensory neurons. a) Representative image of a
whole DRG section (L4) showing TRPM3 (yellow) and TRPV1 (magenta) expression. b) Proportion of DRG
neurons (L2-L5) that express TRPM3 in naive mice (n = 1263 neurons, 8 sections, 2 mice). ¢) Representative
Ca?*-imaging trace of cultured DRG neurons responding to the TRPM3 agonist pregnenolone sulphate (PregS). d)
Proportion of cultured DRG neurons that respond to PregS (n = 1133 neurons, 3 mice). e) Relative frequency
distribution of whole DRG neuron soma diameter expressing TRPM3 immunoreactivity. Least squares regression
comparing best-fit values of mean soma size; R? = 0.87 + 0.008; degrees of freedom 9 (TRPM3*) and 7 (TRPM3"
); F (1, 16) = 3.916; p = 0.0653. f) Proportion of DRG neurons (L2-L5) that express TRPV1 and TRPM3 in naive
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mice (n = 553 neurons, 8 sections, 2 mice). g) Representative Ca?* tracing of cultured DRG neurons responding
to PregS and the TRPV1 agonist capsaicin (Caps). h) Proportion of cultured DRG neurons that respond to
capsaicin and PregS (n = 205 neurons, 3 mice).

3.2. Pharmacological activation and inhibition of TRPM3 in murine DRG sensory
neurons

Next, we sought to characterise the agonist concentration range required to activate TRPM3
in murine DRG neurons using Ca?*-imaging. Previous studies have shown that PregS elicits
a concentration-dependent [Ca?*] increase in HEK293 cells heterologously expressing human
and murine TRPM3 with ECso values of 1 uM (Majeed et al., 2012, 2010) and 3 pM (Held et
al., 2015), respectively. PregS also activates human stem cell-derived sensory neurons with
an ECs value of 48 uM (tested also using Ca?*-imaging) (Vangeel et al., 2020). In keeping
with these findings, our assay yielded a dose-dependent [Ca?'] increase in murine DRG
neurons with an ECso of 0.677 uM (Figure 2a) and neuron activation frequency with an ECso
of 0.933 uM (Figure 2b). We observed similar activation frequencies and comparable Ca?
responses between 50 uM and 500 uM of PregS (Figure 2b, c). These results suggest that 50
MM PregS is an adequate agonist concentration to confidently activate all TRPM3-expressing
murine DRG neurons.

We next used the flavanone isosakuranetin to inhibit TRPM3 activity. This compound shows a
marked specificity for TRPM3 compared to other TRP channels, such as TRPM8, TRPM7,
TRPM1, TRPV1, and TRPA1 (Straub et al., 2013). We assessed whether isosakuranetin can
not only prevent TRPM3-mediated Ca?" responses when administered before PregS
exposure, but also where it can abolish increases in DRG neuron [Ca?]; after TRPM3
activation. Application of isosakuranetin before PregS drastically reduced the number of
PregS-responding neurons (Figure 2d, e) and the magnitude of the Ca?* responses in TRPM3*
DRG neurons (Figure 2f). Similarly, isosakuranetin was able to block Ca?" responses when
applied during exposure to PregS (Figure 29g), eliciting an immediate and dramatic decrease
in [Ca?*); (Figure 2h, i). These results are in agreement with published data (Held et al., 2015;
Kelemen et al., 2021).

Altogether, our results indicate that PregS activates TRPM3 in murine DRG neurons with a
similar potency to that observed following heterologous TRPM3 expression in HEK293 cells
(Held et al., 2015). Furthermore, isosakuranetin abrogates TRPM3 activity when applied either
before or after PregS stimulation.
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Figure 2. Pharmacological modulation of TRPM3 activation in murine DRG sensory neurons. a) Effect of
increasing concentrations of PregS (n = 154-231 neurons) on Ca?* responses in cultured DRG neurons. Absolute
values were normalised using the maximum Ca?* increase (AFs40/F3g0) (data shown as mean + SEM). b) Effect of
increasing concentrations of PregS (n = 239-283 neurons) on the frequency of activation of DRG neurons (data
shown as mean + SD). ¢) Ratiometric [Ca?*]; increase in cultured TRPM3* DRG neurons (n = 154-231 neurons) in
response to increasing concentrations of PregS (50 pM to 500 uM) (data shown as box and whiskers: centre line,
median; box, 25"-75™" percentiles; whiskers, 10"—-90™" percentiles; dots, outliers). Kruskal-Wallis test with Dunn’s
multiple comparison test (p < 0.0001). d) Representative Ca?*-imaging trace of cultured DRG neurons responding
to PregS after pre-exposure to isosakuranetin (Isos) or vehicle. e) Proportion of cultured DRG neurons that respond
to PregS (veh, n = 527; isos, n = 465 neurons; 2 mice) following exposure to Isos or vehicle. Two-sided Fisher’s
exact test. f) Ratiometric [Ca?*]i increase in cultured TRPM3* DRG neurons (veh, n = 403; isos, n = 351 neurons;
2 mice) in response to 50 uM PregS following exposure to Isos or vehicle (data shown as box and whiskers: centre
line, median; box, 25"-75™ percentiles; whiskers, 10"—90" percentiles; dots, outliers). Two-tailed Mann Whitney
test. g) Representative Ca?*-imaging trace of cultured DRG neurons responding to PregS and subsequent
application of Isos or vehicle. h) Proportion of ratiometric [Ca®*]i decrease after application of Isos or vehicle in
cultured DRG neurons that responded to PregS (veh, n = 350; isos, n = 471 neurons; 2 mice) (data shown as
median + IQR). Two-way repeated measures ANOVA with Sidak’s multiple comparisons test; F (4, 3252) = 103.0,
P < 0.0001. i) Ratiometric [Ca?*]i responses in DRG neurons responding to PregS and after application of Isos or
vehicle (veh, n = 350; isos, n =471 neurons; 2 mice) (data shown as median + IQR). Two-way repeated measures
ANOVA with Sidak’s multiple comparisons test; F (5, 4275) = 241.6, P < 0.0001. P values are shown in plots.

3.3. Functional effects of inflammatory mediators on TRPM3* murine DRG sensory
neurons

Several studies have shown that TRPM3 function is augmented in sensory neurons during
inflammation (King et al., 2024; Mulier et al., 2020; Vanneste et al., 2022; Vriens et al., 2011;
Zhao et al., 2022). However, little is known about the effects of specific inflammatory molecules
in this process. To explore this, we first asked whether pro-inflammatory mediators activate
neurons that functionally express TRPM3. To this end, we focused on several inflammatory
molecules known to be elevated and play a role in complete Freund's adjuvant (CFA)-induced
inflammation in the paw/knee, such as bradykinin (Davis and Perkins, 1996, 1994), IL-18 (Li
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et al., 2013; Safieh-Garabedian et al., 1995; Woolf et al., 1997; Zucoloto et al., 2019), IL-6
(Ghasemlou et al., 2015; Li et al., 2013; Zucoloto et al., 2019) and TNFa (Keeble et al., 2005;
Woolf et al., 1997; Zucoloto et al., 2019). All tested inflammatory mediators activated murine
DRG neurons at the concentrations evaluated, although IL-6 elicited lower Ca?* responses
and in a significantly smaller fraction of neurons than other mediators tested (Supplementary
Figure 2a-e). Among TRPM3* DRG neurons, ~36% of neurons also responded to bradykinin
(Figure 3a, b), ~34% responded to IL-1B (Figure 3d, e) and ~38% responded to TNFa (Figure
3j, k); by contrast, only ~4% of TRPM3*" DRG neurons responded to IL-6 (Figure 3g, h). The
majority of DRG neurons responding to bradykinin, IL-18 and TNFa, also responded to 50 uM
PregS: ~86%, ~82% and ~92%, respectively (Figure 3c, f and I). This strongly suggests that
most DRG neurons expressing receptors for these mediators co-express TRPM3. However,
just over half of the DRG neurons responding to IL-6 (~63%) also responded to PregS (Figure
3i), indicating that the prevalence of TRPM3 expression in these neurons is lower. We next
evaluated whether pro-inflammatory mediator-responding DRG neurons display different
sensitivity to PregS compared to pro-inflammatory mediator-insensitive neurons. While we
observed no differences in the [Ca?*] increase to 50 uM PregS between bradykinin-, IL-1B- or
IL-6-sensitive neurons and those insensitive to these mediators (Supplementary Figure 2f-h),
TNFa-responding DRG neurons showed a slight, but statistically significant, increased
sensitivity to 50 yM PregS (Supplementary Figure 2i).

Overall, these results demonstrate notable co-expression of TRPM3 and receptors for pro-
inflammatory mediators in DRG neurons, including receptors of bradykinin, IL-18 and TNFa.
This highlights the potential of these molecules to induce the TRPM3 sensitisation during
inflammation. Moreover, our data suggest that TRPM3 might show an increased sensitivity in
a subpopulation of DRG sensory neurons expressing receptors to TNFa.
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Figure 3. Responsiveness of TRPM3* sensory neurons to pro-inflammatory mediators. a) Representative
Ca?*-imaging trace of cultured TRPM3* DRG neurons responding to bradykinin. b) Proportion of cultured TRPM3*
DRG neurons that respond to bradykinin (n = 264 neurons, 2 mice). ¢) Proportion of cultured bradykinin-responding
DRG neurons that respond to PregS (n = 112 neurons, 2 mice). d) Representative Ca?*-imaging trace of cultured
TRPM3* DRG neurons responding to IL-183. e) Proportion of cultured TRPM3* DRG neurons that respond to IL-13
(n =371 neurons, 2 mice). f) Proportion of cultured IL-1B-responding DRG neurons that respond to PregS (n = 153
neurons, 2 mice). g) Representative Ca?*-imaging trace of cultured TRPM3* DRG neurons responding to IL-6. h)
Proportion of cultured TRPM3* DRG neurons that respond to IL-6 (n = 269 neurons, 2 mice). f) Proportion of
cultured IL-6-responding DRG neurons that respond to PregS (n = 19 neurons, 2 mice). j) Representative Ca?*-
imaging trace of cultured TRPM3* DRG neurons responding to bradykinin. h) Proportion of cultured TRPM3* DRG
neurons that respond to bradykinin (n = 269 neurons, 2 mice). f) Proportion of cultured bradykinin-responding DRG
neurons that respond to PregS (n = 112 neurons, 2 mice).

Given the low prevalence of TRPM3* DRG neurons responding IL-6 (Figure 3g-i), we focused
on the modulatory effects of the other mediators tested. Thus, we evaluated whether
bradykinin, IL-1B8, and TNFa can modulate TRPM3 function in murine DRG neurons. To this
end, we used a low concentration of PregS, 50 nM, which we observed does not activate all
TRPM3* DRG neurons and elicits a weaker [Ca?'] increase compared to higher
concentrations (Figure 2a-c). Moreover, we also used 50 uM PregS to identify TRPM3*
neurons, before characterising living neurons using KCI. To better represent the inflammatory
conditions in vivo in our cultures, DRG neurons were incubated overnight with these
mediators, rather than short-term incubation or acute administration. Overnight incubation with
a cocktail of bradykinin (100 nM), IL-1B (10 ng/mL) and TNFa (50 ng/mL) enhanced DRG
neuron Ca?* responses to 50 nM PregS (Figure 4a) and the proportion of TRPM3* neurons
that responded to this low dose (Figure 4b). Furthermore, Ca?* responses to stimulation with
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50 uM PregS were also amplified by overnight incubation with the pro-inflammatory cocktail
compared to vehicle incubation (Figure 4c), but the proportion of neurons responding to 50
MM PregS was not altered (Figure 4d).

We next investigated whether the potentiation effect of these mediators was due to their
synergistic interaction or if any of them could individually enhance PregS-induced Ca?'
responses. Overnight incubation with bradykinin did not significantly increase the proportion
of neurons responding to the low dose of PregS, nor did it amplify neuronal Ca?* responses at
either low or high concentrations of PregS (Figure 4e-g). By contrast, although IL-18 and TNFa
did not increase the sensitivity of DRG neurons to a low dose of PregS or the proportion of
responding cells, both cytokines did evoke increased [Ca?*]i responses to a high dose of PregS
compared to vehicle incubation (Figure 4i-k, m-o0). Similar to the results with the three
mediators combined, the proportion of DRG neurons activated by 50 yM PregS remained
unchanged after individual overnight incubation with bradykinin, IL-13, or TNFa (Figure 4h, |
and p).

Altogether, these results demonstrate that inflammatory mediators can potentiate TRPM3
function in DRG neurons. IL-1B and TNFa, individually, were shown to potentiate Ca?*
responses to a high dose of PregS, unlike bradykinin, which had no effect. Notably, however,
when all mediators were combined (as is more likely to occur during inflammation in vivo),
they exerted a synergistic potentiation effect, increasing TRPM3 activity even in response to
mild stimuli.
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Figure 4. Potentiation/sensitisation of TRPM3* by pro-inflammatory mediators. a) Ratiometric [Ca?*]i increase
in cultured DRG neurons (vehicle n = 236 neurons, 7 plates; soup of inflammatory mediators, n = 160 neurons, 7
plates; 2 mice) in response to 50 nM PregS. Two-tailed Mann Whitney test. b) Proportion of cultured TRPM3* DRG
neurons that respond to 50 nM PregS (vehicle n = 236 neurons, 7 plates; soup of inflammatory mediators, n = 160
neurons, 7 plates; 2 mice). Two-sided Fisher’s exact test. ¢) Ratiometric [Ca?*]i increase in cultured DRG neurons
(vehicle n =236 neurons, 7 plates; soup of inflammatory mediators, n = 160 neurons, 7 plates; 2 mice) in response
to 50 uM PregS. Two-tailed Mann Whitney test. d) Proportion of cultured TRPM3* DRG neurons that respond to
50 uM PregS (vehicle n = 383 neurons, 7 plates; soup of inflammatory mediators, n = 242 neurons, 7 plates; 2
mice). Two-sided Fisher’s exact test. e) Ratiometric [Ca®*]i increase in cultured DRG neurons (vehicle n = 155
neurons, 4 plates; bradykinin (BK), n = 383 neurons, 4 plates; 2 mice) in response to 50 nM PregS. Two-tailed
Mann Whitney test. f) Proportion of cultured TRPM3* DRG neurons that respond to 50 nM PregS (vehicle n = 155
neurons, 4 plates; BK, n = 383 neurons, 4 plates; 2 mice). Two-sided Fisher’s exact test. g) Ratiometric [Ca?*];
increase in cultured DRG neurons (vehicle n = 155 neurons, 4 plates; BK, n = 383 neurons, 4 plates; 2 mice) in
response to 50 uyM PregS. Two-tailed Mann Whitney test. h) Proportion of cultured TRPM3* DRG neurons that
respond to 50 uM PregS (vehicle n = 216 neurons, 4 plates; BK, n = 490 neurons, 4 plates; 2 mice). Two-sided
Fisher’s exact test. i) Ratiometric [Ca®*]i increase in cultured DRG neurons (vehicle n = 288 neurons, 4 plates; IL-
1B, n = 192 neurons, 4 plates; 2 mice) in response to 50 nM PregS. Two-tailed Mann Whitney test. j) Proportion of
cultured TRPM3* DRG neurons that respond to 50 nM PregS (vehicle n = 288 neurons, 4 plates; IL-18, n = 192
neurons, 4 plates; 2 mice). Two-sided Fisher’s exact test. k) Ratiometric [Ca?*]i increase in cultured DRG neurons
(vehicle n = 288 neurons, 4 plates; IL-1B, n = 192 neurons, 4 plates; 2 mice) in response to 50 yM PregS. Two-
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tailed Mann Whitney test. I) Proportion of cultured TRPM3* DRG neurons that respond to 50 uM PregS (vehicle n
= 374 neurons, 6 plates; IL-1B, n = 263 neurons, 5 plates; 2 mice). Two-sided Fisher’s exact test. m) Ratiometric
[Ca?*]i increase in cultured DRG neurons (vehicle n = 351 neurons, 6 plates; TNFa, n = 357 neurons, 5 plates; 2
mice) in response to 50 nM PregS. Two-tailed Mann Whitney test. n) Proportion of cultured TRPM3* DRG neurons
that respond to 50 nM PregS (vehicle n = 351 neurons, 6 plates; TNFa, n = 357 neurons, 5 plates; 2 mice). Two-
sided Fisher’'s exact test. 0) Ratiometric [Ca?*]i increase in cultured DRG neurons (vehicle n = 351 neurons, 6
plates; TNFa, n = 357 neurons, 5 plates; 2 mice) in response to 50 uM PregS. Two-tailed Mann Whitney test. p)
Proportion of cultured TRPM3* DRG neurons that respond to 50 uM PregS (vehicle n = 441 neurons, 6 plates;
TNFa, n = 428 neurons, 5 plates; 2 mice). Two-sided Fisher’s exact test. P values are shown in plots. In a, c, e, g,
i, kK, m and o, data shown as box and whiskers (centre line, median; box, 25"-75™ percentiles; whiskers, 1090t
percentiles; dots, outliers). Infl. soup, inflammatory soup.

3.4. Inflammatory mediators potentiate TRPM3 function in mouse DRG neurons without
altering its protein expression or its translocation to the plasma membrane

Next, we investigated whether the increased TRPM3 functionality upon exposure to pro-
inflammatory mediators results from upregulated expression, increased translocation to the
plasma membrane, or increased sensitivity to stimuli (channel sensitisation). To this end, we
incubated cultured murine DRG neurons with bradykinin, IL-1B, and TNFa, individually or in
combination, and quantified the expression and cellular localisation of TRPM3 (Figure 5a, c
and Supplementary Figure 3a). The expression and localisation of TRPV1 was also evaluated
(Figure 5b, c). Overnight exposure to inflammatory mediators did not alter TRPM3 expression,
either at the plasma membrane or in the cytoplasm (Figure 5d, e), nor did it affect the
translocation of this channel to the membrane compared to exposure to the vehicle (Figure
5f). Although the lack of difference in TRPM3 expression remained when we compared
TRPV1-expressing and TRPV1-lacking neurons (i.e. putative nociceptors vs. non-nociceptors,
respectively), the overall expression of TRPM3 was higher in the TRPV1* subpopulation
(Supplementary Figure 3b-d). On the other hand, inflammatory mediators increased TRPV1
protein expression in both the plasma membrane and cytoplasm, but only when all three
cytokines were present together, and not when incubated individually (Figure 5g, h).

These results strongly suggest that the enhanced function of TRPM3 upon exposure to the
cocktail of bradykinin, IL-18 and TNFa is due to changes in the channel's gating sensitivity to
noxious stimuli, rather than upregulated protein expression or increased translocation to the
plasma membrane of sensory neurons. In contrast, the overall protein expression of TRPV1
is increased in sensory neurons upon exposure to a pro-inflammatory environment, but not
when exposed individually to bradykinin, IL-1 or TNFa.
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Figure 5. Inflammatory mediators increase expression and translocation of TRPV1, but not TRPM3, in DRG
neurons. (a-c) Representative images of neuronal staining to visualise TRPM3, TRPV1 and the nucleus.
Quantification of TRPMS3 plasma membrane (d, Kruskal-Wallis test, P = 0.6203) and cytoplasm (e, one-way ANOVA
F (4, 124) = 0.3676, P = 0.8313) expression in DRG neurons incubated with inflammatory mediators, measured as
mean grey value. f) Quantification of TRPM3 translocation to the plasma membrane, measured as ratio between
plasma membrane and cytoplasm fluorescence. One-way ANOVAF (4, 124) = 0.6263, P = 0.6446. In d-f: vehicle,
n = 25 neurons; soup of inflammatory mediators, n = 26 neurons; bradykinin, n = 27 neurons; IL-1(3, n = 26 neurons;
and TNFa, n = 25 neurons. Quantification of TRPV1 plasma membrane (d, Kruskal-Wallis test, P = 0.0530) and
cytoplasm (e, Kruskal-Wallis test, P = 0.0471) expression in DRG neurons incubated with inflammatory mediators,
measured as mean grey value. f) Quantification of TRPV1 translocation to the plasma membrane, measured as
ratio between plasma membrane and cytoplasm fluorescence. One-way ANOVA F (4, 97) = 1.755, P = 0.1443. In
g-i: vehicle, n = 20 neurons; soup of inflammatory mediators, n = 20 neurons; bradykinin, n = 21 neurons; IL-13, n
= 21 neurons; and TNFa, n = 20 neurons. P values are shown in plots. Ind, e, f, g, h and i, data shown as mean +
SD. Infl. soup, inflammatory soup.

3.5. Lack of change in the frequency of DRG neurons expressing the TRPM3 protein in
a murine model of acute knee inflammation

After demonstrating that specific inflammatory mediators sensitise TRPM3 in mouse DRG
neurons, we next aimed to investigate the role of this cation channel in the context of
inflammatory pain. To this end, we used the well-characterised mouse model of CFA (Gould,
2000) to induce knee inflammation (Chakrabarti et al., 2018) and focused on knee-innervating
DRG sensory neurons.
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Firstly, we evaluated the expression of TRPM3 in retrogradely-labelled knee neurons in naive
mice. In keeping with previous studies in our lab (Bohic et al., 2023; Chakrabarti et al., 2020),
knee-projecting neurons were restricted to only ~5% of lumbar DRG (L2 — L5) (Supplementary
figure 4a, b). Of these, the fraction of knee-innervating neurons displaying TRPM3
immunoreactivity was similar to that of the general DRG neuronal population (knee-innervating
neurons 66.15% vs. all DRG neurons 72.76%, p = 0.2558; Supplementary Figure 4a, c and
Figure 1b). Similarly, TRPV1 immunoreactivity was observed in a similar proportion of sensory
neurons projecting to the knee compared to the general population of DRG neurons (knee-
innervating neurons 49.23% vs. all DRG neurons 43.78%, p = 0.4425; Supplementary Figure
4a, d, and Supplementary Figure 1b).

Next, mice were injected with CFA unilaterally in the knee and changes in TRPM3 expression
were evaluated using immunohistochemistry. Twenty-four hours after CFA injection,
inflammation was confirmed in the ipsilateral knee compared to the injection of saline
(Supplementary Figure 5a). Digging behaviour was evaluated as a measure of spontaneous
pain (Pattison et al., 2024). As expected, CFA-injected mice spent less time digging, dug fewer
burrows, and showed increased latency to dig compared to mice that received saline injections
in the knee (Supplementary Figure 5b-d), indicating CFA-induced spontaneous knee pain.
Thereafter, DRG from these mice were isolated and processed for immunohistochemistry. The
proportion of knee-innervating sensory neurons displaying TRPM3 immunoreactivity was
similar between mice injected with CFA and saline (Figure 6a). In keeping with previous
findings in our lab (Chakrabarti et al., 2018), the fraction of TRPV1 immunoreactive DRG
neurons innervating the ipsilateral knee in CFA-injected mice was increased compared to
those injected with saline (Supplementary Figure 5e). The proportion of retrogradely-labelled
knee neurons (Fast Blue®) was comparable between CFA- and saline-injected mice
(Supplementary Figure 5f).

Altogether, our results indicate that the expression of TRPM3 in knee-innervating neurons is
similar to that in the general population of DRG neurons. Moreover, acute inflammation
induced by intra-articular injection of CFA does not increase the frequency of TRPM3
expression in knee sensory neurons at the protein level. This contrasts with a previous report
showing that CFA-induced inflammation increases both the proportion of neurons projecting
to inflamed skin tissue that express Trom3 mRNA transcripts and the levels its gene
expression (Mulier et al., 2020). An upregulation at both the mRNA and protein levels was
observed in a model of cyclophosphamide-induced cystitis (Zhao et al., 2022), albeit
expression was analysed one week after induction of inflammation, compared to 24-hour CFA
model used here and by Mulier and colleagues (Mulier et al., 2020). This suggests that an
increase in TRPM3 protein expression may require a prolonged duration of inflammation.

3.6. Pharmacological inhibition of TRPM3 shows no benefit in pain behaviour in a
murine model of acute knee inflammation

Finally, we aimed to evaluate the nociceptive role of TRPM3 in CFA-induced knee
inflammation. Although we did not observe differences in the number of TRPM3-expressing
DRG neurons innervating the knee between the CFA and control groups (Figure 6a), we
speculated that the inflammatory environment in the knee might sensitise TRPM3 in sensory
neurons, as we observed in vitro (Figure 4a-d), and hence contribute to the development of
inflammatory knee pain. To test this hypothesis, we examined whether blocking TRPM3 with
the specific inhibitor isosakuranetin can alleviate CFA-induced knee joint pain. As expected,
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given that CFA-induced inflammation is non-neurogenic (Hylden et al., 1992), treatment with
isosakuranetin did not reduce CFA-induced inflammation compared to vehicle-treated animals
(Figure 6b). Furthermore, isosakuranetin-treated control animals (receiving knee injections
with saline) did not show knee swelling (Figure 6b). Although mice treated with isosakuranetin
showed an improvement in the latency to start digging 24-hours after CFA injection compared
to baseline (Figure 6¢), these animals still exhibited deficits in the amount of time spent digging
and in the number of burrows dug, compared to baseline (Figure 6d, e). Digging behaviour in
these mice was similar to that of CFA-injected mice treated with vehicle. The treatment with
isosakuranetin had no detrimental effects on the digging behaviour in mice receiving saline
knee injections (Figure 6¢-e).

Despite the ineffectiveness of isosakuranetin in reversing the CFA-induced deficits in digging
behaviour, we also asked whether this TRPM3 inhibitor could alleviate inflammatory pain using
a different approach. To this end, we assessed the body weight distribution across the limbs
of mice treated with isosakuranetin. As we have observed previously (Chakrabarti et al., 2020),
CFA-injected mice placed more weight on the non-injected rear limb compared to the inflamed
one (Figure 6f), indicating mechanical allodynia due to knee inflammation. Furthermore, CFA-
induced inflammation reduced the time the mice bore weight on the ipsilateral paw (Figure
6g), without affecting the time they bore weight on the contralateral paw (Supplementary
Figure 6). Moreover, similar to what we have observed in other inflammatory pain models
(Bohic et al., 2023), CFA-induced inflammation decreased the time mice spent rearing, that is,
standing on their hind paws (Figure 6h). None of these parameters were improved after the
treatment with isosakuranetin in mice subjected to CFA knee injections (Figure 5f-h), nor did
treatment with this TRPM3 inhibitor in mice receiving saline knee injections have any impact
on weight bearing (Figure 6f-h).

Altogether, these results indicate that blockade of TRPM3 activity is insufficient to alleviate
CFA-induced inflammatory spontaneous pain and mechanical allodynia, suggesting that other
channels and receptors, such as TRPV1 (Chakrabarti et al., 2018), play a more important role.
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Figure 6. TRPM3 does not play a major role in the development of knee pain. a) Proportion of knee-innervating
DRG neurons that express TRPM3 (saline n = 75/107 neurons [FB], 951 neurons [total]; CFA n = 58/78 neurons
[FB], 998 neurons [total]; 3 mice/group). Two-sided Fisher’s exact test. b) Ratio of ipsilateral knee width to
contralateral knee width on the day of injections and 24-hours after (saline+isos, n = 8; CFA+veh, n = 7; CFA+isos,
n = 7). Two-way repeated measures ANOVA with Sidak’s multiple comparisons test; F (2, 19) = 53, P < 0.0001. c)
Latency of mice to dig on the day of injections and 24-hours after (saline+isos, n = 8; CFA+veh, n = 7; CFA+isos,
n = 7). Two-way repeated measures ANOVA with Sidak’s multiple comparisons test; F (2, 19) = 3.8, P < 0.0400. d)
Time spent digging before injections and 24-hours after (saline+isos, n = 8; CFA+veh, n = 7; CFA+isos, n = 7).
Two-way repeated measures ANOVA with Sidak’s multiple comparisons test; F (2, 19) = 1.8, P = 0.1920. e) Number
of visible burrows at the conclusion of the 3-minute digging test on the day of injections and 24-hours after
(saline+isos, n = 8; CFA+veh, n = 7; CFA+isos, n = 7). Two-way repeated measures ANOVA with Sidak’s multiple
comparisons test; F (2, 19) = 11.32, P = 0.0006. f) Ratio of weight distribution between contralateral and ipsilateral
paws during the 3-minute test on the day of injections and 24-hours after (saline+isos, n = 5; CFA+veh, n = 5;
CFA+isos, n = 7). Two-way repeated measures ANOVA with Sidak’s multiple comparisons test; F (2, 14) = 3.1, P
=0.0006. g) Percentage of time spent standing on the ipsilateral rear paw at the conclusion of the 3-minute test on
the day of injections and 24-hours after (saline+isos, n = 5; CFA+veh, n = 5; CFA+isos, n = 7). Two-way repeated
measures ANOVA with Sidak’s multiple comparisons test; F (2, 14) = 1.8, P = 0.0003. h) Percentage of time spent
rearing (standing on the hindpaws) during the 3-minute test on the day of injections and 24-hours after (saline+isos,
n = 5; CFA+veh, n = 5; CFA+isos, n = 7). Two-way repeated measures ANOVA with Sidak’s multiple comparisons
test; F (2, 14) = 4.7, P < 0.0001. P values are shown in plots. In b, c, d, e, f, g and h, data shown as mean * SD.

4. Discussion

In this work, we assessed the impact of pro-inflammatory mediators on TRPM3 activity and its
contribution to inflammatory pain. Inflammation generally results in an increased activity of ion
channels and receptors in sensory neurons, which may lead to the development of aberrant
nociceptive responses and pain. Notably, the role of TRP channels in the development of
inflammatory pain is well recognised (Patapoutian et al., 2009). In recent years, the spotlight



639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

656
657
658
659
660
661
662
663
664
665
666
667
668

669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

has turned to TRPM3, after several studies highlighted the role of this channel in inflammatory
pain (King et al., 2024; Mulier et al., 2020; Vanneste et al., 2022; Vriens et al., 2011; Zhao et
al., 2022). Here, we found that approximately one third of TRPM3-expressing DRG neurons
in mice can be activated by pro-inflammatory mediators, including bradykinin, IL-13 an TNFa.
In turn, most of the sensory neurons activated by these inflammatory mediators (~85-90%)
are activated by the TRPM3 agonist PregS. Of particular interest, we observed that overnight
incubation with pro-inflammatory cytokines (IL1B and TNFa) can enhance TRPM3 function in
vitro, an effect that was synergised when these molecules were combined with bradykinin.
Additionally, we found that exposure to pro-inflammatory mediators does not alter the
expression of this channel or its translocation to the cell membrane, suggesting that TRPM3
is sensitised through the activation of intracellular pathways that modulate its gating sensitivity
to algogenic compounds. However, acute inhibition of TRPM3 in vivo was insufficient to
alleviate spontaneous pain and mechanical allodynia in the CFA-induced knee inflammation
model. Altogether, we demonstrated that pro-inflammatory mediators increase the functionality
of TRPM3 in mouse DRG neurons through the sensitisation of the channel, which could
consequently contribute to the development of pain states associated with the activation of
the immune system.

We first characterised the expression and functionality of TRPM3 in murine DRG neurons.
Utilising PregS as a TRPMS activator, we found that 50 uM is sufficient to activate all TRPM3-
expressing neurons in vitro. Moreover, the TRPM3 specific inhibitor isosakuranetin blocks the
activity of this channel when present before or after the opening of TRPM3 by PregS, which
suggests that it can be used for prophylactic or therapeutic approaches. Of note,
isosakuranetin did not completely abolish PregS-induced DRG neuron activation. Although it
has been shown that PregS does not act on other TRP channels, such as TRPV1, TRPV2,
TRPA1 or TRPMS8 (Chen and Wu, 2004; Vriens et al., 2011; Wagner et al., 2008), the small
subset of PregS responding, isosakuranetin-insensitive DRG neurons implies the existence of
other sensor(s) to this neurosteroid. However, Trom3’ mice are resistant to PregS-induced
pain when injected into the paw (Vriens et al., 2011), suggesting that the small fraction of
PregS responding / isosakuranetin-insensitive sensory neurons has a negligible contribution
to the development of pain following TRPM3 activation.

During inflammation, nociceptors undergo a process referred to as sensitisation, where they
display increased responsiveness to their normal or subthreshold input. For example, the role
of bradykinin on nociceptor sensitisation is well-established (Cesare and Mcnaughton, 1996;
Dray and Perkins, 1993; Wang et al., 2006), specifically through its action on TRPV1 (Chuang
et al., 2001; Lee et al., 2005; Mathivanan et al., 2016; Shin et al., 2002; Sugiura et al., 2002)
and TRPA1 (Bautista et al., 2006; Brierley et al., 2009). In keeping with this, other pro-
inflammatory molecules, such TNFa and IL-1[3, have been shown to sensitise nociceptors and
potentiate TRPV1 functionality (Ebbinghaus et al., 2012; Hu et al., 2010; Nicol et al., 1997;
Prado et al., 2021). Although previous studies have indicated that TRPM3 function is
potentiated in nociceptors innervating inflamed tissue (Mulier et al., 2020; Zhao et al., 2022),
the inflammatory mediators causing this effect are poorly characterised. We found that TRPM3
function could be modestly enhanced by either IL-18 or TNFa when present individually,
whereas no such effect was observed with bradykinin. The lack of bradykinin-induced TRPM3
sensitisation is somewhat surprising because recent findings have shown that responses to
PregS were enhanced in neurons that had a preceding response to bradykinin (Behrendt et
al., 2022). The authors of this study concluded that bradykinin may therefore contribute to the
sensitisation of TRPM3 during inflammatory states (Behrendt et al., 2022). However, Behrendt
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and colleagues did not compare the effects of bradykinin with a vehicle or control. Instead,
they examined the effects of a second application of PregS on neurons that either responded
to bradykinin or failed to do so. Therefore, this study (Behrendt et al., 2022) primarily
investigated the impact of bradykinin in TRPM3 tachyphylaxis, that is, channel desensitisation.

Notably, we observed that combining bradykinin, IL-13, and TNFa, likely a better but still
incomplete representation of what occurs during inflammatory states, enhanced Ca*
responses in DRG neurons to both high and low doses of PregS. This indicates that the
combination of various pro-inflammatory mediators has a synergistic potentiating effect.
Nociceptor sensitisation may result from alterations in the gating properties of ion channels,
including TRP channels, or from an increased abundance of these channels or other receptors
in the plasma membrane (Linley et al., 2010). Interestingly, the mechanisms underlying
nociceptor sensitisation may depend on the cellular context. Indeed, an elegant study showed
that ATP sensitises nociceptors by two different mechanisms depending on the neuronal
subtype (Devesa et al., 2014). In peptidergic neurons, ATP induces newly synthesised TRPV1
channels to move to the cell membrane, potentiating their excitability. However, in non-
peptidergic neurons, ATP modulates the gating activity of TRPV1, causing hypersensitivity
(Devesa et al., 2014). In the present study, we found that none of the mediators tested, neither
individually nor in combination, increased the expression of TRPM3 or its translocation to the
cell membrane. Although we did not specifically compare peptidergic and non-peptidergic
neurons, we failed to detect differences in TRPM3 protein upregulation and translocation
between TRPV1-expressing and non-expressing neurons. Interestingly, however, TRPV1-
expressing sensory neurons displayed increased expression of TRPM3 compared to TRPV1-
lacking neurons, suggesting that nociceptors might be more easily activated by TRPM3
agonists. Altogether, our results suggest that the increased responsiveness of TRPM3 under
inflammatory conditions occurs through the modulation of the gating properties of this channel,
rather than major increases in expression or trafficking to the cell membrane. Defining precise
molecular pathways underlying this process will be the subject of future work. Moreover, the
effect of other inflammatory mediators on TRPM3 expression and sensitisation remains to be
elucidated.

Finally, we used the CFA-induced inflammatory pain model (Chakrabarti et al., 2018; Gould,
2000) to gain insights into the role of TRPM3 in the development of inflammatory pain in vivo.
Injection of CFA causes mechanical allodynia in the inflamed area (Zhang et al., 2021), along
with both mechanical and thermal hyperalgesia (Caterina et al., 2000; Hsieh et al., 2017;
Safieh-Garabedian et al., 1995). This is associated with an increased fraction of neurons that
express TRPV1 (Breese et al., 2005; Chakrabarti et al., 2018) and an increased expression
of the TRPV1 channel itself (Yu et al., 2008; Zhang et al., 2005). Furthermore, we previously
showed that injection of CFA into the knee joint impairs the digging behaviour in mice, an effect
that can be reversed by pharmacological inhibition of TRPV1 (Chakrabarti et al., 2018), mouse
digging being a relevant and measurable behaviour indicative of mouse well-being
(Chakrabarti et al., 2020; Pattison et al., 2024). In the context of knee inflammation, deficits in
digging can likely be attributed to pain caused by the associated aberrant immune response.
Of interest, earlier work has revealed that inhibition of either only TRPV1 (Caterina et al., 2000;
Davis et al., 2000; Gavva et al., 2005; Honore et al., 2005) or TRPM3 (Alkhatib et al., 2019;
Straub et al.,, 2013; Vriens et al., 2011) is sufficient to fully abrogate inflammatory heat
hyperalgesia in a variety of inflammatory pain models. However, in our hands,
pharmacological inhibition of TRPM3 did not reverse CFA-induced digging deficits nor restore
CFA-induced adjustments in body weight bearing. Therefore, our data suggest a less
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important role of TRPM3 in inflammatory spontaneous pain and inflammatory allodynia in this
model. Although we cannot rule out a lack of target engagement by isosakuranetin, the dose
used was similar to that used in other behavioural studies where effects were observed (Aloi
et al., 2023; Su et al., 2021). However, it is important to note that the role of TRPM3 in pain
hypersensitivity appears to depend on the nature of the inflammatory response. For example,
a recent study found that TRPM3 plays a significant role in mechanical and thermal
hyperalgesia, as well as bladder hyperreactivity, in a model of cyclophosphamide-induced
bladder inflammation (Zhao et al., 2022). These results are in keeping with another study in
which TRPM3 blockade alleviated mechanical hyperalgesia and cold hypersensitivity in a
model of chemotherapy-induced peripheral neuropathic pain (Aloi et al., 2023). Conversely,
however, another study demonstrated that inhibition of TRPM3 reduced heat hyperalgesia and
spontaneous pain but did not affect mechanical or cold hyperalgesia in a neuropathic pain
model following nerve injury (Su et al., 2021). Thus, it is possible that the severity of the CFA
infammatory model used in this study could mask the contribution of TRPM3, by accentuating
the roles of other ion channels, such as TRPV1 (Chakrabarti et al., 2018), that influence
nociceptor function. Taken together, despite its well-established role in inflammatory heat
hyperalgesia (Alkhatib et al., 2019; Straub et al., 2013; Vriens et al., 2011), the function of
TRPM3 in mechanical hyperalgesia/allodynia and spontaneous pain seems to be determined
by the associated immune signature. Characterising the specific and combined effects of
various immune molecules on this channel is crucial for furthering our understanding of
TRPM3's relative contribution to pain signalling in different neuro-immune scenarios.

It should be noted that our study has some limitations. Firstly, we only used live-cell Ca%*
imaging to analyse TRPM3 channel sensitisation upon challenge with inflammatory mediators,
a technique that enables a high-throughput approach. Complementary techniques would be
beneficial to confirm certain findings, such as patch-clamp electrophysiology and afferent
nerve recording. Furthermore, the concentrations of pro-inflammatory cytokines used in DRG
neuron cultures are not necessarily representative of those occurring in vivo. These mediators
could generate intracellular signals that are Ca?'-independent, which must also be
investigated. Finally, while PregS is the most potent known endogenous agonist for TRPM3
(Roelens et al., 2024), it also exhibits TRPM3-independent effects, as approximately 10% of
neurons respond to this agonist in Trpm3-deficient mice (Vriens et al., 2011). While the more
potent synthetic TRPM3 activator CIM0216 has been shown to display has increased potency
and apparent affinity compared to PregS, it also activates DRG neurons through TRPM3-
independent mechanisms, activating ~11% of these sensory neurons in Trom3-deficient mice
(Held et al., 2015). Thus, given the lack of perfectly selective TRPM3 agonists, it would be
helpful to confirm our findings while accounting for these effects.

In conclusion, our study characterises the effect of various pro-inflammatory molecules, in
isolation and in combination, on the modulation of TRPM3 function. Importantly, we
demonstrate that the sensitising effect of these pro-inflammatory mediators is amplified when
they are co-administered, resulting in TRPM3 being more strongly activated by lower agonist
concentration. Furthermore, although pharmacological blockade of this channel did not
significantly alleviate spontaneous or mechanical inflammatory pain in the model of CFA-
induced knee inflammation, we propose that the nature of the immune response, along with
the specific inflammatory mediators present in the microenvironment, likely determine the role
of TRPM3 in modulating pain signalling. Further studies are needed to fully characterise the
role of this channel in inflammatory and other types of pain.



779
780

781
782
783
784
785
786
787
788

789
790
791
792
793

794
795
796
797
798

799
800

801
802

803
804
805
806
807
808
809
810
811

812
813
814
815
816

Acknowledgements

This work was principally funded by a Pain Relief Foundation research grant (J.A.-L. and
E.St.J.S.). Furthermore, this work was partly supported by a joint and equal investment from
UKRI and Versus Arthritis (MR/W002426/1) as part of the ADVANTAGE visceral pain
consortium through the Advanced Pain Discovery Platform (APDP) initiative (J.A.L., L.A.P. and
E.St.S.J.). T.K.L. acknowledges funding from UKRI Guarantee Marie Sktodowska-Curie
Actions (MSCA) postdoctoral fellowship (EP/X023117/1). L.W.P. was funded by an
AstraZeneca PhD studentship (G113502). Finally, the authors gratefully acknowledge the
Cambridge Advanced Imaging Centre for their support and assistance in this work.

Disclosures

No conflicts of interest, financial or otherwise, are declared by the authors.

Author contributions

J.A.-L. conceived and designed research; J.A.-L., TK.L., and L.A.P. performed experiments;
J.A.-L., TK.L., and L.W.P. analysed data; D.C.B. provided experimental support; J.A.-L. and
E.St.J.S. interpreted results of experiments; J.A.-L. prepared figures; J.A.-L. drafted
manuscript; J.A.-L. and E.St.J.S. edited and revised manuscript; J.A.-L., T.K.L., L A.P., LW.P,,
D.C.B., and E.St.J.S. approved final version of manuscript.

Data availability

Data sets supporting the conclusions of this article are available in University of Cambridge
Apollo Repository (https://doi.org/10.17863/CAM.111809).

ORCID iD

Javier Aguilera-Lizarraga: https://orcid.org/0000-0002-8135-9933
Tony K. Lim: https://orcid.org/0000-0003-1843-0060

Luke A. Pattison: https://orcid.org/0000-0001-8571-3314

David C. Bulmer: https://orcid.org/0000-0002-4703-7877

Ewan St. J. Smith: https://orcid.org/0000-0002-2699-1979

References

Alkhatib, O., Da Costa, R., Gentry, C., Quallo, T., Mannebach, S., Weissgerber, P.,
Freichel, M., Philipp, S.E., Bevan, S., Andersson, D.A., 2019. Promiscuous G-
protein-coupled receptor inhibition of transient receptor potential melastatin 3 ion
channels by GBy Subunits. Journal of Neuroscience 39, 7840-7852.
https://doi.org/10.1523/JNEUROSCI.0882-19.2019


https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.17863%2FCAM.111809&data=05%7C02%7Cja783%40universityofcambridgecloud.onmicrosoft.com%7C5eed26d49aa7402dc5ee08dccd8b67e0%7C49a50445bdfa4b79ade3547b4f3986e9%7C1%7C0%7C638611245903780363%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=BwVcBuQO%2BbW0rRgDW%2FqDfySE9ag2HEAUK2ewKoXQtNQ%3D&reserved=0
https://orcid.org/0000-0002-8135-9933
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0003-1843-0060&data=05%7C02%7Cja783%40cam.ac.uk%7C7876a84d62d34f07650308dcc8c9d0f1%7C49a50445bdfa4b79ade3547b4f3986e9%7C1%7C0%7C638606016321336264%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=4x9JBtZr5Mnn3GFwaaO55s70OfI6WodEhPOJ%2FTR7gdg%3D&reserved=0
https://orcid.org/0000-0001-8571-3314
https://orcid.org/0000-0002-4703-7877
https://orcid.org/0000-0002-2699-1979

817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863

Aloi, V.D., Pinto, S.J.P.C., Van Bree, R., Luyten, K., Voets, T., Vriens, J., 2023. TRPM3 as a
novel target to alleviate acute oxaliplatin-induced peripheral neuropathic pain. Pain
164, 2060-2069. https://doi.org/10.1097/j.pain.0000000000002906

Balemans, D., Aguilera-Lizarraga, J., Florens, M. V., Jain, P., Denadai-Souza, A., Viola,
M.F,, Alpizar, Y.A., Van Der Merwe, S., Vanden Berghe, P., Talavera, K., Vanner, S.,
Wouters, M.M., Boeckxstaens, G.E., 2019. Histamine-mediated potentiation of
transient receptor potential (TRP) ankyrin 1 and TRP vanilloid 4 signaling in
submucosal neurons in patients with irritable bowel syndrome. Am J Physiol
Gastrointest Liver Physiol 316, G338-G349.
https://doi.org/10.1152/ajpgi.00116.2018

Bandell, M., Story, G.M., Hwang, SW., Viswanath, V., Eid, S.R., Petrus, M.J., Earley, T.J.,
Patapoutian, A., 2004. Noxious cold ion channel TRPA1 is activated by pungent
compounds and bradykinin. Neuron. https://doi.org/10.1016/S0896-
6273(04)00150-3

Bautista, D.M., Jordt, S.E., Nikai, T., Tsuruda, P.R., Read, A.J., Poblete, J., Yamoah, E.N.,
Basbaum, A.l., Julius, D., 2006. TRPA1 Mediates the Inflammatory Actions of
Environmental Irritants and Proalgesic Agents. Cell 124, 1269-82.
https://doi.org/10.1016/j.cell.2006.02.023

Behrendt, M., Solinski, H.J., Schmelz, M., Carr, R., 2022. Bradykinin-Induced
Sensitization of Transient Receptor Potential Channel Melastatin 3 Calcium
Responses in Mouse Nociceptive Neurons. Front Cell Neurosci 16, 843225.
https://doi.org/10.3389/fncel.2022.843225

Bessac, B.F., Jordt, S.E., 2008. Breathtaking TRP channels: TRPA1 and TRPV1 in airway
chemosensation and reflex control. Physiology 23, 360-70.
https://doi.org/10.1152/physiol.00026.2008

Bohic, M., Pattison, L.A., Jhumka, Z.A., Rossi, H., Thackray, J.K., Ricci, M., Mossazghi,
N., Foster, W., Ogundare, S., Twomey, C.R., Hilton, H., Arnold, J., Tischfield, M.A.,
Yttri, E.A., St. John Smith, E., Abdus-Saboor, I., Abraira, V.E., 2023. Mapping the
neuroethological signatures of pain, analgesia, and recovery in mice. Neuron 111,
2811-2830.e8. https://doi.org/10.1016/j.neuron.2023.06.008

Breese, N.M., George, A.C., Pauers, L.E., Stucky, C.L., 2005. Peripheral inflammation
selectively increases TRPV1 function in IB4-positive sensory neurons from adult
mouse. Pain 115, 37-49. https://doi.org/10.1016/j.pain.2005.02.010

Brierley, S.M., Hughes, P.A., Page, A.J., Kwan, K., Martin, C.M., O’Donnell, T.A., Cooper,
N.J., Harrington, A.M., Adam, B., Liebregts, T., Holtmann, G., Corey, D.P., Rychkov,
GlY., Blackshaw, L.A., 2009. The lon Channel TRPA1 Is Required for Normal
Mechanosensation and Is Modulated by Algesic Stimuli. Gastroenterology.
https://doi.org/10.1053/j.gastro.2009.07.048

Caterina, M.J., Leffler, A., Malmberg, A.B., Martin, W.J., Trafton, J., Petersen-Zeitz, K.R.,
Koltzenburg, M., Basbaum, A.l., Julius, D., 2000. Impaired nociception and pain
sensation in mice lacking the capsaicin receptor. Science (1979) 288, 306-13.
https://doi.org/10.1126/science.288.5464.306

Cesare, P., Mcnaughton, P., 1996. A novel heat-activated current in nociceptive neurons
and its sensitization by bradykinin. Proc Natl Acad Sci U S A 93, 15435-9.
https://doi.org/10.1073/pnas.93.26.15435

Chakrabarti, S., Pattison, L.A., Doleschall, B., Rickman, R.H., Blake, H., Callejo, G.,
Heppenstall, P.A., Smith, E.S.J., 2020. Intraarticular Adeno-Associated Virus



864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909

Serotype AAV-PHP.S-Mediated Chemogenetic Targeting of Knee-Innervating Dorsal
Root Ganglion Neurons Alleviates Inflammatory Pain in Mice. Arthritis and
Rheumatology 72, 1749-1758. https://doi.org/10.1002/art.41314

Chakrabarti, S., Pattison, L.A., Singhal, K., Hockley, J.R.F., Callejo, G., Smith, E.S.J.,
2018. Acute inflammation sensitizes knee-innervating sensory neurons and
decreases mouse digging behavior in a TRPV1-dependent manner.
Neuropharmacology 143, 49-62.
https://doi.org/10.1016/j.neuropharm.2018.09.014

Chen, S.C., Wu, F. Sen, 2004. Mechanism underlying inhibition of the capsaicin
receptor-mediated current by pregnenolone sulfate in rat dorsal root ganglion
neurons. Brain Res 1027, 196-200. https://doi.org/10.1016/j.brainres.2004.08.053

Chuang, H.H., Prescott, E.D., Kong, H., Shields, S., Jordt, S.E., Basbaum, A.l., Chao, M.
V., Julius, D., 2001. Bradykinin and nerve growth factor release the capsaicin
receptor from PtdIns(4,5)P2-mediated inhibition. Nature.
https://doi.org/10.1038/35082088

Cook, A.D., Christensen, A.D., Tewari, D., McMahon, S.B., Hamilton, J.A., 2018. Immune
Cytokines and Their Receptors in Inflammatory Pain. Trends Immunol 39, 240-255.
https://doi.org/10.1016/}.it.2017.12.003

Davis, A.J., Perkins, M.N., 1996. Substance P and capsaicin-induced mechanical
hyperalgesia in the rat knee joint; The involvement of bradykinin B1 and B2
receptors. BrJ Pharmacol 118, 2206-12. https://doi.org/10.1111/j.1476-
5381.1996.tb15664.x

Davis, A.J., Perkins, M.N., 1994. Induction of Bl receptors In vivo in a model of persistent
inflammatory mechanical hyperalgesia in the rat. Neuropharmacology 33, 127-33.
https://doi.org/10.1016/0028-3908(94)90107-4

Davis, J.B., Gray, J., Gunthorpe, M.J., Hatcher, J.P., Davey, PT., Overend, P., Harries, M.H.,
Latcham, J., Clapham, C., Atkinson, K., Hughes, S.A., Rance, K., Grau, E., Harper,
A.J., Pugh, P.L., Rogers, D.C., Bingham, S., Randall, A., Sheardown, S.A., 2000.
Vanilloid receptor-1 is essential for inflammatory thermal hyperalgesia. Nature 405,
183-187. https://doi.org/10.1038/35012076

Devesa, |., Ferrandiz-Huertas, C., Mathivanan, S., Wolf, C., Lujan, R., Changeux, J.P.,
Ferrer-Montiel, A., 2014. aCGRP is essential for algesic exocytotic mobilization of
TRPV1 channels in peptidergic nociceptors. Proc Natl Acad SciUS A 111, 18345~
50. https://doi.org/10.1073/pnas.1420252111

Dray, A., Perkins, M., 1993. BradykMn and inflammatory pain. Trends Neurosci 16, 99—
104.

Ebbinghaus, M., Uhlig, B., Richter, F., Von Banchet, G.S., Gajda, M., Brauer, R., Schaible,
H.G., 2012. The role of interleukin-1f in arthritic pain: Main involvement in thermal,
but not mechanical, hyperalgesia in rat antigen-induced arthritis. Arthritis Rheum
64, 3897-907. https://doi.org/10.1002/art.34675

Gavva, N.R., Tamir, R., Qu, Y., Klionsky, L., Zhang, T.J., Immke, D., Wang, J., Zhu, D.,
Vanderah, TW., Porreca, F., Doherty, E.M., Norman, M.H., Wild, K.D., Bannon, A.W.,
Louis, J.C., Treanor, J.J.S., 2005. AMG 9810 [(E)-3-(4-t-butylphenyl)-N-(2,3-
dihydrobenzo[b][1,4] dioxin-6-yl)acrylamide], a novel vanilloid receptor 1 (TRPV1)
antagonist with antihyperalgesic properties. Journal of Pharmacology and
Experimental Therapeutics 313, 474-84. https://doi.org/10.1124/jpet.104.079855



910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955

Ghasemlou, N., Chiu, .M., Julien, J.P., Woolf, C.J., 2015. CD11b+Ly6G- myeloid cells
mediate mechanical inflammatory pain hypersensitivity. Proc Natl Acad SciUS A
112, E6808-17. https://doi.org/10.1073/pnas.1501372112

Gold, M.S., Gebhart, G.F., 2010. Nociceptor sensitization in pain pathogenesis. Nat Med
16, 1248-57. https://doi.org/10.1038/nm.2235

Gould, H.J., 2000. Complete Freund’s adjuvant-induced hyperalgesia: A human
perception. Pain 85, 301-3. https://doi.org/10.1016/S0304-3959(99)00289-4

Held, K., Kichko, T., De Clercq, K., Klaassen, H., Van Bree, R., Vanherck, J.C., Marchand,
A., Reeh, PW.,, Chaltin, P., Voets, T., Vriens, J., 2015. Activation of TRPM3 by a
potent synthetic ligand reveals a role in peptide release. Proc Natl Acad SciU S A
112, E1363-72. https://doi.org/10.1073/pnas.1419845112

Higham, J.P., Bhebhe, C.N., Gupta, R.A., Tranter, M.M., Barakat, F.M., Dogra, H., Bab, N.,
Wozniak, E., Barker, K.H., Wilson, C.H., Mein, C.A., Raine, T., Cox, J.J., Wood, J.N.,
Croft, N.M., Wright, P.D., Bulmer, D.C., 2024. Transcriptomic profiling reveals a
pronociceptive role for angiotensin Il in inflammatory bowel disease. Pain 165,
1592-1604. https://doi.org/10.1097/j.pain.0000000000003159

Honore, P., Wismer, C.T., Mikusa, J., Zhu, C.Z., Zhong, C., Gauvin, D.M., Gomtsyan, A., El
Kouhen, R., Lee, C.H., Marsh, K., Sullivan, J.P., Faltynek, C.R., Jarvis, M.F., 2005. A-
425619 [1-isoquinolin-5-yl-3-(4-trifluoromethyl-benzyl)-urea], a novel transient
receptor potential type V1 receptor antagonist, relieves pathophysiological pain
associated with inflammation and tissue injury in rats. Journal of Pharmacology
and Experimental Therapeutics 314, 410-21.
https://doi.org/10.1124/jpet.105.083915

Hsieh, W.S., Kung, C.C., Huang, S.L., Lin, S.C., Sun, W.H., 2017. TDAGS8, TRPV1, and
ASIC3 involved in establishing hyperalgesic priming in experimental rheumatoid
arthritis. Sci Rep 7, 8870. https://doi.org/10.1038/s41598-017-09200-6

Hu, H., Bandell, M., Petrus, M.J., Zhu, M.X., Patapoutian, A., 2009. Zinc activates
damage-sensing TRPA1 ion channels. Nat Chem Biol 5, 183-90.
https://doi.org/10.1038/nchembio.146

Hu, Y., Gu, Q., Lin, R.L., Kryscio, R., Lee, L.Y., 2010. Calcium transient evoked by TRPV1
activators is enhanced by tumor necrosis factor-a in rat pulmonary sensory
neurons. Am J Physiol Lung Cell Mol Physiol 299, L483-92.
https://doi.org/10.1152/ajplung.00111.2010

Hucho, T., Levine, J.D., 2007. Signaling Pathways in Sensitization: Toward a Nociceptor
Cell Biology. Neuron 55, 365-76. https://doi.org/10.1016/j.neuron.2007.07.008

Hylden, J.L.K., Noguchi, K., Ruda, M.A., 1992. Neonatal capsaicin treatment attenuates
spinal Fos activation and dynorphin gene expression following peripheral tissue
inflammation and hyperalgesia. Journal of Neuroscience 12, 1716-25.
https://doi.org/10.1523/jneurosci.12-05-01716.1992

Jordt, S.E., Tominaga, M., Julius, D., 2000. Acid potentiation of the capsaicin receptor
determined by a key extracellular site. Proc Natl Acad Sci U S A 97, 8134-9.
https://doi.org/10.1073/pnas.100129497

Julius, D., 2013. TRP channels and pain. Annu Rev Cell Dev Biol 29, 355-384.
https://doi.org/10.1146/annurev-cellbio-101011-155833

Keeble, J., Russell, F., Curtis, B., Starr, A., Pinter, E., Brain, S.D., 2005. Involvement of
transient receptor potential vanilloid 1 in the vascular and hyperalgesic



956 components of joint inflammation. Arthritis Rheum 52, 3248-3256.

957 https://doi.org/10.1002/art.21297
958 Kelemen, B., Pinto, S., Kim, N., Lisztes, E., Hanyicska, M., Vladar, A., Olah, A., Pénzes,
959 Z.,Shu, B., Vriens, J., Bird, T., Rohacs, T., Voets, T., Toth, B.l., 2021. The TRPM3 ion
960 channel mediates nociception but not itch evoked by endogenous pruritogenic
961 mediators. Biochem Pharmacol 183, 114310.
962 https://doi.org/10.1016/j.bcp.2020.114310
963 King, JW., Bennett, A.S\W., Wood, H.M., Baker, C.C., Alsaadi, H., Topley, M., Vanner,
964 S.A., Reed, D.E., Lomax, A.E., 2024. Expression and function of transient receptor
965 potential melastatin 3 in the spinal afferent innervation of the mouse colon. AmJ
966 Physiol Gastrointest Liver Physiol 326, G176-G186.
967 https://doi.org/10.1152/ajpgi.00230.2023
968 Krigel, U., Straub, |., Beckmann, H., Schaefer, M., 2017. Primidone inhibits TRPM3 and
969 attenuates thermal nociception in vivo. Pain 158, 856-867.
970 https://doi.org/10.1097/j.pain.0000000000000846
971 Kwan, K.Y., Allchorne, A.J., Vollrath, M.A., Christensen, A.P., Zhang, D.S., Woolf, C.J.,
972 Corey, D.P., 2006. TRPA1 Contributes to Cold, Mechanical, and Chemical
973 Nociception but Is Not Essential for Hair-Cell Transduction. Neuron 50, 277-89.
974 https://doi.org/10.1016/j.neuron.2006.03.042
975 Lee, SY., Lee, J.H., Kwon, K.K., Hwang, SY., Kang, D.C., Oh, U., 2005. Sensitization of
976 vanilloid receptor involves an increase in the phosphorylated form of the channel.
977 Arch Pharm Res 28, 405-12. https://doi.org/10.1007/BF02977669
978 Lennertz, R.C., Kossyreva, E.A., Smith, A.K., Stucky, C.L., 2012. TRPA1 mediates
979 mechanical sensitization in nociceptors during inflammation. PLoS One 7, e43597.
980 https://doi.org/10.1371/journal.pone.0043597
981 Li, L., Fox, B., Keeble, J., Salto-Tellez, M., Winyard, P.G., Wood, M.E., Moore, P.K.,
982 Whiteman, M., 2013. The complex effects of the slow-releasing hydrogen sulfide
983 donor GYY4137 in a model of acute joint inflammation and in human cartilage
984 cells. J Cell Mol Med 17, 365-76. https://doi.org/10.1111/jcmm.12016
985 Linley, J.E., Rose, K., Ooi, L., Gamper, N., 2010. Understanding inflammatory pain: lon
986 channels contributing to acute and chronic nociception. Pflugers Arch 459, 657-
987 69. https://doi.org/10.1007/s00424-010-0784-6
988 Majeed, Y., Agarwal, A.K., Naylor, J., Seymour, V.A.L., Jiang, S., Muraki, K., Fishwick,
989 C.W.G., Beech, D.J., 2010. Cis-isomerism and other chemical requirements of
990 steroidal agonists and partial agonists acting at TRPM3 channels. BrJ Pharmacol
991 161, 430-41. https://doi.org/10.1111/j.1476-5381.2010.00892.x
992 Majeed, Y., Tumova, S., Green, B.L., Seymour, V.A.L., Woods, D.M., Agarwal, A.K.,
993 Naylor, J., Jiang, S., Picton, H.M., Porter, K.E., O’Regan, D.J., Muraki, K., Fishwick,
994 C.W.G., Beech, D.J., 2012. Pregnenolone sulphate-independent inhibition of TRPM3
995 channels by progesterone. Cell Calcium 51, 1-11.
996 https://doi.org/10.1016/j.ceca.2011.09.005
997 Mathivanan, S., Devesa, |., Changeux, J.P., Ferrer-Montiel, A., 2016. Bradykinin induces
998 TRPV1 exocytotic recruitment in peptidergic nociceptors. Front Pharmacol 7.
999 https://doi.org/10.3389/fphar.2016.00178
1000 Mulier, M., Van Ranst, N., Corthout, N., Munck, S., Berghe, P. Vanden, Vriens, J., Voets,
1001 T., Moilanen, L., 2020. Upregulation of TRPMS3 in nociceptors innervating inflamed

1002 tissue. Elife 9, €61103. https://doi.org/10.7554/ELIFE.61103



1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049

Nicol, G.D., Lopshire, J.C., Pafford, C.M., 1997. Tumor necrosis factor enhances the
capsaicin sensitivity of rat sensory neurons. The Journal of Neuroscience 17, 975-
82.

Nilius, B., Szallasi, A., 2014. Transient receptor potential channels as drug targets: From
the science of basic research to the art of medicine. Pharmacol Rev 66, 676-814.
https://doi.org/10.1124/pr.113.008268

Patapoutian, A., Tate, S., Woolf, C.J., 2009. Transient receptor potential channels:
Targeting pain at the source. Nat Rev Drug Discov 8, 55-68.
https://doi.org/10.1038/nrd2757

Pattison, L.A., Cloake, A., Chakrabarti, S., Hilton, H., Rickman, R.H., Higham, J.P., Meng,
MY., Paine, LW., Qiu, L., Ritoux, A., Bulmer, D.C., Callejo, G., St John Smith, E.,
2024. Digging deeper into pain — an ethological behavior assay correlating well-
being in mice with human pain experience. Pain.
https://doi.org/10.1101/2023.08.18.553862

Petho, G., Reeh, PW., 2012. Sensory and signaling mechanisms of bradykinin,
eicosanoids, platelet-activating factor, and nitric oxide in peripheral nociceptors.
Physiol Rev. https://doi.org/10.1152/physrev.00048.2010

Petrus, M., Peier, A.M., Bandell, M., Hwang, S.W., Huynh, T., Olney, N., Jegla, T.,
Patapoutian, A., 2007. Arole of TRPA1 in mechanical hyperalgesia is revealed by
pharmacological inhibition. Mol Pain 3. https://doi.org/10.1186/1744-8069-3-40

Pinho-Ribeiro, F.A., Verri, W.A., Chiu, I.M., 2017. Nociceptor Sensory Neuron-Immune
Interactions in Pain and Inflammation. Trends Immunol.
https://doi.org/10.1016/j.it.2016.10.001

Prado, J., Westerink, R.H.S., Popov-Celeketic, J., Steen-Louws, C., Pandit, A., Versteeg,
S., Wouter van de Worp, Kanters, D.H.A.J., Reedquist, K.A., Koenderman, L., C. Erik
Hack, Eijkelkamp, N., 2021. Cytokine receptor clustering in sensory neurons with
an engineered cytokine fusion protein triggers unique pain resolution pathways.
Proc Natl Acad SciUS A 118, e2009647118.
https://doi.org/10.1073/pnas.2009647118

Roelens, R., Peigneur, A.N.F., Voets, T., Vriens, J., 2024. Neurodevelopmental disorders
caused by variants in TRPM3. Biochim Biophys Acta Mol Cell Res 1871, 119709.
https://doi.org/10.1016/j.bbamcr.2024.119709

Safieh-Garabedian, B., Poole, S., Allchorne, A., Winter, J., Woolf, C.J., 1995. Contribution
of interleukin-1f to the inflammation-induced increase in nerve growth factor
levels and inflammatory hyperalgesia. Br J Pharmacol 115, 1265-1275.
https://doi.org/10.1111/j.1476-5381.1995.tb15035.x

Shin, J., Cho, H., Hwang, SW., Jung, J., Shin, CY., Lee, S.., Kim, S.H., Lee, M.G., Choi,
Y.H., Kim, J., Haber, N.A., Reichling, D.B., Khasar, S., Levine, J.D., Oh, U., 2002.
Bradykinin-12-lipoxygenase-VR1 signaling pathway for inflammatory hyperalgesia.
Proc Natl Acad Sci U S A 99, 10150-5. https://doi.org/10.1073/pnas.152002699

Straub, I., Kragel, U., Mohr, F., Teichert, J., Rizun, O., Konrad, M., Oberwinkler, J.,
Schaefer, M., 2013. Flavanones that selectively inhibit TRPM3 attenuate thermal
nociception in vivo. Mol Pharmacol 84, 736-750.
https://doi.org/10.1124/mol.113.086843

Strotmann, R., Harteneck, C., Nunnenmacher, K., Schultz, G., Plant, T.D., 2000.
OTRPC4, a nonselective cation channel that confers sensitivity to extracellular
osmolarity. Nat Cell Biol 2, 695-702.



1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095

Su, S, Yudin, Y., Kim, N., Tao, Y.X., Rohacs, T., 2021. TRPM3 channels play roles in heat
hypersensitivity and spontaneous pain after nerve injury. Journal of Neuroscience
41, 2457-2474. https://doi.org/10.1523/JNEUROSCI.1551-20.2020

Sugiura, T., Tominaga, M., Mizumura, H.K.K., 2002. Bradykinin lowers the threshold
temperature for heat activation of vanilloid receptor 1. J Neurophysiol 88, 544-8.
https://doi.org/10.1152/jn.2002.88.1.544

Tan, C.H., McNaughton, P.A., 2016. The TRPM2 ion channel is required for sensitivity to
warmth. Nature 536, 460-3. https://doi.org/10.1038/nature19074

Ueda, H., Inoue, M., Yoshida, A., Mizuno, K., Yamamoto, H., Maruo, J., Matsuno, K., Mita,
S., 2001. Metabotropic neurosteroid/o-receptor involved in stimulation of
nociceptor endings of mice. Journal of Pharmacology and Experimental
Therapeutics 298, 703-10.

Vandewauw, |., De Clercq, K., Mulier, M., Held, K., Pinto, S., Van Ranst, N., Segal, A.,
Voet, T., Vennekens, R., Zimmermann, K., Vriens, J., Voets, T., 2018. ATRP channel
trio mediates acute noxious heat sensing. Nature 555, 662-666.
https://doi.org/10.1038/s41586-018-0100-8

Vangeel, L., Benoit, M., Miron, Y., Miller, P.E., De Clercq, K., Chaltin, P., Verfaillie, C.,
Vriens, J., Voets, T., 2020. Functional expression and pharmacological modulation
of TRPM3 in human sensory neurons. BrJ Pharmacol 177, 2683-2695.
https://doi.org/10.1111/bph.14994

Vanneste, M., Mulier, M., Freitas, A.C.N., Van Ranst, N., Kerstens, A., Voets, T.,
Everaerts, W., 2022. TRPM3 is expressed in afferent bladder neurons and is
upregulated during bladder inflammation. Int J Mol Sci 23, 107.
https://doi.org/10.3390/ijms23010107

Vriens, J., Owsianik, G., Hofmann, T., Philipp, S.E., Stab, J., Chen, X., Benoit, M., Xue, F.,
Janssens, A., Kerselaers, S., Oberwinkler, J., Vennekens, R., Gudermann, T., Nilius,
B., Voets, T., 2011. TRPM3 Is a Nociceptor Channel Involved in the Detection of
Noxious Heat. Neuron 70, 482-494. https://doi.org/10.1016/j.neuron.2011.02.051

Wagner, T.F.J., Loch, S., Lambert, S., Straub, I., Mannebach, S., Mathar, I., Dufer, M., Lis,
A., Flockerzi, V., Philipp, S.E., Oberwinkler, J., 2008. Transient receptor potential M3
channels are ionotropic steroid receptors in pancreatic B cells. Nat Cell Biol 10,
1421-30. https://doi.org/10.1038/ncb1801

Wang, H., Ehnert, C., Brenner, G.J., Woolf, C.J., 2006. Bradykinin and peripheral
sensitization. Biol Chem 387, 11-4. https://doi.org/10.1515/BC.2006.003

Wang, S., Dai, Y., Fukuoka, T., Yamanaka, H., Kobayashi, K., Obata, K., Cui, X.,
Tominaga, M., Noguchi, K., 2008. Phospholipase C and protein kinase A mediate
bradykinin sensitization of TRPA1: A molecular mechanism of inflammmatory pain.
Brain 131, 1241-51. https://doi.org/10.1093/brain/awn060

Woolf, C.J., Allchorne, A., Safieh-Garabedian, B., Poole, S., 1997. Cytokines, nerve
growth factor and inflammatory hyperalgesia: The contribution of tumour necrosis
factor a. BrJ Pharmacol 121, 417-24. https://doi.org/10.1038/sj.bjp.0701148

Wu, L.J., Sweet, T.B., Clapham, D.E., 2010. International Union of Basic and Clinical
Pharmacology. LXXVI. Current progress in the Mammalian TRP ion channel family.
Pharmacol Rev. https://doi.org/10.1124/pr.110.002725

Xie, M.X., Cao, X., Zeng, W.A., Lai, R.C., Guo, L., Wang, J.C., Xiao, Y. Bin, Zhang, X.,
Chen, D., Liu, X.G., Zhang, X.L., 2021. ATF4 selectively regulates heat nociception



1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118

1119

and contributes to kinesin-mediated TRPM3 trafficking. Nat Commun 12, 1401.
https://doi.org/10.1038/s41467-021-21731-1

Yu, L., Yang, F., Luo, H., Liu, FY., Han, J.S., Xing, G.G., Wan, Y., 2008. The role of TRPV1 in
different subtypes of dorsal root ganglion neurons in rat chronic inflammatory
nociception induced by complete Freund’s adjuvant. Mol Pain 4, 61.
https://doi.org/10.1186/1744-8069-4-61

Zhang, W., Lyu, J., Xu, J., Zhang, P., Zhang, S., Chen, Y., Wang, Y., Chen, G., 2021. The
related mechanism of complete Freund’s adjuvant-induced chronic inflammation
pain based on metabolomics analysis. Biomedical Chromatography 35, €5020.
https://doi.org/10.1002/bmc.5020

Zhang, X., Huang, J., McNaughton, P.A., 2005. NGF rapidly increases membrane
expression of TRPV1 heat-gated ion channels. EMBO Journal 24, 4211-23.
https://doi.org/10.1038/sj.emb0j.7600893

Zhao, M., Liu, L., Chen, Z., Ding, N., Wen, J., Liu, J., Ge, N., Zhang, X., 2022. Upregulation
of transient receptor potential cation channel subfamily M member-3 in bladder
afferents is involved in chronic pain in cyclophosphamide-induced cystitis. Pain
163, 2200-2212. https://doi.org/10.1097/j.pain.0000000000002616

Zucoloto, A.Z., Manchope, M.F,, Borghi, S.M., dos Santos, T.S., Fattori, V., Badaro-
Garcia, S., Camilios-Neto, D., Casagrande, R., Verri, W.A., 2019. Probucol
Ameliorates Complete Freund’s Adjuvant-Induced Hyperalgesia by Targeting
Peripheral and Spinal Cord Inflammation. Inflammation 42, 1474-1490.
https://doi.org/10.1007/s10753-019-01011-3



1120
1121

1122

1123
1124
1125
1126
1127
1128

1129
1130

Supplementary information

Supplementary figure 1:

a) b)
Q)
. T
Bl TRPV1 3, TRPVA-
I:] TRPV1- Gg-’- 6 p=0.0131 B TRPV1*
n=1263 L
- 4
e,
0, £ il
43.78% < 0 w T I”“ i
14 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64

Diameter (pm)

Supplementary Figure 1. Expression of TRPV1 in murine DRG sensory neurons. a) Proportion of DRG
neurons (L2-L5) that express TRPV1 in naive mice (n = 1263 neurons, 8 sections, 2 mice). b) Relative frequency
distribution of whole DRG neuron soma diameter expressing TRPV1 immunoreactivity. Least squares regression
comparing best-fit values of mean soma size; R2 = 0.87 + 0.008; degrees of freedom 8 (TRPV1*) and 8 (TRPV1-
); F (1, 16) = 7.795; p = 0.0131. P values are shown in plots. Least squares regression comparing best-fit values
of mean soma size. R? = 0.77 + 0.038.
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Supplementary figure 2:
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Supplementary Figure 2. Responsiveness of TRPM3* sensory neurons to pro-inflammatory mediators. a)
Ratiometric [Ca?*]i increase in cultured DRG neurons in response to bradykinin (n = 112; 2 mice), IL-1B (n = 153;
2 mice), IL-6 (n = 12; 2 mice) and TNFa (n = 112; 2 mice). Kruskal-Wallis test with Dunn’s multiple comparison test
(p = 0.0082) b) Proportion of cultured DRG neurons that respond to bradykinin (n = 344 neurons, 2 mice). c)
Proportion of cultured DRG neurons that respond to IL-13 (n = 486 neurons, 2 mice). d) Proportion of cultured
DRG neurons that respond to IL-6 (n = 269 neurons, 2 mice). e) Proportion of cultured DRG neurons that respond
to TNFa (n = 368 neurons, 2 mice). f) Ratiometric [Ca®*]i increase in response to PregS in bradykinin-responding
(n =112, 2 mice) and non-responding (n = 168, 2 mice) cultured DRG neurons. Two-tailed Mann Whitney test. g)
Ratiometric [Ca?*]i increase in response to PregS in IL-1B-responding (n = 153, 2 mice) and non-responding (n =
203, 2 mice) cultured DRG neurons. Two-tailed Mann Whitney test. h) Ratiometric [Ca?*]i increase in response to
PregS in IL-6-responding (n = 12, 2 mice) and non-responding (n = 195, 2 mice) cultured DRG neurons. Two-tailed
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Mann Whitney test. i) Ratiometric [Ca?*]i increase in response to PregS in TNFa-responding (n = 112, 2 mice) and
non-responding (n = 165, 2 mice) cultured DRG neurons. Two-tailed Mann Whitney test. P values are shown in
plots. In a, f, g, h and i, data shown as box and whiskers (centre line, median; box, 25"-75™" percentiles; whiskers,
10%-90™ percentiles; dots, outliers).

Supplementary Figure 3:
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Supplementary Figure 3. Inflammatory mediators do not affect the expression and translocation of TRPM3
in either TRPV1-expressing or non-TRPV1-expressing DRG neurons. a) Representative image of the cell area
selected for channel expression quantification at the plasma membrane (blue lines, left), defined as outermost 1
pum of the cell surface, and the cytoplasm (yellow lines, right), defined as the area 1 ym inward from the cell surface,
excluding the nucleus. b) Quantification of TRPM3 translocation to the plasma membrane, measured as ratio
between fluorescence in the membrane and the cytoplasm in TRPV1* and TRPV1- DRG neurons. Two-way
repeated measures ANOVA with Sidak’s multiple comparisons test; F (4, 119) = 0.5276, P = 0.7157. Quantification
of TRPM3 expression in the plasma membrane (c, 2-way repeated measures ANOVA with Sidak’s multiple
comparisons test; F (4, 119) =40.59, P < 0.0001) and cytoplasm (d, 2-way repeated measures ANOVA with Sidak’s
multiple comparisons test; F (4, 119) = 36.31, P < 0.0001) in TRPV1* and TRPV1- DRG neurons incubated with
inflammatory cytokines, measured as mean grey value. In b-d: vehicle, n = 20 TRPV1* neurons and n = 5 TRPV1-
neurons; soup of inflammatory mediators, n = 20 TRPV1* neurons and n = 6 TRPV1- neurons; bradykinin, n = 21
TRPV1* neurons and n = 6 TRPV1- neurons; IL-1B, n =21 TRPV1* neurons and n = 5 TRPV1- neurons; and TNFa,
n = 20 TRPV1* neurons and n = 5 TRPV1- neurons. P values are shown in plots. In b, ¢ and d, data shown as
mean + SD.
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Supplementary Figure 4:
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Supplementary Figure 4. Expression of TRPM3 and TRPV1 in knee-innervating DRG neurons. a)
Representative image of a whole DRG section (L4) showing TRPM3 (yellow), TRPV1 (magenta) and Fast Blue
(cyan) expression. b) Proportion of Fast Blue* sensory neurons after dye injection into the knee. ¢) Proportion of
knee-innervating DRG neurons that express TRPM3 (n = 43/65 neurons, 1263 neurons [total]). ¢) Proportion of
knee-innervating DRG neurons that express TRPV1 (n = 32/65 neurons, 1263 neurons [total]).
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Supplementary Figure 5. Decreased digging behaviour in mice undergoing CFA-induced knee
inflammation and association with increased TRPV1 neuronal expression. a) Ratio of ipsilateral knee width
to contralateral knee width on the day of injections and 24-hours after (saline, n = 5; CFA, n = 6). Two-way repeated
measures ANOVA with Sidak’s multiple comparisons test; F (1, 9) = 18.2, P = 0.0021. b) Time spent digging before
injections and 24 hours after (saline, n = 5; CFA, n = 6). Two-way repeated measures ANOVA with Sidak’s multiple
comparisons test; F (1, 9) = 5.256, P = 0.0476. ¢) Number of visible burrows at the conclusion of the 3-minute
digging test on the day of injections and 24 hours after (saline, n = 5; CFA, n = 6). Two-way repeated measures
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ANOVA with Sidak’s multiple comparisons test; F (1, 9) = 14.7, P = 0.0040. d) Latency of mice to dig on the day of
injections and 24-hours after (saline, n = 5; CFA, n = 6). Two-way repeated measures ANOVA with Sidak’s multiple
comparisons test; F (1, 9) =6.589, P = 0.0303. e) Proportion of knee-innervating DRG neurons (L2-L5) that express
TRPV1 (saline n = 19/42 neurons [FB], 951 neurons [total]; CFA n = 25/39 neurons [FB], 998 neurons [total]; 3
mice/group). Two-sided Fisher’s exact test. f) Proportion of knee-innervating (Fast Blue*) DRG neurons (L2-L5)
(saline n = 42/951 neurons [total]; CFA n = 39/998 neurons [total]; 3 mice/group). Two-sided Fisher’s exact test. P
values are shown in plots. In b, c and d, data shown as mean + SD.
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Supplementary Figure 6. Time spent standing on the contralateral rear paw after treatment with
isosakuranetin. Percentage of time spent standing on the contralateral rear paw at the conclusion of the 3-minute
test on the day of injections and 24-hours after (saline+isos, n = 5; CFA+veh, n = 5; CFA+isos, n = 7). Two-way
repeated measures ANOVA with Sidak’s multiple comparisons test; F (2, 14) = 0.1149, P = 0.8923. P values are
not shown as statistical test did not show statistically significant differences between groups or time points. Data
shown as mean + SD.



