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Upregulation of transient receptor potential cation
channel subfamilyMmember-3 in bladder afferents
is involved in chronic pain in cyclophosphamide-
induced cystitis
Mengmeng Zhao, Lei Liu, Zhenghao Chen, Ning Ding, Jiliang Wen, Jiaxin Liu, Nan Ge, Xiulin Zhang*

Abstract
The transient receptor potential cation channel subfamily M member-3 (TRPM3) channel is a recently recognized noxious heat
sensor that is involved in inflammatory thermal hyperalgesia. To examine its involvement in the development of hyperalgesia in
interstitial cystitis/painful bladder syndrome (IC/PBS), rats with cyclophosphamide (CYP)-induced chronic cystitis were used as a
model of IC/PBS. Mechanical and thermal hyperalgesia in lower abdominal region overlying the bladder in CYP rats were measured
using von Frey filaments and radiant heat, respectively. Transient receptor potential cation channel subfamily M member-3
expression at the mRNA, protein, and functional levels in dorsal root ganglion neurons innervating the bladder was detected using
RNA in situ hybridization (RNAscope), Western blotting, immunohistochemistry, and Ca21 imaging, respectively. Transient receptor
potential cation channel subfamily M member-3 channels were expressed on most of the bladder primary afferent nerve terminals
containing calcitonin gene–related peptide and their cell bodies in L6-S1 dorsal root ganglion. Activation of TRPM3 in the bladder
wall by its specific agonist pregnenolone sulphate or CIM0216 induced spontaneous bladder pain, calcitonin gene–related peptide
release, and neurogenic inflammation that was evidenced by edema, plasma extravasation, inflammatory cell accumulation, and
mast cell infiltration. In CYP rats, pretreatment with the TRPM3 antagonist primidone (2 mg/kg, i.p.) significantly alleviated the
mechanical and thermal hyperalgesia, bladder submucosal edema, mast cell infiltration, and bladder hyperactivity.
Cyclophosphamide-induced cystitis was associated with TRPM3 upregulation at the mRNA, protein, and functional levels in
bladder afferent neurons. Our results suggest that upregulation of TRPM3 channels is involved in the development of chronic pain in
CYP-induced cystitis, and targeting TRPM3 may be a pharmacological strategy for treating bladder pain in IC/PBS.
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1. Introduction

Interstitial cystitis/painful bladder syndrome (IC/PBS) is a common,
chronic pelvic disorder affecting approximately;16%of theWestern
population.31 The cardinal symptom of IC/PBS is pain or discomfort
in the urinary bladder or pelvic areas. Pain can severely impair the
quality of life of IC/PBS patients. However, the pathophysiological
mechanisms underlying bladder pain are not yet clear.6 The pain is
often associated with bladder filling, which suggests hypersensitivity
of bladder sensory afferents. The bladder afferent hypersensitivity

could be revealed by the fact that intravesical lidocaine or botulinum
toxin A treatment reduced bladder pain in IC/PBS patients.31

The bladder primary sensory afferents consist of myelinated Ad
fibers and unmyelinated C fibers that originate from cell bodies
located in the lumbosacral dorsal root ganglia (DRG). Molecular
sensors, such as transient receptor potential (TRP) channels,
expressed on primary sensory afferents detect mechanical and
chemical changes in the bladder and convey information to the
central nervous system. Alteration in the expression of these
channels has been implicated in hyperalgesia in IC/PBS patients20

or animal models of IC/PBS.12 Transient receptor potential ankyrin
1 (TRPA1) and transient receptor potential vanilloid 1 (TRPV1) are
the 2 critical nociceptive channels that have been shown to be
involved in the development of hyperalgesia in animalmodels of IC/
PBS.12,25 The TRPV1 agonist capsaicin or resiniferatoxin (which
desensitizes C fibers) and the TRPA1 inhibitor HC030031 can
effectively reduce the bladder pain behavior of IC patients ormodel
animals.16,28 However, these agents have not been approved for
clinical use. Furthermore, most of TRPV1 antagonists have serious
side effects.33,41 It is paramount to identify novel targets for the
development of safer and more efficacious treatments for IC/PBS.

Transient receptor potential cation channel subfamily M
member-3 (TRPM3) is a novel thermosensitive channel
expressed in a large subset of nociceptive sensory neurons in
DRG and trigeminal ganglia from rodents and humans.37,40 It is a
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calcium-permeable cation channel that can be activated by
noxious heat (.40˚C) or chemical ligands, including the neuro-
steroid pregnenolone sulphate (PS) and the potent synthetic
ligand 3,4-dihydro-N-(5-methyl-3-isoxazolyl)-a-phenyl-1(2H)-
quinolineacetamide (CIM0216).34 Transient receptor potential
cation channel subfamily M member-3 activation can induce
calcitonin gene–related peptide (CGRP) release from nerve
endings in the skin, resulting in neurogenic inflammation.19

Transient receptor potential cation channel subfamily Mmember-
3 plays an essential role as a pain sensor, causing heat
hypersensitivity or hyperalgesia under conditions of nerve injury
and inflammation.36 Thus, pharmacologically targeting TRPM3
activity may be useful for treating pathological pain.

However, almost all studies on the roles of TRPM3 in
nociception and chronic pain exclusively focus on somatic
neurons.23,29 Its roles in visceral nociception and chronic visceral
pain have not been studied. In particular, no reports were found on
its roles in the development of hyperalgesia related to IC/PBS. In
this study, we aimed to (1) examine TRPM3 expression in primary
afferents retrogradely labeled from the bladder; (2) examine the role
of TRPM3 in bladder nociception by injecting TRPM3 agonist into
the bladder wall to activate TRPM3; and (3) determine whether
there are changes in TRPM3 (at the mRNA, protein, and functional
levels) and its role in hyperalgesia in a commonly used
cyclophosphamide (CYP)-induced IC/PBS animal model.

2. Materials and methods

2.1. Experimental animals

Female Sprague-Dawley rats (virgins 2-3 months old, 180-250 g;
from Wugyue animal Company, Jinan, China) were used in this
study. The main reason we selected female rats is because the
incidence of interstitial cystitis is 5 times higher in women than
men.31 Rats were housed with free access to food and water. Care
and handling of the animals were in accordance with the Shandong
University Animal Care and Use Committee. The study was
approved by the Ethics Committee of the SecondHospital, Cheeloo
College of Medicine, Shandong University (KYll-2020kJA-0074).

2.2. Injection of pregnenolone sulphate or CIM0216 into
bladder wall

A lower midline abdominal incision was made under isoflurane
anesthesia, and the bladder was separated from surrounding
tissues. Pregnenolone sulphate (100 mM) or CIM0216 (10 mM)
solution was injected into the bladder wall (25 mL total volume, 5
sites) with a microinjector. In other 2 group of rats, either
olcegepant hydrochloride (BIBN, 100 mM, a CGRP receptor
antagonist) or primidone (prim, 10 mM, an TRPM3 antagonist) was
co-injected with CIM0216. Vehicle rats received equal volume of
vehicle solution (0.1%dimethyl sulfoxide in normal saline). Then the
abdominal incision was sutured and smeared with a layer of
tetracaine ointment for skin pain relief. To see the nociceptive
responses induced by PS or CIM0216, bladder pain behaviors
were measured at 30 minutes after the drug injections, and then
bladder tissues were removed for histological examination.

2.3. Behavioral responses (eye movement and locomotion)
to pregnenolone sulphate or CIM0216 injection

At 30 minutes after the drug injection, spontaneous pain was
evaluated based on the methods described by Boucher et al.
with modifications.7 The following scores were assigned for

eye movement: 1 for normal opening, 3 for half-closing, 5 for
complete closing, and 2 and 4 for the 2 intermediate positions
between open and half-closed, and between half-closed and
closed, respectively. For the locomotion evaluation, a score of
1 to 5 was assigned. A score of 5 was assigned when
locomotion did not change (during the 10-minute observation
period) compared with preinjection locomotion. A score of 5
was assigned for complete limpness of hind limbs, motion-
lessness, or body stretching. The assessments were per-
formed in a blinded manner with respect to the treatment.

2.4. Calcitonin gene–related peptide release assay

The animals were killed after behavioral studies by an overdose of
pentobarbital sodium (200 mg/kg, i.p.). The bladder was harvested
and immediately frozen in liquid nitrogen and stored until use. The
CGRPcontent of bladder wasmeasured using commercial enzyme
immunoassay kits with a detection threshold of 6.25 pg/mL
(CUSABIO; Wuhan, China). Briefly, bladder tissues were homoge-
nized with PBS and underwent 2 cycles freezing and thawing. Then
they were centrifuged at a speed of 5000g for 5 minutes, and the
liquid supernatant was added into plates for photometrical analysis
using a microplate reader (TECAN) at 450 nm.

2.5. Toluidine blue staining, Evans blue extravasation, and
hematoxylin and eosin staining

2.5.1. Toluidine blue staining

The bladder was harvested after behavioral studies and fixed in
buffered 10% formaldehyde for 24 to 48 hours, embedded in
paraffin, and bladder sections (4-mm) were stained with Toluidine
Blue O (Sigma-Aldrich, Steinheim, Germany) dissolved in 0.1 mM
anhydrous sodium acetate solution. The total number of mast
cells and the number of degranulated mast cells were quantified
in 5 sections per rat.

2.5.2. Evans blue extravasation

Under isoflurane anesthesia, Evans blue (Sigma-Aldrich) was
injected intravenously (65 mg/kg) 30 minutes before the removal
of the bladder tissue. Next, the removed bladder was blotted on
wet filter paper, weighed, and left in formamide (3 mL) at room
temperature for 72 hours. Thereafter, absorbance wasmeasured
spectrophotometrically (620 nm) and the concentration of
extracted Evans blue (expressed as micrograms per gram of
wet tissue weight) was determined using a standard curve
according to the manufacturer’s instructions.

2.5.3. Hematoxylin and eosin staining

Hematoxylin and eosin staining was performed according to a
standard protocol.8 Briefly, the bladder tissues were fixed with
4% paraformaldehyde, dehydrated, embedded in paraffin, and
cut into sections (4 mm). Thereafter, the sections were deparaffi-
nized and rehydrated in a graded ethanol series. The inflamma-
tory cells were quantified (density per unit area) by randomly
counting the number of cells in 4 areas under high-power fields
(HPF, 3400).

2.6. Animal model of chronic cystitis

Based on the literature reports,26 CYP (75 mg/kg; Sigma) was
injected intraperitoneally (i.p.) in rats on the first, fourth, and
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seventh day to establish the chronic cystitis model, whereas
rats in the control group received equal volume of normal saline
(i.p) on the same day as in CYP group. Rats were killed 24
hours after the third injection for histological examination or
DRG neuron isolation.

2.7. Mechanical and thermal hyperalgesia assessment in
cyclophosphamide rats

2.7.1. Abdominal mechanical hyperalgesia

Each rat was individually placed in a Plexiglas chamber (63 103
12 cm3) with a stainless steel wire grid floor for acclimatization of
;10 minutes before testing. Von Frey filaments with forces of
0.04, 0.07, 0.16, 1.4, and 2.0g were applied to the lower
abdominal region overlying the bladder. Each filament was
applied 10 times for ;1 second with an interstimulus interval of
5 to 10 seconds with an up–down method. Care was taken to
stimulate different areas within the pelvic region overlying the
bladder to avoid desensitization. Three types of withdrawal
behaviors were considered as positive responses to stimula-
tion13: (1) sharp retraction of the abdomen; (2) immediate licking
or scratching of the stimulation area; and (3) jumping. For each
force, the response frequency in response to the 10 stimulations
was determined. The tests were performed in a blinded manner
with respect to the treatment. The treatment groups were
revealed after the data analysis was complete.

2.7.2. Thermal hyperalgesia

Radiant heat was administered 6 times at 5-minute intervals in the
lower abdominal region that overlying the bladder and the mean
withdraw latency was calculated, as described previously.5

Twitching, licking the abdomen, and moving away were
considered positive responses. A cutoff time of 40 seconds
was used to avoid potential tissue damage.

2.8. Dorsal root ganglia labeling

To specifically label DRG neurons innervating the urinary bladder,
1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine per-
chlorate (DiI; Invitrogen, Carlsbad CA; 17 mg/mL in saline diluted
from a stock of 170 mg/mL in DMSO) was injected into the
bladder wall (5 sites at 2mL per site) with a 30-gauge needle 10 to
14 days before Ca21 imaging and immunofluorescence. Initial
experiments showed no edematous change or hyperalgesic
responses to the retrograde labeling procedure.

2.9. Bladder whole-mount nerve and dorsal root ganglia
immunofluorescence staining

Forwhole-mount nerve staining, rat bladder tissuewas dissected by
sharp forceps to separate the mucosa from smooth muscle layer.
Then the mucosa layer was used for nerve immunofluorescence
staining. The tissue was incubated in 1 mL of blocking buffer (1%
Triton-X100, 2% bovine serum albumin [BSA], and 4% normal goat
serum in phosphate-buffered saline [PBS]) at room temperature for
30 minutes with gentle agitation. They were then incubated with
rabbit anti-TRPM3 (diluted at 1:100 in phosphate-buffered saline;
ACC-050; Alomone Labs, Jerusalem, Israel) and mouse anti-CGRP
(1:100; ab81887; Abcam) for 40 hours at 4˚C. After washing with
PBS, the sections were incubated with the secondary antibodies
(Elabscience Biotechnology Co, Ltd, Wuhan, China) Alexa Fluor
594-conjugated goat anti-mouse IgG (H1 L; 1:200) or fluorescein-

conjugatedgoat anti-rabbit IgG (H1L; 1:50) overnight at 4˚C. Tissue
was then placed on each slide, along with the aqueous mounting
media Fluoromount (Sigma-Aldrich). For DRG sections, they were
incubated only with TRPM3 antibody overnight at 4˚C followed by
fluorescein-conjugated goat anti-rabbit IgG (H 1 L; 1:50) for 1 h at
room temperature. To avoid the emission crosstalk between the
fluorophores, the red channel (DiI) was separately recorded from the
green (FITC)/far-red (Cy5) channel. To test the specificity of TRPM3
antibody, DRG or bladder sections were pre-incubated with the
synthetic blocking peptide (1:200; BLP-CC050) before adding
TRPM3 antibody. The staining was analyzed using a confocal laser
scanning microscope (ZEISS Observer.Z1; Carl Zeiss Microscopy
GmbH, Baden Wurttemberg, Germany). Images were acquired
using ZEN 2.1 (blue edition; Carl Zeiss Microscopy GmbH).

2.10. Fluorescence in situ hybridization

In situ hybridization was performed on paraffin-embedded
sections of L6-S1 DRGs (5 mm), as described previously.42

RNA transcripts were detected with the RNAscope 2.0 assay
(Advanced Cell Diagnostics, Hayward, CA) according to the
manufacturer’s instructions, using an RNAscope Fluorescent
Multiplex Reagent Kit (#320850) and probes for TRPV1
(#21014A), TRPM3 (#20321B), and TRPA1 (#19289A). The cells
were stained with 49,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich). The slides were viewed using confocal laser scanning
microscopy (ZEISS Observer.Z1; Carl Zeiss Microscopy GmbH)
and images were acquired using ZEN 2.1 (blue version; Carl Zeiss
Microscopy GmbH). Qupath-0.2.3 software was used for the
analysis. DiI-labeled (DiI1) neurons were differentiated from
unlabeled (DiI2) neurons based on mean fluorescence density
(cells were considered as DiI1 if themean fluorescence exceeded
5 times the SD of the background fluorescence) using Image J
software. Individual RNAscope dots in the green channel were
detected using a rolling-ball filter (1 mm) and spot detection
ranges from 0.8 to 2.0 mm based on the manufacturer’s
instructions (https://acdbio.com/ebook/introduction/materials-
method). Cells containing 5 or more RNAscope dots were
considered to exhibit positive expression.

2.11. Western blotting

L6-S1 DRGs were harvested and immediately stored in liquid
nitrogen. Western blotting was performed as described pre-
viously.39 Briefly, proteins were extracted, separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
Sparkjade; Jinan; China), and then transferred onto polyvinylidene
fluoride membranes. After blocking with 5% skim milk, the
membranes were incubated overnight at 4˚C with primary
antibodies against the following proteins: TRPM3 (1:200; ACC-
050; Alomone Labs, Jerusalem, Israel), TRPA1 (1:200; ACC-037;
Alomone Labs), TRPV1 (1:200; ACC-334; Alomone Labs), and
b-actin (1:2000; #3700; Cell Signaling Technology, WuHan,
China). The primary antibodies were diluted with general antibody
dilute (sevenbio, Beijing, China). To test specificity of antibodies,
polyvinylidene fluoride membranes were preincubated with
corresponding blocking peptide (BLP-CC050; BLP-CC037;
BLP-CC334; 1:200; Alomone Labs) before TRPM3, TRPA1, and
TRPV1 antibodies. The membranes were then incubated with
horseradish peroxidase–conjugated secondary antibodies. Pro-
tein bands were detected using an enhanced chemiluminescence
kit (Millipore; Burlington, VT). The band density was quantified
using a computer-assisted imaging analysis system (ImageJ).
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2.12. Dorsal root ganglia neuron isolation and culture

After a laminectomy under urethane anesthesia, L6-S1 DRGs
were removed. Ganglia were digested for 30 minutes at 37˚C in
MEM (Gibco; New York, NY) containing collagenase 4 (2 mg/mL)
and trypsin (1 mg/mL; Worthington Biochemical, Lakewood,
NJ) and mechanically dissociated. The digestion was stopped
by adding 10% FBS, and the cell suspension was centrifuged
(5 minutes at 1000 r). Cells were resuspended in serum-free
DMEM composed of 1% penicillin–streptomycin–neomycin
and were plated on poly-L-lysine–coated (Sigma-Aldrich) glass
coverslips. Cells were incubated at 37˚C in 95% O2–5% CO2

and 90% humidity for 2 to 4 h before Ca21 imaging. All
experiments were performed within 8 hours after disassocia-
tion to ensure cells with favourable viability.

2.13. Ca21 imaging

Ca21 imaging was performed as described in our previous study.43

Briefly, DRG neurons were loaded with Fura 2-AM (2 mM; Dojindo
laboratories, Tongren, Japan) for 30 minutes at 37˚C in an

atmosphere of 5% CO2 and 95% O2. Fura 2-AM was dissolved in
Hank balanced salt solution containing (in mM): 138 NaCl, 5 KCl, 0.3
KH2PO4, 4NaHCO3, 2CaCl2, 1MgCl2, 10HEPES, and 5.6 glucose,
pH 7.4. Coverslips with cells were transferred to a chamber on the
stage ofNikonmicroscope (Eclipe, Ti). Cellswere excited alternatively
at 340 and 380 nm, and the fluorescence emission was detected at
510 nm using a computer-controlled monochromator. Image pairs
were acquired every 1 to 30 seconds using illumination periods
between 20 and 50 milliseconds. Wavelength selection, timing of
excitation, and the acquisition of images were controlled using a
dynamic image analysis system (Mateflour Imaging software) running
on a personal computer. When the ratio (340/380) change is larger
than 0.1, it is considered a response. Chemicals were delivered via
bath application using a gravity-driven system.

2.14. Voiding behavior measurement

2.14.1. Cystometrograms recording

Cystometrograms were performed as described previously.24

Briefly, rats were anesthetized with urethane (1-1.2 g/kg s.c.;

Figure 1. Transient receptor potential cation channel subfamily M member-3 (TRPM3) channels are expressed in sensory afferents of rat bladder. (A–C) CGRP
(red, A) and TRPM3 (green, B) immunofluorescence and their colocalization (yellow, C) in suburothelial nerve terminals of the bladder (under3200 magnification).
(D–F) Immunofluorescence of TRPM3 (green, E) in L6 DRG neurons and in DiI1 (red, D) neurons innervating the bladder and their colocalization (yellow; F). Scale
bar5 20mm for the images. (G) Representative traces showing intracellular Ca21 increases induced by TRPM3 agonist pregnenolone sulphate (PS; 50 mM for 40
seconds), transient receptor potential ankyrin 1 agonist allyl isothiocyanate (AITC; 100 mM for 1 minute), and TRPV1 agonist capsaicin (CAP; 500 nM for 10
seconds) in 7 DiI1 DRG neurons. Each trace represents a single type of neuron with distinct response properties to the 3 agonists. KCl (K1;30mM for 5 seconds)
was applied at the end to prove the cells were neurons. Ca21 increase is expressed as the ratio of fluorescence at 340 and 380 nm (F340/F380). (H) Venn diagram
showing the proportion of the 7 types of neurons in 205 DiI1DRG neurons from 10 rats. (I) Representative traces and summary data showing that the PS-induced
Ca21 increase was blocked by the 2 specific TRPM3 antagonists, primidone (Prim, 10 mM) and isosakuranetin (Isosa, 5 mM). Note that no significant
desensitization occurred in relation to the second PS response. Values are presented as mean 6 SEM. ***P , 0.001. CGRP, calcitonin gene–related peptide.
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Sigma-Aldrich). After the bladder was exposed, a PE-50 tube
was inserted into the bladder dome. Then connected to a
syringe pump and saline solution was infused at 0.04 mL/min.
The bladder contractions were measured with a pressure
transducer connected to a data acquisition system (AD
Instruments Pty Ltd, New South Wales, Australia). The
intercontraction interval (ICI, the time between 2 reflex bladder
contractions) and nonvoiding contractions (NVCs,. 3 mm Hg
bladder pressure changes) were recorded.

2.14.2. Urine spot assay

The procedureswere referred previous study.45 Ratswere placed
individually in standard polycarbonate cages with 46 3 57-cm
filter papers (catalog no. 2300-917, Whatman) taped to the floor.
Rats were left in a darkened room for 4 hours and did not have
access to water to prevent the water leaks from disturbing urine
marks. Then filter papers were viewed under incident ultraviolet
light (AutoChemi UVP Bioimaging System, Upland, CA) to reveal
urine spots. Images of the papers were captured electronically
and were converted to black and white.

2.15. Chemicals

The chemicals used in this study include capsaicin (Sigma-Aldrich,
Inc), PS (Sigma-Aldrich, Inc), CIM0216 (Tocris, Bristol, United
Kingdom), primidone (Selleck Company, Houston, TX), allyl
isothiocyanate (AITC, Sigma-Aldrich, Inc), and Olcegepant hydro-
chloride (BIBN,MCE company,Monmouth Junction, NJ). The stock
solutions of capsaicin were prepared in 100% ethanol; the stock
solutions of primidone, PS, CIM0216, BIBN, and AITC were
prepared in DMSO. The final concentration of DMSO for cell and
animal experiments was less than 0.1%. For each chemical, the
concentrations applied in this study were selected based on reports
in the literature.

2.16. Statistical analysis

Data are reported as mean 6 SEM. Statistical analysis was
performed using the unpaired 2‐tailed Student t test for
comparisons between 2 groups and the 1‐ or 2‐way analysis of
variance followed by the Holm-Sidak method for comparisons of
multiple groups (GraphPad Prism version 8.00, SanDiego, CA).

Figure 2. Injection of pregnenolone sulphate (PS) or CIM0216 (CIM) into bladder wall induced pain responses, CGRP release and bladder neurogenic
inflammation. (A–C) Rats with CIM0216 (CIM, 10 mM) injection into bladder wall exhibited frequent eye closing (A) and body stretching (B). Rats with
vehicle control (0.1% DMSO) injection exhibited normal movement and no eye closing (C). (D) Greater edematous and congestive changes of the whole
bladder were observed in rats with PS (middle) or CIM0216 (right) injection than vehicle injection (left). (E–F) PS or CIM0216 injection induced significant
CGRP release (E) and Evans blue extravasation (F). (G) Hematoxylin and eosin staining showing that PS or CIM0216 injection induced inflammatory cell
accumulation in sub-urothelial layer mostly. (H) Toluidine blue staining indicating that PS or CIM0216 injection increased the total number of mast cells
as well as the number of degranulated mast cells. To note, the above changes (E–H) were significantly alleviated after treatment with primidone (Prim,
10 mM) or BIBN (100 mM). All the experiments were conducted at 30 minutes after the drugs injection. BIBN, olcegepant hydrochloride; CGRP, calcitonin
gene–related peptide.
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The x2 tests were used when % responsive neurons was
compared. P , 0.05 was considered statistically significant.

3. Results

3.1. Expression of TRPM3 channels in bladder
primary afferents

Previous research showed that TRPM3 is expressed in somatic
afferents with small andmedium cell bodies.40 To assesswhether
the TRPM3 channel is also expressed on bladder sensory
afferents, we first examined its expression in CGRP-containing
bladder intramural nerves in an immunohistochemical analysis.
As reported by other studies,32 CGRP-containing nerves were
found in the mucosa layer of the bladder wall (Fig. 1A). Double
labeling revealed that TRPM3 was expressed in most of the
CGRP-positive nerve fibers (Figs. 1B and C).

The cell bodies of the sensory neurons innervating the bladder
of rats are primarily in L6-S1 DRGs.27 To determine whether there
is TRPM3 expression in the cell bodies of the bladder afferents, DiI
was microinjected into the bladder wall 10 to 14 days before the
TRPM3 analysis. DiI1 neurons (Fig. 1D) accounted for 23.7%
(205 of 863) of the L6-S1 DRG neurons (n5 10 rats), and most of
the DiI1 neurons (88.7%, 182 of 205 neurons) expressed TRPM3
(Figs. 1E and F). The diameter of these DiI1 DRG neurons
expressing TRPM3 ranged from small to medium (,30 mm).

TRPM3 channel function in isolated L6-S1 DRG neurons was
examined using Ca21 imaging. PS (50 mM), a specific TRPM3
agonist, induced an intracellular Ca21 increase in 55% (112 of 205) of
DiI1 neurons (Figs. 1G and H). In contrast, the TRPV1-specific
agonist capsaicin (CAP; 500 nM) and the TRPA1 agonist allyl
isothiocyanate (AITC; 100mM) induced a Ca21 increase in 72% (147
of 205) and 39% (79 of 205) of DiI1 DRG neurons, respectively (Fig.
1H). PS induced aCa21 increase in 28%of the AITC-responsive DiI1

neurons and in 40% of the CAP-responsive DiI1 neurons (Figs. 1G
andH). The proportions of PS-, CAP-, andAITC-responsive neurons
among the DiI2 neurons were 51%, 79%, and 37%, respectively.

The PS-induced (50 mM) Ca21 increase was almost eliminated
by the specific antagonists of TRPM3 (primidone and isosakur-
anetin)23,35 (Fig. 1I). More specifically, the peak amplitude of the
PS-evoked Ca21 increase was reduced by 88% (n5 52 neurons)
in the presence of isosakuranetin (5 mM) and by 80% (n 5 46
neurons) in the presence of primidone (10 mM) (Fig. 1I).

3.2. Injection of pregnenolone sulphate or CIM0216 into
bladder wall induced pain and neurogenic inflammation

PS injection into rat or mouse hind paws can induce nociceptive
responses and neurogenic inflammation via CGRP release.19 To
assess whether PS or CIM0216 could induce similar responses in

the bladder, PS (100 mM) or CIM0216 (10 mM) was injected into the
bladder wall, and pain behaviors and inflammation responses were
evaluated at 30minutes after the injections. PS or CIM0216 injection
induced marked pain behaviors, including eye closing (Fig. 2A),
hypo-locomotion, and body stretching (Fig. 2B and Table 1)
compared with vehicle control (0.1% DMSO in saline) (Fig. 2C).

PS and CIM0216 injections also induced edematous changes
(Fig. 2D),CGRP release (Fig. 2E), plasmaextravasation (Fig. 2F), and
inflammatory cell accumulation (Fig. 2G) in the bladderwall (Table 1).
The inflammatory cell (lymphocyte and neutrophil) infiltration was
primarily confined to the interstitial space and, occasionally, in the
smooth muscle layers. Interestingly, PS or CIM0216 injections also
significantly increased the number of mast cells, especially degranu-
lated mast cells (Fig. 2H and Table 1). To note, the bladder pain
behaviors and inflammation changes induced by CIM0216 were
alleviated when the CGRP receptor antagonist olcegepant hydro-
chloride (BIBN, 100 mM) or primidone (prim; 10 mM) was injected
together with CIM0216 (CIM, 10 mM) (Figs. 2E–H and Table 1).

3.3. TRPM3 antagonist (primidone) attenuated pelvic
somatic sensitivity and inflammatory responses in rats with
cyclophosphamide-induced cystitis

Chronic cystitis was induced by 3 injections of low-dose CYP (75
mg/kg; i.p.) (Fig. 3A). Mechanical and thermal hyperalgesia were
assessedwithin 24 hours after the third CYP injection. To observe
the blocking effects of a TRPM3 antagonist on the pain behaviors,
primidone, the most potent TRPM3 antagonist with a half
maximal inhibitory concentration (IC50) of 0.6 to 0.15 mM,23

was administered (2 mg/kg, i.p.) 30 minutes before each CYP
injection in a subgroup of rats (Fig. 3A). Primidone at 2mg/kgwas
selected because this dose was shown to significantly suppress
TRPM3 activity but the plasma concentration is markedly lower
than the dose commonly used in antiepileptic therapy.23

As CYP-induced chronic cystitis can induce referred pain in the
abdominal regionaround thebladder, bladder painbehavior is usually
assessed based on somatic sensitivity to either mechanical or heat
stimuli in lower abdominal region overlying the bladder.39 In
agreement with previous research,39 the mechanical sensitivity in
the lower abdominal region (assessed using von Frey filaments) was
significantly increasedat 0.16 to2.0gafter the thirdCYP injection (Fig.
3B), and the sensitivity was significantly reduced by systemic
pretreatment with primidone (Fig. 3B). However, primidone did not
change the somatic sensitivity in control rats (data not shown). The
sensitivity to radiant heat in lower abdominal region was significantly
increased in CYP rats (Fig. 3C), and it was almost returned to the
control level by primidone (Fig. 3C).

Histological examination of the bladder wall showed that
compared with the control group (Fig. 3D), CYP rats (n 5 3)

Table 1

Injection of pregnenolone sulphate or CIM0216 into bladder wall induced pain and inflammation responses and the blocking

effect of primidone or olcegepant hydrochloride.

Eye score Locomotion score Inflammatory cell count/HPF Evans blue (mg/g) Total mast cells Degranulated mast cells

Vehicle 1.4 6 0.1 1.1 6 0.1 37.3 6 4.5 1.9 6 0.2 5.8 6 0.2 1.4 6 0.1

PS (100 mM) 2.7 6 0.2* 3.0 6 0.2* 104.7 6 8.0* 4.3 6 0.3* 10.6 6 0.3* 2.5 6 0.2*

CIM0216(10 mM) 4.4 6 0.2* 5.6 6 0.2* 276.3 6 18.1* 6.6 6 0.5* 15.4 6 0.3* 3.6 6 0.2*

Prim1CIM0216 2.0 6 0.2# 2.8 6 0.1*,# 96.0 6 8.8*,# 2.8 6 0.3# 7.2 6 0.3*,# 2.2 6 0.2*,#

BIBN1CIM0216 2.7 6 0.8*,# 2.7 6 0.2*,# 125.7 6 10.0*,# 3.2 6 0.3# 9.0 6 0.4*,#,Ş 2.2 6 0.2*,#

Eye movement and locomotion scores were measured at 30 minutes after PS, CIM0216, or vehicle injection. The severity of neurogenic inflammation was evaluated based on the inflammatory cell count (cells/high-power fields

[HPFs],3400), Evans blue extravasation, and the total number of mast cells and number of degranulated mast cells. n5 4 rats per group. *P, 0.05 vs vehicle; #P, 0.05 vs CIM0216; ŞP, 0.05 vs prim1CIM0216. BIBN,

olcegepant hydrochloride; Prim, primidone; PS, pregnenolone sulphate.
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exhibited urothelium ulceration and apparent submucosal
edema, with a larger distance between the urothelium and
muscular layer (Fig. 3E, indicated by double arrows). These
changes were significantly alleviated in primidone-pretreated
CYP rats (Fig. 3F). A significant increase in the total number of
mast cells (17.2 6 3.01 vs 5.7 6 1.11/HPF; P , 0.05) or the
number of degranulated mast cells (4.1 6 1.03 vs 1.4 6 0.23/
HPF; P , 0.05) was also observed in CYP rats compared with
control rats (Figs. 3G–I), and these changes were inhibited by
primidone pretreatment (1.86 0.16 for degranulated and 7.896
2.85 for total; P . 0.05 compared with control). Notably, there
was infiltration of few leukocytes, as reported previously.12

3.4. Chronic cystitis is associated with TRPM3 mRNA
upregulation in bladder afferent neurons

To investigate the involvement of TRPM3 in cystitis-associated pain
andbladder inflammation, TRPM3mRNAexpression inDRGneurons
was examined using single-molecule fluorescent RNA in situ

hybridization (RNAscope).22 Concurrently, the mRNA expression of
the other 2 nociceptive channels (TRPA1 and TRPV1) was also
examined.TheTRPM3mRNA inbothDiI1 (3364.6 vs1663.2dots/
cell; P, 0.001) and DiI2 (386 4.5 vs 216 3.8 dots/cell; P, 0.001)
DRGneuronswere significantly increased in CYP rats comparedwith
control rats (Figs. 4A and B). Additionally, the TRPA1 mRNA in DiI1

DRG neurons was significantly increased in CYP rats compared with
control rats (3564.67 vs2161.19dots/cell;P,0.01) (Figs. 4Aand
C). However, there was no change in TRPA1 mRNA in DiI2 neurons
(26 6 5.3 vs 31 6 2.1 dots/cell; P . 0.05) (Fig. 4C). Interestingly,
regardingTRPV1mRNA, therewasnosignificant change ineitherDiI1

(4762.1 vs5264.4dots/cell;P.0.05) orDiI2 (5767.3 vs6765.6
dots/cell; P. 0.05) DRG neurons (Figs. 4A and D).

3.5. Chronic cystitis is associated with TRPM3 protein
upregulation in L6-S1 dorsal root ganglia neurons

Western blotting was conducted to evaluate the protein
expression of the 3 TRP channels in L6-S1 DRGs (Fig. 5A). The

Figure 3.Pretreatment with the transient receptor potential cation channel subfamily Mmember-3 antagonist primidone (Prim) reduced pain behavior and bladder
neurogenic inflammation in CYP-induced cystitis rats. (A) Cystitis was induced by injecting CYP (75 mg/kg, i.p.) every 2 days for 3 times. The TRPM3-specific
antagonist primidone (10 mM) was administered (i.p.) 30 minutes before each CYP injection. (B) Mechanical allodynia in lower abdominal region was assessed
using a series of von Frey filaments on the day after the third CYP injection. Primidone pretreatment significantly reduced the mechanical sensitivity in CYP rats. *P
, 0.05, CYP vs control; #P , 0.05, CYP vs CYP 1 primidone. (C) Thermal hyperalgesia was assessed in the lower abdominal region using radiant heat. The
withdrawal latency was significantly reduced in CYP rats compared with control rats, and it almost returned to the control level in primidone-pretreated rats. **P,
0.01. (D–F) Edema in bladder submucosa (double-sided arrow) was more severe in CYP rats (E) than in control rats (D), and primidone pretreatment significantly
decreased the degree of edema (F). (G–I) Toluidine blue staining of bladder showing that mast cell infiltration (indicated by arrows) was significantly increased in
CYP rats, and it almost returned to the control level in primidone-pretreated rats. Themagnified imageswere demonstrated in the boxes. CYP, cyclophosphamide.
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antibody specificity was confirmed by the eliminated blots with
corresponding blocking peptide preincubation (Fig. 5A). Com-
pared with the control rats, CYP rats had a 1.4-fold increase in
TRPM3 (Fig. 5B), 1.41-fold increase in TRPA1 (Fig. 5C), and
1.58-fold increase in TRPV1 (Fig. 5D) protein expression.

3.6. Chronic cystitis is associated with functional TRPM3
upregulation in bladder afferent neurons

To examine the changes in TRPM3 function in CYP rats, the
intracellular Ca21 increase induced by PS (50mM) in DiI1 and DiI2

DRG neurons were compared between control (n5 10) and CYP
(n 5 10) rats. In DiI1 neurons, both the amplitude of PS-induced
Ca21 increase (0.9376 0.056 vs 0.6116 0.072; P, 0.001) and
the fraction of PS-responsive neurons (79% 6 5.5% vs 55% 6
5%; x2 test, P , 0.001) were significantly increased in CYP rats
(Figs. 6A–C). Interestingly, these parameters were also signifi-
cantly increased in DiI2 neurons in CYP rats (1.016 6 0.071 vs

0.716 0.062 for amplitude;P, 0.05; 72%6 7.6% vs 51%6 3%
for responsive fraction; P , 0.001) (Figs. 6B and D).

TRPA1 and TRPV1 upregulation has been reported in DRG
neurons in several chronic visceral pain models.12,25 We
compared the intracellular Ca21 increase induced by AITC and
capsaicin in DiI1 and DiI2 DRG neurons between the control and
CYP rats. We did not find significant between-group differences
in the fraction of AITC- or capsaicin-responsive neurons in either
DiI1 or DiI2 neurons (Fig. 6B). However, there were significant
increases in the amplitude of both AITC-induced (0.9596 0.104
vs 0.538 6 0.07; P , 0.001) and capsaicin-induced (1.554 6
0.123 vs 1.126 6 0.082; P , 0.001) Ca21 increase in DiI1

neurons in CYP rats compared with control rats (Fig. 6C). A
significant increase in the amplitude of capsaicin induced Ca21

increase was also found in DiI2 neurons in CYP rats (P , 0.05,
Fig. 6D). However, there was no between-group difference in the
amplitude of AITC induced Ca21 increase in DiI2 neurons
(Fig. 6D).

Figure 4 . Comparisons of TRPM3, TRPA1, and TRPV1 mRNA expression in L6-S1 DRG neurons between control and CYP rats. (A) Representative fluorescent
images of L6-S1 DRG neurons from control (upper) and CYP (lower) rats. RNAscope staining with specific probes for TRPM3 (left), TRPA1 (middle), and TRPV1
(right) is shown in green. DRGneurons innervating the bladder were labeledwithDiI and are shown in red. The nucleuswas revealed using the nucleusmarker DAPI
(blue). A representative DiI1 neuron in each section ismagnified in the boxed areas. (B–D) Comparisons betweenCYP (n5 6) and control (n5 6) rats of the number
of RNAscope dots per neuron for TRPM3, TRPA1, and TRPV1 in DiI1 and DiI2 neurons. The number of RNAscope dots for TRPM3 was significantly increased in
both DiI1 and DiI2 neurons from CYP rats compared with control rats. However, an increased number of RNAscope dots for TRPA1 was observed only in DiI1

neurons, and no changes were detected for TRPV1. The number above each bar indicates the number of neurons. Values are presented as mean6 SEM. Scale
bar5 20mm.CYP, cyclophosphamide; TRPM3, transient receptor potential cation channel subfamilyMmember-3; TRPA1, transient receptor potential ankyrin 1;
TRPV1, transient receptor potential vanilloid 1.
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3.7. TRPM3 antagonist (primidone) suppressed bladder
hyperactivity in cyclophosphamide rats

Cystometrogram recordings under anesthesia showed that
compared with the control rats, CYP rats exhibited increased
nonvoiding contractions (NVCs) (5.66 0.8/h vs 65.26 2.5/h) and
decreased intercontraction interval (262.8 6 11.3 vs 91.9 6 7.0
seconds) (Fig. 7A), which suggests an overactive bladder. The
changes in cystometrogram parameters in CYP rats were
significantly suppressed by pretreatment of TRPM3 antagonist
primidone (2 mg/kg, i.p.). NVC was reduced to 31.8 6 2.267/h
and intercontraction interval was increased to 171.5 6 21.4
seconds. The inhibition effects of primidone on bladder hyper-
activity were confirmed in urine spots experiments in freely
moving rats (Fig. 7B). These results indicate that TRPM3
antagonist could suppress bladder hyperactivity in CYP rats.

4. Discussion

TRPM3 is a recently recognized noxious heat-sensitive channel
that is involved in inflammatory thermal hyperalgesia. To our
knowledge, this is the first study to examine TRPM3 involvement
in the development of hyperalgesia in IC/PBS. Rats with CYP-
induced chronic cystitis were used as an IC/PBS model, and the
main findings are: (1) TRPM3 channels are expressed on most of
the CGRP-containing bladder primary afferent nerve terminals
and their cell bodies in the L6-S1 DRGs; (2) TRPM3 activation in
the bladder wall induced bladder nociception and neurogenic
inflammation; (3) pretreatment with a TRPM3 antagonist signif-
icantly alleviated mechanical and thermal hyperalgesia in CYP
rats; (4) CYP-induced cystitis is associated with TRPM3

upregulation in bladder afferent neurons at the mRNA, protein,
and functional levels; (5) TRPM3 antagonist suppressed bladder
hyperactivity in CYP rats. Our results suggest that upregulation of
TRPM3 channels is involved in the development of chronic pain
and bladder hyperactivity in CYP-induced cystitis.

Since after TRPM3 was recognized as a noxious heat sensor,
almost all studies on TRPM3 have focused on its role in somatic
sensory functions.23,29 Its expression in visceral primary sensory
neurons and its function in chronic visceral pain are rarely studied.
In agreement with previous studies showing that TRPM3 is
expressed in a subset (;60%) of somatic primary sensory
neurons in DRG or trigeminal ganglia from rats,44 mice,40 and
humans,37 we demonstrated that TRPM3 was expressed in a
large fraction (.50%) of bladder afferent neurons (Fig. 1). Also,
TRPM3 expression overlapped with the expression of the other 2
noxious sensor channels (TRPA1 and TRPV1) in bladder DRG
neurons (28% with TRPA1 and 40% with TRPV1) (Fig. 1H).
Moreover, activation of TRPM3 on bladder nerve terminals by the
selective agonist produced prominent spontaneous bladder pain
(Figs. 2A and B). Taken together, our results suggest that
TRPM3 plays similar roles in visceral pain as in somatic pain.

A previous study revealed that TRPM3 activation in hind paw
skin nerve terminals of mice led to TRPM3-dependent release of
the neuropeptide CGRP and neurogenic inflammation.19 In
agreement with this finding, we showed that PS or CIM0216
injection into the bladder wall induced marked CGRP release
(Fig. 2E) and bladder inflammation. Bladder inflammation was
evidenced by edema (Fig. 2D), plasma extravasation (Fig. 2F),
inflammatory cell accumulation (Fig. 2G), and mast cell infiltration
(Fig. 2H). These changes are indicative of vasodilation and high
vascular permeability, which are prominent features of

Figure 5. Upregulation of TRPM3, TRPA1, and TRPV1 protein expression in L6-S1 DRG neurons in CYP rats. (A) Representative Western blots of protein
expression of the 3 TRP channels based on total membrane proteins extracted from bilateral L6-S1 DRGs from control and CYP rats. Bands at the expected
weight for TRPM3, TRPV1, and TRPA1were detected andwere eliminated by preincubation with corresponding blocking peptide (BP). b-Actin (42 kDa) was used
as the control. (B–D) Summary Western blot data showing upregulated protein expression of TRPM3 (B), TRPA1 (C), and TRPV1 (D) in L6-S1 DRGs in CYP rats (n
5 12) compared with control rats (n 5 8). Data are presented as mean 6 SEM. *P , 0.05, ***P , 0.001. CYP, cyclophosphamide; TRPM3, transient receptor
potential cation channel subfamily M member-3; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1.
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neurogenic inflammation. These responses mimicked the man-
ifestations evoked by injection of capsaicin into the bladderwall.30

As we expected, TRPM3 antagonist (primidone) and the CGRP
receptor antagonist (BIBN) significantly suppressed the bladder
pain behaviors and inflammation responses (Fig. 2E–H and
Table1). Collectively, TRPM3 agonists (PS or CIM0216) induced
bladder pain result from CGRP release from the bladder sensory
nerve terminals and the resulting neurogenic inflammation.

Neurogenic inflammation has been considered to be a cause of
IC/PBS.4,14,18 This inflammation activates bladder afferent nerves
to release neuropeptides (CGRP and SP) and induce both
bladder pain and referred pain. In agreement with previous
research,39 the CYP rats in our study exhibited a referred
mechanical and thermal hyperalgesia in lower abdominal region,
and there was neurogenic inflammation in the bladder, which
manifested as submucosal edema and mast cell infiltration (Fig.
3H). We found that systemic pretreatment with the TRPM3
antagonist primidone significantly alleviated the hyperalgesia and
the extent of bladder inflammation (Fig. 3). Given that TRPM3
activation induces CGRP release and neurogenic inflammation,
and given the blocking effect of the TRPM3 antagonist, TRPM3
activation seems to be involved in the development of neurogenic
inflammation and hyperalgesia in CYP rats. A previous study
demonstrated that irritation of the prostate with capsaicin
increased plasma extravasation in L5 to S2 dermatomes,
inducing the referred pain of prostatitis.10 The involvement of
TRPM3 in referred pain in abdominal region may result from
similar mechanisms.

Our most important finding is that CYP-induced cystitis is
associated with the upregulation of TRPM3 expression and function
in bladder primary afferents. Given the central role of TRPM3 in pain
perception, its upregulation in bladder primary sensory neurons
provides evidence of the contribution of TRPM3 to the development
of hyperalgesia in IC/PBS. The exact mechanisms underlying
TRPM3 upregulation are unknown. The modulation mechanisms
related to TRPM3 are much less understood than those related to
TRPA1or TRPV1. Inflammationmediators (such asprostaglandin E2
and bradykinin) that are involved in IC/PBS have been reported to
upregulate TRPV1 and TRPA1 activities.17 However, they may not
upregulate TRPM3activity. TRPM3activity is strongly inhibited byG-
protein bg subunits released after G protein–coupled receptor
activation. Native TRPM3 channels in mouse DRG neurons were
strongly inhibited by activating Gs-coupled prostaglandin-EP2 and
Gq-coupled bradykinin B2 (BK2) receptors.2 A significant increase in
the number of mast cells (Fig. 3H) was found in the bladder of CYP
rats. Mast cells, which release proteases and histamine, have been
shown to be significantly upregulated in bladder tissue and urine of
IC/PBS patients.2,15 Proteases such as tryptase can activate
proteinase-activated receptor 2 (PAR2) to enhance TRPV13 and
TRPA111 activity in DRG neurons, inducing CGRP and substance P
release and thus neurogenic inflammation.1 We recently found that
PAR2 activation using its agonist SLIGRL-NH2 enhanced the PS-
induced Ca21 increase in rat DRG neurons (unpublished data).
Thus, the mast cell–tryptase–PAR2 pathway may be one of the
mechanisms underlying functional upregulation of TRPM3, TRPV1,
and TRPA1. However, histamine may not be involved in TRPM3

Figure 6. TRPM3 activity is enhanced in L6-S1 DRGneurons fromCYP rats. (A) Representative traces showing intracellular Ca21 increases induced by TRPM3 agonist
pregnenolone sulphate (PS; 50mMapplied for 40 seconds), TRPA1 agonist allyl isothiocyanate (AITC; 100mM for 1minute), and TRPV1 agonist capsaicin (CAP, 500 nM
for 10 seconds) inDiI1DRGneuron fromcontrol (upper) andCYP (lower) rats. Theneuron fromCYPrat showedanenhanced response to the3 TRPchannel agonists. (B)
Comparisons of the proportion (%) of neurons that were responsive to the 3 agonists between control (n5 10) and CYP (n5 10) rats. The proportion of TRPM3 agonist
(PS)-responsive neuronswas significantly increased in bothDiI1andDiI2neurons fromCYP rats. In contrast, therewas no difference for the TRPA1 and TRPV1 agonists.
***P, 0.001 (x2 test). (C andD) Comparisons of the amplitude of the Ca21 increase induced by the 3 agonists between control andCYP rats. For DiI1neurons (C), there
was a significant increase for the 3 agonists inCYP rats. ForDiI2neurons (D), therewas a significant increase for TRPM3andTRPV1but not for TRPA1 inCYP rats. Values
are presented asmean6SEM. The number below each symbol indicates the number of neurons. CYP, cyclophosphamide TRPM3, transient receptor potential cation
channel subfamily M member-3; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1.
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upregulation because histamine activates G protein–coupled re-
ceptor, causing Gbg subunit release. Notably, TRPM3 upregulation
was also found in DiI2DRG neurons (Figs. 6B and D). This may be
because all the DRG neurons innervating the bladder may not have
been labeled with DiI (because of the limited injection sites).

In addition to TRPM3 upregulation, we revealed the upregu-
lation of TRPA1 (at the mRNA, protein, and function levels) (Figs.
4–6) and TRPV1 (mainly at the protein and function levels) in
bladder afferent neurons. The TRPA1 functional upregulation
agrees with a study by DeBerry et al. in mice with CYP-induced
cystitis.12 However, they found no change in TRPA1 mRNA or
TRPV1 mRNA. The inconsistencies may arise from the differ-
ences between the studies in species (rats vs mice), neurons
studied (labeled DRG neurons vs whole ganglions), or mRNA
assessment method (fluorescence in situ hybridization vs q-
PCR). Recently, in a complete Freund adjuvant (CFA)-induced
inflammatory pain model, functional upregulation of TRPM3,
TRPA1, and TRPV1 was found in DRG neuron cell bodies and
peripheral nerve terminals innervating the inflamed hind paw.29

The most interesting finding in the study is that pharmacological
inhibition of TRPM3 eliminated intracellular Ca21 responses to
TRPM3 agonists and reduced responses to TRPV1 and TRPA1
agonists in neurons co-expressing TRPA1 and TRPV1. The
authors suggested that functional upregulation of TRPM3
increases nociceptor excitability and contributes to the aug-
mented responses to TRPA1 and TRPV1 agonists. This may also
occur in bladder afferents and thus result in the functional
upregulation of TRPA1 and TRPV1 observed in our study.
However, we also observed TRPA1 mRNA upregulation in
bladder DRG neurons in CYP rats. Furthermore, Western blotting

demonstrated TRPA1 and TRPV1 protein upregulation. There-
fore, TRPM3 upregulation may be one of the mechanisms
underlying functional upregulation of TRPA1 and TRPV1, and
enhanced de novo expression of TRPA1 and TRPV1 may also
contribute.

Cyclophosphamide-induced cystitis also has been consid-
ered as a model of overactive bladder (OAB).9 In addition to the
analgesia effects, TRPM3 antagonist primidone exhibited
inhibiting effects on bladder hyperactivity in CYP rats (Fig. 7).
Given the important role of bladder afferent sensitization in
OAB generation21,38 and TRPM3 upregulation in bladder
sensory afferents found in our study, it is not surprising for us
that TRPM3 antagonist has the inhibition action on bladder
overactivity. Thus, TRPM3 antagonists may also be a potential
therapeutic approach for OAB patients.

This study has several limitations: (1) Given the complexity of
the pathophysiology of IC/PBS, several animal models have
been used to better understand the mechanisms underlying
this pain disorder. The CYPmodel only reflects bladder-centric
factors rather than other factors observed in IC/PBS patients
such as psychological stress. Thus, TRPM3 involvement
should be further examined in other animal models of IC/
PBS. (2) We only used pharmacological inhibition of TRPM3
activity (TRPM3 antagonist). TRPM3-knockout rats should be
used to confirm our findings.

In conclusion, our results suggest that in addition to TRPV1 and
TRPA1, TRPM3 is another important pain channel in the
development and maintenance of bladder hyperalgesia in IC/
PBS. TRPM3 antagonists might be an attractive therapeutic
approach for IC/PBS-related bladder pain, given the current

Figure 7. Primidone treatment suppressed the bladder hyperactivity in CYP rats. (A) Representative traces of cystometrograms under anesthesia showing CYP
rats exhibited increased no-voiding contractions (NVCs) and decreased voiding interval (ICI) compared with control rats (a). These changes were significantly
reduced by pretreatment of TRPM3 antagonist primidone (prim, 2mg/kg, i.p.) (b). (B) Urine spot tests in freely moving rats showing CYP rats have less number and
smaller of urine spots than control rats, and these changeswere significantly reduced by primidone pretreatment. The urine spots were countedwithin 4 hours. n is
the number of rats in each group. ***P , 0.001. CYP, cyclophosphamide.
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difficulty in managing IC/PBS-related bladder pain and the severe
side effect of hyperthermia related to TRPV1 blockade (whereas
systemic TRPM3 antagonist administration does not alter the
core body temperature).35
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