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Cellular/Molecular

TRPM2 Contributes to Inflammatory and Neuropathic Pain
through the Aggravation of Pronociceptive Inflammatory
Responses in Mice
Kayo Haraguchi,1 Ai Kawamoto,1 Kouichi Isami,1 Sanae Maeda,1 Ayaka Kusano,1 Kayoko Asakura,1
Hisashi Shirakawa,1 Yasuo Mori,2 Takayuki Nakagawa,1 and Shuji Kaneko1
1

Department of Molecular Pharmacology, Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan and
Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University, Katsura Campus, Nishikyo-ku, Kyoto
615-8510, Japan
2

Accumulating evidence suggests that neuroimmune interactions contribute to pathological pain. Transient receptor potential melastatin
2 (TRPM2) is a nonselective Ca 2⫹-permeable cation channel that acts as a sensor for reactive oxygen species. TRPM2 is expressed
abundantly in immune cells and is important in inflammatory processes. The results of the present study show that TRPM2 plays a crucial
role in inflammatory and neuropathic pain. While wild-type and TRPM2 knock-out mice showed no difference in their basal sensitivity
to mechanical and thermal stimulation, nocifensive behaviors in the formalin test were reduced in TRPM2 knock-out mice. In
carrageenan-induced inflammatory pain and sciatic nerve injury-induced neuropathic pain models, mechanical allodynia and thermal
hyperalgesia were attenuated in TRPM2 knock-out mice. Carrageenan-induced inflammation and sciatic nerve injury increased the
expression of TRPM2 mRNA in the inflamed paw and around the injured sciatic nerve, respectively. TRPM2 deficiency diminished the
infiltration of neutrophils and the production of chemokine (C-X-C motif) ligand-2 (CXCL2), a major chemokine that recruits neutrophils, but did not alter the recruitment of F4/80-positive macrophages in the inflamed paw or around the injured sciatic nerve. Microglial
activation after nerve injury was suppressed in the spinal cord of TRPM2 knock-out mice. Furthermore, CXCL2 production and inducible
nitric oxide synthase induction were diminished in cultured macrophages and microglia derived from TRPM2 knock-out mice. Together,
these results suggest that TRPM2 expressed in macrophages and microglia aggravates peripheral and spinal pronociceptive inflammatory responses and contributes to the pathogenesis of inflammatory and neuropathic pain.

Introduction
Physiological pain is transient and necessary for the alarm system
that warns us and helps to protect humans from tissue damage,
while pathological pain is usually persistent due to plastically
altered pain pathways and can be excruciating in daily life. Several
lines of evidence suggest that neuroinflammation mediated by
the interaction between immune cells and neurons plays an important role in pathological pain (Scholz and Woolf, 2007; Ren
and Dubner, 2010). Resident and circulating immune cells, such
as macrophages, neutrophils, T-lymphocytes and mast cells, infiltrate and become activated in responses to peripheral tissue
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damage, inflammation, or nerve injury. Pronociceptive inflammatory mediators such as proinflammatory cytokines, chemokines, and reactive oxygen/nitrogen species (ROS/RNS) released
from the activated immune cells can induce the sensitization of
nociceptors and increase the excitability of nociceptive primary
afferent neurons (peripheral sensitization). The prolonged or intense hyperexcitability of peripheral nociceptive neurons triggers
synaptic facilitation and enhances the responsiveness of nociceptive dorsal horn neurons (central sensitization). Accumulating
evidence clearly suggests that the activation of spinal glial cells,
such as microglia, is involved in the generation of central sensitization via the production of pronociceptive inflammatory mediators (Gao and Ji, 2010).
Transient receptor potential melastatin 2 (TRPM2), a member of the melastatin subfamily of TRP channels, forms a Ca 2⫹permeable, nonselective cation channel that is expressed highly in
the brain and broadly in other tissues (Nagamine et al., 1998;
Kaneko et al., 2006). TRPM2 has a Nudix box motif in the intracellular C-terminal tail and is gated by intracellular adenosine
diphosphate ribose (ADPR) or structurally related molecules
(Nagamine et al., 1998; Perraud et al., 2001). TRPM2 acts as a
sensor for ROS/NOS such as hydrogen peroxide (H2O2) through
intracellular ADPR-dependent and ADPR-independent mecha-
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nisms (Hara et al., 2002; Buelow et al., 2008). Some physiological
and pathophysiological roles of TRPM2 have been identified; for
example, TRPM2 mediates H2O2-induced cell death (Hara et al.,
2002; Kaneko et al., 2006) and insulin secretion from pancreatic
␤-cells (Togashi et al., 2006). TRPM2 is also expressed abundantly in immune cells, including monocytes/macrophages, neutrophils, T-lymphocytes, and microglia (Perraud et al., 2001;
Sano et al., 2001; Kraft et al., 2004). A recent study showed that
the treatment of monocytes with lipopolysaccharide (LPS) increases TRPM2 expression and ADPR-induced currents (Wehrhahn et al., 2010). Furthermore, TRPM2-mediated Ca 2⫹ influx
in monocytes induces the production of proinflammatory cytokines/chemokines and the infiltration of neutrophils, which contribute to the exacerbation of inflammation in the mouse colitis
model (Yamamoto et al., 2008; Wehrhahn et al., 2010). These
findings suggest that TRPM2 expressed in monocytic lineage cells
plays an important role in the aggravation of inflammatory
processes.
An important question is whether TRPM2 is involved in pathological pain that is based on neuroinflammation-mediated peripheral and central sensitization of the pain-signaling pathway.
Here we demonstrate that TRPM2 plays an important role in
inflammatory and neuropathic pain using TRPM2 knock-out
(TRPM2-KO) mice. The effects of TRPM2 deficiency on the pronociceptive inflammatory responses at peripheral and spinal sites
were also examined.

Materials and Methods
Animals
All experiments were conducted in accordance with the ethical guidelines
of the Kyoto University Animal Research Committee. Male mice aged
7–9 weeks were used in this study. TRPM2-KO mice were generated as
reported previously (Yamamoto et al., 2008). The TRPM2-KO mouse
line was backcrossed with C57BL/6J mice for seven generations to eliminate any background effects on the phenotypes. They were kept at a
constant ambient temperature of 24 ⫾ 1°C under a 12 h light/dark cycle
with free access to food and water.

Pain models and behavioral tests
Animals were acclimatized to the testing room for at least 1 h before all
behavioral tests. The same experimenter handled and tested all animals
in each experiment and was blinded to the genotype of each animal.
Von Frey filament test. Mechanical sensitivity was assessed by the up–
down method using calibrated von Frey filaments as described previously with slight modifications (Chaplan et al., 1994; Callahan et al.,
2008). Mice were acclimatized on a metal mesh floor in small cylinders
(diameter, 7.5 cm; height, 10 cm) for 2 h. The mechanical sensitivity was
evaluated using a set of eight calibrated von Frey filaments (0.008, 0.02,
0.04, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; Stoelting) that were applied to the
plantar surface of the hindpaw until the filament bent slightly for a few
seconds. A withdrawal reflex of the hindpaw during stimulation or immediately after stimulus removal was considered a positive response. The
first stimulus was always the 0.16 g filament. When there was a positive
response, the next lower filament was applied, and when there was no response, the next higher filament was used. After the first change in responses, four additional responses were observed, and the 50% paw
withdrawal threshold value was calculated (Dixon, 1980; Chaplan et al.,
1994). When a positive response to a stimulus with the 0.008 g filament
or a negative response to a stimulus with the 1.4 g filament was observed,
the value of 0.008 or 1.4 g was assigned, respectively.
Hargreaves test. Thermal sensitivity of the paw was assessed with the
Hargreaves radiant heat apparatus (Ugo Basile) as described previously
(Hargreaves et al., 1988). Mice were acclimatized on a glass floor in small
Plexiglas cubicles (length, 9 cm; width, 5 cm; height, 5 cm) for 2 h, after
which a light beam was focused on the midplantar of the hindpaw. The
latency to respond by withdrawing the paw away from the light was

recorded. The intensity of the light beam was adjusted to achieve an
average baseline paw withdrawal latency of ⬃8 –10 s in naive mice. The
cutoff time was 15 s to prevent tissue damage. Stimuli were applied to the
paws three times at 5 min intervals, and the average latency was
calculated.
Hot plate test. Thermal sensitivity was assessed with a hot plate analgesimeter (Ugo Basile). Mice were acclimatized to the testing apparatus for
1 h. They then were placed individually on the center of the hot plate
maintained at 52 or 55°C in a transparent Plexiglas cylinder. The latency
to respond either by jumping or by licking or flicking the hindpaw
(whichever came first) was measured to the nearest 0.1 s. After the measurement, the mice were immediately removed from the hot plate and
returned to the home cage. The cutoff time was 30 s to prevent tissue
damage.
Formalin test. Mice were acclimatized in individual observation cages
for 1 h, after which 20 l of a 5% formalin solution was injected intraplantarly into the plantar surface of the right hindpaw. The duration of
licking and biting behaviors was recorded every 5 min for 60 min after
formalin injection. The acute phase, which lasted up to about 10 min
after formalin injection, was defined as the first phase (0 –10 min postinjection). The persistent inflammatory phase, which started after 10 min
and persisted up to 60 min after injection, was defined as the second
phase (10 – 60 min postinjection).
Carrageenan-induced inflammatory pain. Unilateral inflammation was
induced by intraplantar injection with 20 l of a 3% solution of
-carrageenan (Sigma-Aldrich) dissolved in physiological saline into the
plantar surface of the right hindpaw. The paw volume was measured with
a plethysmometer (Ugo Basile) before and after injection.
Partial sciatic nerve ligation and spinal nerve transection models of neuropathic pain. For the partial sciatic nerve ligation (pSNL) model of neuropathic pain, the surgery was performed as described previously with
slight modifications (Seltzer et al., 1990; Malmberg and Basbaum, 1998).
Briefly, under sodium pentobarbital anesthesia, a 5 mm incision was
made, and the right sciatic nerve was exposed just distal to the branch
leading to the posterior biceps femoris/semitendinous muscles. The onethird to one-half diameter of the right sciatic nerve at the upper thigh
level was ligated tightly with a 9-0 silk suture. The wound was closed by
suturing the muscle and skin layers.
For the spinal nerve transection (SNT) model of neuropathic pain, the
surgery was performed as described previously with slight modifications
(Kim and Chung, 1992; DeLeo et al., 2000). Briefly, under sodium pentobarbital anesthesia, a 1.5 cm longitudinal incision overlying the L3–L6
section was made. The left paraspinal muscles were separated from the
superior articular processes and the transverse processes to expose the L3
and L4 spinal nerves. The L4 spinal nerve was transected without damaging the L3 spinal nerve. The wound was closed by suturing the muscle
and skin layers.

Immunohistochemistry
Mice were deeply anesthetized with sodium pentobarbital and perfused
through the ascending aorta with saline, followed by 4% paraformaldehyde. The planter tissue, sciatic nerve, and spinal cord were removed,
postfixed for 3 h, and cryoprotected overnight at 4°C in 20% sucrose. The
tissues were frozen and sectioned with a cryostat (Leica). The sections (20
m) were then incubated with the primary antibodies for F4/80 (rat
anti-F4/80 antibody, 1:200; Santa Cruz Biotechnology), Gr-1 (rat antiGr-1/Ly-6G antibody, 1:500; R & D Systems), Iba-1 (rabbit anti-Iba-1
antibody, 1:1000; Wako Pure Chemical Industries), CD11b (rat antiCD11b antibody, 1:1000; Serotec), or phosphorylated-p38 ( p-p38, rabbit anti-phospho-p38 MAPK, 1:500; Cell Signaling Technology) at 4°C
overnight. Sections then were labeled with fluorescence-labeled secondary antibodies (Alexa Fluor 594- or 488-labeled donkey anti-rat IgG,
Alexa Fluor 594- or 488-labeled donkey anti-rabbit IgG, 1:2000; Invitrogen) at room temperature for 1 h in the dark. Images were captured with
a confocal fluorescence microscope. F4/80- and Gr-1-positive cells were
counted, and the intensity of Iba1-ummunofluorescent signal was quantified using Image J software (National Institutes of Health).
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Magnetically activated cell sorting
The inflamed plantar tissue was removed from carrageenan-induced inflammatory pain model mice, and spinal cord (L3–L5) was extirpated
from pSNL-induced neuropathic pain mice. Six paws were pooled and
were digested for 1 h at 37°C with HBSS containing 3 mg/ml collagenase
and 1 mg/ml hyaluronidase (Sigma) as described previously, with slight
modifications (Rittner et al., 2001). Three L3–L5 spinal cords were
pooled and dissociated to single-cell suspension using neural tissue dissociation kit (Miltenyi Biotec) according to the manufacturer’s protocol.
Cells were pressed through a 40 m nylon filter (BD Biosciences) to
remove particles. Cells were incubated with phycoerythrin (PE)-labeled
rat anti-CD11b antibody (BD Biosciences) for microglia, PE-labeled rat
anti-F4/80 antibody (Biolegend) for macrophages, or biotin-labeled rat
anti-Gr-1 antibody (Miltenyi Biotec) for neutrophils, and followed with
magnetically labeled anti-PE MicroBeads (Miltenyi Biotec) or antibiotin MicroBeads. The cell suspension was loaded onto a magnetically
activated cell sorting (MACS) column (Miltenyi Biotec) in the magnetic
field, and then CD11b-, F4/80-, or Gr-1-positive cells were isolated.

Real-time PCR
The inflamed plantar tissue was removed from carrageenan-induced inflammatory pain model mice. The injured sciatic nerve, which was cut 3
mm on either side of the ligation sites, was extirpated from pSNLinduced neuropathic pain mice. The plantar tissue and the sciatic nerve
were homogenized with a Polytron homogenizer and a MicroSmash
(TOMY Seiko), respectively, in RLT buffer (RNeasy Micro Kit; Qiagen).
Total RNA from the tissues and cells was isolated with the RNeasy Micro
kit (Qiagen), and cDNA was synthesized with the SuperScriptIII Firststrand SuperMix (Invitrogen), in accordance with the manufacturers’
suggested protocols. The quantitative measurements of the TRPM2, CCL2,
TNF-␣, and GAPDH mRNA expression levels were performed using the TaqMan Universal PCR Master Mix (Applied Biosystems) and TaqMan Gene Expression Assays reagent (mouse TRPM2, Mm00663098_m1; mouse CCL2,
Mm00441242_m1; mouse TNF-␣, Mm00443258_m1; mouse GAPDH,
Mm99999915_g1; Applied Biosystems).
Each PCR amplification consisted of heat activation for 10 min at 95°C
followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. The quantitative measurements of inducible nitric oxide (NO) synthase (iNOS),
chemokine (C-X-C motif) ligand-2 (CXCL2), IL-1␤, IL-6, and ␤-actin
mRNA expression levels were performed using a Light Cycler 480 SYBR
Green ⌱ Master (Roche) and the oligonucleotide primers (iNOS, 5⬘AGAAGGGGACGAACTCAGTG-3⬘ and 5⬘-GCTTCGGACATCAAAGG
TCT-3⬘; CXCL2, 5⬘-AAAATCATCCAAAAGATACTGAACAA-3⬘ and
5⬘-CTTTGGTTCTTCCGTTGAGG-3⬘; IL-1␤, 5⬘-TGAGCACTTCTTTT
CCTTCA-3⬘ and 5⬘-TTGTCTAATGGGAACGTCACAC-3⬘; IL-6, 5⬘-TC
TAATTCATATCTTCAACCAAGAGG-3⬘and5⬘-TGGTCCTTAGCCAC
TCCTTC-3⬘; ␤-actin, 5⬘-ACTGGGACGACATGGAGAAG-3⬘ and 5⬘-GA
GGCATACAGGGACAGCA-3⬘). Each PCR amplification consisted of
heat activation for 5 min at 95°C, followed by 60 cycles of 95°C for 10 s,
58°C for 30 s, and 72°C for 1 min. Three separate experiments were
performed, and every sample was assayed in duplicate in the same plate.
Measurement of the GAPDH or ␤-actin level of the samples was used to
normalize mRNA contents. Each mRNA level was expressed relative to
the corresponding control.

Measurement of H2O2 content
The plantar tissues were removed from the mouse hindpaw, frozen in
liquid nitrogen, and stored at ⫺80°C until use. They were homogenized
with a Polytron homogenizer in ice-cold 50 mM phosphate buffer, pH
7.4, with 0.5% hexadecyltrimethylammonium bromide. The homogenates were centrifuged at 15,000 rpm at 4°C for 10 min to remove debris.
The supernatants were filtered through an Amicon Ultra centrifugal filter
unit with an Ultracel-100 membrane (Millipore) by centrifugation at
15,000 rpm at 4°C for 10 min. The H2O2 content in the flowthrough was
determined with an Amplex Red Assay Kit (Invitrogen) in accordance
with the manufacturer’s protocol.

Measurement of myeloperoxidase activity
The plantar tissues were removed from the mouse hindpaw, frozen in
liquid nitrogen, and stored at ⫺80°C until use. They were homogenized
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with a Polytron homogenizer in ice-cold 50 mM phosphate buffer, pH
7.4, with 0.5% hexadecyltrimethylammonium bromide. The homogenates were centrifuged at 15,000 rpm at 4°C for 10 min to remove debris.
The activity of neutrophil-specific enzyme myeloperoxidase (MPO) in
the supernatants was determined as an indication of neutrophil accumulation with a Myeloperoxidase Chlorination Assay Kit (Cayman Chemical), in accordance with the manufacturer’s protocol.

ELISA
The plantar tissues and the sciatic nerves were homogenized with a Polytron homogenizer and a MicroSmash (TOMY Seiko), respectively, in
ice-cold homogenizing buffer (PBS containing 0.1% Triton X-100 and
1% protease-inhibitor mixture). The homogenates were centrifuged to
remove debris, and protein concentrations in the supernatants were
measured using DC protein assay reagents (Bio-Rad). The tissue homogenates and culture media that were suspected to have higher cytokine/
chemokine levels than the linear range of the standard curve were diluted
appropriately with the homogenizing buffer and fresh culture media,
respectively. The CXCL2, CCL2, and TNF-␣ levels in the tissue homogenates and the culture media were determined using mouse CXCL2,
CCL2, and TNF-␣ ELISA kits (R & D Systems), in accordance with the
manufacturer’s protocols. Every sample was assayed in duplicate in the
same plate.

Preparation of cultured peritoneal macrophages
Mice (7–9 weeks) were injected intraperitoneally with 1 ml of 4% thioglycolate (Difco Laboratories). After 3 d, mice were killed and peritoneal
macrophages were collected by washing the peritoneal cavity with 4 ml of
ice-cold PBS. The macrophages were seeded onto plastic plates in
DMEM (Sigma-Aldrich) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS). After incubation at 37°C for 24 h, nonadherent
cells were removed by repeated washing. More than 95% of the adherent
cells were macrophages, as identified by May–Grn̈wald/Giemsa staining.
The culture medium was replaced with fresh medium containing 100
ng/ml LPS and 10 ng/ml interferon (IFN)-␥, and the cells were then
incubated at 37°C for the indicated time. The culture media were collected and stored at ⫺80°C until use. The cells were washed twice with
PBS and scraped with a cell scraper in RLT buffer (RNeasy Micro Kit;
Qiagen) for the quantification of the mRNA expression level. For intraplantar injection, cultured peritoneal macrophages derived from wildtype (WT) and TRPM2-KO mice were suspended in PBS after LPS (100
ng/ml) stimulation. A single intraplantar injection of 20 l of peritoneal
macrophages (5 ⫻ 10 5 cells) was given to the left hindpaw of naive WT
mice.

Preparation of primary cultured microglia
Primary cultured microglia were prepared from newborn WT and
TRPM2-KO mice as described previously (Ikeda-Matsuo et al., 2005).
Briefly, mice at postnatal day 1 were anesthetized by hypothermia, and
the brains were removed from the skull and minced. Tissue fragments
were incubated at 37°C for 15 min in 0.25% trypsin (Nacalai Tesque)
containing 0.1 mg/ml bovine pancreatic DNase (Sigma-Aldrich). Following centrifugation at 1700 rpm for 5 min, the supernatant was discarded, and the pellet was resuspended in DMEM (D5796; Invitrogen)
supplemented with 10% FBS, 5 g/ml insulin (Sigma-Aldrich), and 1%
anti-biotic-anti-mycotic solution (Nacalai Tesque). Dissociated cells
were seeded on 75 cm 2 flasks and maintained at 37°C in a humidified 5%
CO2 atmosphere. The medium was changed after 2 d and then every 3 or
4 d. After 2–3 weeks, the primary mixed glial cultures in flasks were
shaken for 90 min at 150 rpm. The detached cells were plated on plastic
dishes.

Measurement of NO accumulation from microglia
The NO production was analyzed by measuring the accumulated level of
its stable metabolite (nitrite) in the microglial culture supernatants with
the Griess reaction. For this assay, cells were grown in 48-well plates. The
amount of NO released during treatment with LPS/IFN-␥ was quantified
as the concentration of nitrite in the culture medium. In brief, 50 l of
culture supernatants after LPS/IFN-␥ treatment were added to 96-well
plates and mixed with an equal volume of Griess reagent (1% sulfanil-
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amide, 2.5% phosphoric acid, and 0.1% naphthylethlenediamine dihydrochloride) for 10
min at room temperature. Absorbance of the
diazonium compound was measured at 540
nm using a microplate reader (Model 680; BioRad Laboratories). Absolute levels of nitrite
were determined with reference to a standard
curve obtained from defined concentrations of
sodium nitrite (Sigma-Aldrich).

Statistical analysis

Data are presented as means ⫾ SEM and were
analyzed using GraphPad Prism. Statistical
analyses of the 50% withdrawal thresholds
were performed using Mann–Whitney U tests
at individual time points. To analyze other behavioral responses, including the formalin test,
thermal hyperalgesia, and paw edema, twoway repeated measures ANOVA was used, with
comparisons between groups at individual
time points made with the unpaired t test. The
production of H2O2 and cytokine/chemokine
and MPO activity were analyzed by two-way
ANOVA, followed by Bonferroni’s post hoc
comparison test. The temporal changes in the
TRPM2 mRNA expression were analyzed by
two-way ANOVA, followed by Dunnett’s post
hoc comparison test. Differences between two
groups were compared with the unpaired t test.
In all cases, differences of p ⬍ 0.05 were considered statistically significant.

Results

Figure 1. TRPM2-KO mice display normal sensitivities to mechanical and thermal stimuli, but exhibit attenuated responses in the formalin tests. A, In naive WT and TRPM2-KO mice, the 50% withdrawal thresholds to mechanical stimuli
were assessed by the von Frey filament test (n ⫽ 8). B, C, The latencies to thermal stimuli were assessed by the Hargreaves
test (n ⫽ 6) and hot plate test at 52 and 55°C (n ⫽ 9). D, E, WT and TRPM2-KO mice were injected intraplantarly with
formalin, and the duration of licking and biting behaviors was recorded every 5 min over 60 min (D). E shows the total
duration of the behaviors for 0 –10 min (first phase) and 10 – 60 min (second phase) after the injection. **p ⬍ 0.01 (n ⫽
8). Data are expressed as means ⫾ SEM. n.s., Not significant.

Nocifensive behaviors to mechanical,
thermal, and chemical stimuli in
TRPM2-KO mice
To assess whether TRPM2 deficiency alters physiological pain, we
compared nocifensive responses of WT and TRPM2-KO mice to
acute mechanical and thermal stimuli. In the von Frey filament
test, there was no difference in the 50% withdrawal threshold of
the hindpaw to mechanical stimulation between WT and
TRPM2-KO mice (Fig. 1 A). The Hargreaves test and the hot plate
test revealed no differences in the thermal nociceptive latency to a
light beam or a hot plate at 52 and 55°C between WT and
TRPM2-KO mice (Fig. 1 B, C). In the formalin test, a typical biphasic nocifensive behavioral response was observed in WT mice
following an intraplantar injection of formalin. The formalininduced nocifensive behavioral responses were significantly decreased in TRPM2-KO mice (two-way ANOVA; F(1,14) ⫽ 5.82;
p ⬍ 0.05). Although there was no difference in the behavioral
responses in the first phase (0 –10 min), the behavioral responses
in second phase (10 – 60 min) were significantly decreased in
TRPM2-KO mice compared with WT mice (Fig. 1 D, E). These
data suggest that TRPM2-KO mice showed normal sensitivity to
mechanical, thermal, and chemical stimuli, but weaker sensitivity
to chemical stimulus-induced inflammatory pain.
Roles of TRPM2 in the carrageenan-induced inflammatory
pain model
As the second phase of formalin test is recognized as acute inflammatory pain models, we analyzed the roles of TRPM2 in detail
using the carrageenan-induced pain model, a widely used and
reliable model for inflammatory pain. In WT mice, an intraplantar injection of carrageenan decreased the 50% withdrawal
threshold to mechanical stimuli and the nociceptive latency to
thermal stimuli. In TRPM2-KO mice, the carrageenan-induced

mechanical allodynia (F(1,14) ⫽ 62.93; p ⬍ 0.001), thermal hyperalgesia (F(1,10) ⫽ 6.53; p ⬍ 0.05), and paw edema (F(1,14) ⫽ 9.53;
p ⬍ 0.001) were attenuated significantly compared with WT mice
(Fig. 2 A–C). In the carrageenan-inflamed paws of WT and
TRPM2-KO mice, the tissue content of H2O2, an endogenous
stimulator of TRPM2, was significantly increased at 4 h after
carrageenan injection compared with that in the saline-injected
paws (F(1,10) ⫽ 14.43; p ⬍ 0.001). There was no difference between WT and TRPM2-KO mice (F(1,10) ⫽ 0.46; p ⫽ 0.513; Fig.
2 D). The TRPM2 mRNA expression level in the carrageenaninflamed paws was significantly upregulated at 8 and 24 h after
carrageenan injection (Fig. 2 E). Cell identification using MACS
with antibodies for the macrophage-specific marker F4/80 and
the neutrophil-specific marker Gr-1 revealed that TRPM2
mRNA was expressed in macrophages and neutrophils isolated
from the paws. The accumulation of macrophages and neutrophils expressing TRPM2 mRNA is responsible for the upregulation of TRPM2 mRNA in the carrageenan-inflamed paws (Fig.
2 F, G).
Then, we compared the numbers of macrophages and neutrophils in the carrageenan-inflamed paws of WT and TRPM2-KO
mice by immunofluorescence staining. In WT mice, the numbers
of F4/80-positive cells and Gr-1-positive cells kept increasing at 4,
8 and 24 h after carrageenan injection. There was no difference in
the number of F4/80-positive cells between WT and TRPM2-KO
mice (F(1,4) ⫽ 0.26, p ⫽ 0.634; Fig. 3 A, C). In contrast, the number of Gr-1-positive cells was reduced significantly (F(1,4) ⫽ 9.44,
p ⬍ 0.05) at 8 h after injection in TRPM2-KO mice, while the
significant reduction was disappeared at 24 h (Fig. 3 B, D). As
another indication of neutrophil accumulation, the activity of
MPO, a neutrophil-specific enzyme, was measured in the inflamed paws. MPO activity kept increasing at 4 and 8 h after
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Figure 2. TRPM2 deficiency impairs carrageenan-induced inflammatory pain. WT and TRPM2-KO mice were injected intraplantarly with carrageenan. A–C, The 50% withdrawal threshold to mechanical
stimulation in the von Frey filament test (n ⫽ 8; A), latency to thermal stimuli in the Hargreaves test (n ⫽ 6; B), and paw edema (n ⫽ 8; C) were determined at the indicated times. *p ⬍ 0.05; **p ⬍ 0.01;
***p ⬍ 0.001 (compared with WT mice).D, The H2O2 content in the paws of WT and TRPM2-KO mice was measured 4 h after the injection of saline (Sal) or carrageenan (Carr). n.s., Not significant.n ⫽ 3– 4. E,
Expression level of TRPM2 mRNA in the carrageenan-inflamed paws of WT mice was measured by real-time PCR at the indicated times. TRPM2 mRNA level was normalized to the GAPDH mRNA level and
expressedrelativetothecontrol(fold).**p⬍0.01(comparedwithnoninjectedcontrolpaws);n⫽3.F,G,ExpressionlevelsofTRPM2mRNAweremeasuredinF4/80-positivemacrophages(F)andGr-1-positive
neutrophils(G)isolatedfromthecarrageenan-inflamedpawbyMACS.TheTRPM2mRNAlevelwasnormalizedtotheGAPDHmRNAlevelandexpressedrelativetothesamples4hafterthecarrageenaninjection,
because macrophages and neutrophils could not be isolated from the noninjected control paws. N.D., Not determined. n ⫽ 4.

Figure 3. TRPM2 deficiency impairs some carrageenan-induced pronociceptive inflammatory responses in the inflamed paws. WT and TRPM2-KO mice were injected intraplantarly with 20 l
of 3% -carrageenan solution. A–D, Sections of carrageenan-inflamed paws of WT and TRPM2-KO mice were immunostained with a macrophage-specific marker, F4/80 antibody (green; A), and
a neutrophil-specific marker, Gr-1 antibody (red; B), at 4, 8, and 24 h after the carrageenan injection. Scale bars: 50 m. The numbers of F4/80-positive cells (C) and Gr-1-positive cells (D) in the
sections were counted (n ⫽ 3). E, MPO activities in the carrageenan-inflamed paws of WT and TRPM2-KO mice were measured at the indicated times (n ⫽ 4). F–H, In the carrageenan-inflamed
paws of WT and TRPM2-KO mice, the levels of CXCL2 (F ), TNF-␣ (G), and CCL2 (H ) were measured by ELISA. *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001; n ⫽ 3– 4. Data are expressed as means ⫾ SEM.
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carrageenan injection in WT mice. The
activity in TRPM2-KO mice was significantly lower than WT mice at 8 h after
injection (F(1,6) ⫽ 19.94, p ⬍ 0.01; Fig.
3E). These data indicate that neutrophil
infiltration, but not macrophage recruitment, is reduced in the carrageenaninflamed paw of TRPM2-KO mice. In WT
mice, carrageenan injection markedly increased the production of CXCL2 (also
named macrophage inflammatory protein 2) in the inflamed-paws, with maximal production at 4 h, while CXCL1 (also
named keratinocyte-derived chemokine)
was not detected. In TRPM2-KO mice,
the CXCL2 production was decreased significantly at 2 and 4 h after carrageenan
injection (F(1,6) ⫽ 61.55, p ⬍ 0.001; Fig.
3F ). In contrast, there were no differences
in the production of the potent inflammatory cytokine TNF-␣ (F(1,6) ⫽ 0.52; p ⫽
0.497) or the major chemokine CCL2
(also named monocyte chemotactic protein-1; F(1,4) ⫽ 0.50, p ⬍ 0.519) between
WT and TRPM2-KO mice (Fig. 3G,H ).
These data suggest that TRPM2 deficiency reduces the production of CXCL2,
which has potent chemotactic activity for
neutrophils (Tekamp-Olson et al., 1990;
Kielian et al., 2001; Armstrong et al.,
2004), but not pronociceptive cytokine
and chemokine.

Figure 4. Upregulation of TRPM2 and production of CXCL2 in cultured macrophages that evoked mechanical allodynia after
intraplantar injection. Cultured peritoneal macrophages were treated with LPS (100 ng/ml) and IFN-␥ (10 ng/ml) for the indicated
times. A, The expression level of TRPM2 mRNA was measured by real-time PCR. TRPM2 mRNA levels were normalized to the GAPDH
mRNA level and expressed relative to the control (fold). ***p ⬍ 0.001 (compared with unstimulated control macrophages); n ⫽
3. B, In LPS/IFN-␥-stimulated cultured macrophages derived from WT and TRPM2-KO mice, the CXCL2 level was measured by
ELISA. **p ⬍ 0.01; n ⫽ 3. C, Naive WT mice were injected intraplantarly with WT- or TRPM2-KO-derived cultured macrophages
(5 ⫻ 10 5 cells/20 l) stimulated by LPS (100 ng/ml) for 1 h. D, E, WT and TRPM2-KO mice were injected intraplantarly with TNF-␣
(50 pmol, n ⫽ 6 –7; D) or an ROS donor, t-BOOH (3 mol, n ⫽ 9 –11; E). The 50% withdrawal threshold to mechanical stimulation
in the von Frey filament test was determined at the indicated times (n ⫽ 5). *p ⬍ 0.05; **p ⬍ 0.01 (compared with WT-derived
cultured macrophages mice). Data are expressed as means ⫾ SEM..

Roles of TRPM2 in the macrophage-mediated inflammatory
responses and pain
To determine whether macrophage TRPM2 is involved in inflammatory responses and pain, we isolated peritoneal macrophages from WT and TRPM2-KO mice and compared the ability
to produce CXCL2 and mechanical allodynia. Treatment of WT
macrophages with LPS/IFN-␥ for 8 or 24 h significantly upregulated TRPM2 mRNA expression compared with the level in
unstimulated macrophages (Fig. 4 A). Treatment of WT macrophages with LPS/IFN-␥ for 1 and 4 h increased CXCL2 production, while it was significantly decreased in TRPM2-KO
macrophages (F(1,12) ⫽ 7.69, p ⬍ 0.05; Fig. 4 B). When LPSstimulated WT macrophages were injected intraplantarly to naive WT mice, the 50% withdrawal threshold to mechanical
stimuli was decreased, reaching a peak at 4 h. The mechanical
allodynia evoked by LPS-stimulated TRPM2-KO macrophages
was significantly weaker than that by WT macrophages (F(1,8) ⫽
7.92, p ⬍ 0.05; Fig. 4C). These data suggest that TRPM2 upregulated in macrophages contributes to the generation of mechanical
allodynia probably through CXCL2 production. As some inflammatory cytokines, such as TNF-␣, and ROS produced from activated macrophages and other immune cells play an important
role in inflammatory pain (Wang et al., 2004; Scholz and Woolf,
2007; Ren and Dubner, 2010), we determined whether TRPM2 is
involved in TNF-␣- or ROS-evoked hypersensitivity. However,
the mechanical allodynia evoked by an intraplantar injection of
TNF-␣ (50 pmol) or an ROS donor, tert-butyl hydroperoxide
(t-BOOH; 3 mol), was not different between WT and
TRPM2-KO mice (Fig. 4 D, E).

Roles of TRPM2 in peripheral nerve injury-induced
neuropathic pain models
Injury to the peripheral nerve often results in long-lasting pathological pain that is generally referred to as neuropathic pain. A
growing body of evidence suggests that neuropathic pain is
caused by neuroinflammation-mediated peripheral and central
sensitization (Scholz and Woolf, 2007; Gao and Ji, 2010; Ren and
Dubner, 2010). We analyzed the roles of TRPM2 in the peripheral
nerve injury-induced neuropathic pain models. In WT mice,
pSNL decreased the 50% withdrawal threshold to mechanical
stimulation and the nociceptive latency to thermal stimulation in
the ipsilateral paw. In TRPM2-KO mice, pSNL-induced mechanical allodynia (F(3,28) ⫽ 102.6; p ⬍ 0.001) and thermal hyperalgesia (F(3,30) ⫽ 6.22; p ⬍ 0.001) were significantly attenuated
compared with WT mice (Fig. 5 A, B).
We investigated the roles of TRPM2 in the pSNL-induced
inflammatory responses around the injured sciatic nerve. The
expression level of TRPM2 mRNA around the ligation site of
the nerve fascicle was significantly upregulated at 8 and 24 h
after the pSNL surgery (Fig. 5C). The pSNL remarkably increased the CXCL2 production in the injured sciatic nerve of
WT mice. In TRPM2-KO mice, the CXCL2 level was significantly decreased at 24 h after the surgery (F(1,44) ⫽ 4.34, p ⬍ 0.05;
Fig. 5D). An accumulation of F4/80-positive cells and Gr-1positive cells was observed near the ligation site of the sciatic
nerve, which peaked at 7 and 1 d, respectively, after pSNL. The
number of F4/80-positive cells in the injured sciatic nerve was
similar in WT and TRPM2-KO mice (F(1,20) ⫽ 0.11, p ⫽ 0.743;
Fig. 5 E, G). In contrast, the number of Gr-1-positive cells in
TRPM2-KO mice was significantly reduced at 8 h after surgery
compared with that in WT mice, but the reduction had disappeared at 1, 7, and 14 d (F(1,20) ⫽ 8.84, p ⬍ 0.001; Fig. 5 F, H ).
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Figure 5. TRPM2 deficiency impairs peripheral nerve injury-induced neuropathic pain and inflammatory responses in the injured sciatic nerves. A, B, In the pSNL model of neuropathic pain, the
50% withdrawal threshold to mechanical stimuli in the von Frey filament test (n ⫽ 8) and latency to thermal stimuli in the Hargreaves test (n ⫽ 8 –9) were determined in the ipsilateral and
contralateral paws of WT and TRPM2-KO mice. **p ⬍ 0.01; ***p ⬍ 0.001 (differences in the 50% withdrawal threshold of ipsilateral paws between WT and TRPM2-KO mice). C, Expression level
of TRPM2 mRNA in the pSNL-injured sciatic nerves of TRPM2-KO mice was measured by real-time PCR. TRPM2 level was normalized to the GAPDH mRNA level and expressed relative to the control
(fold). ***p ⬍ 0.001 (compared with nonoperated control sciatic nerves); n ⫽ 3. D, In the pSNL-injured sciatic nerves of WT and TRPM2-KO mice, the CXCL2 level was measured by ELISA. E, F,
Sections around the pSNL ligation site of WT and TRPM2-KO mice were immunostained with a macrophage-specific marker, F4/80 antibody (green; E), and a neutrophil-specific marker, Gr-1
antibody (red; F ), at 8 h and 1, 7, and 14 d after pSNL surgery. Scale bars: 50 m. G, H, The numbers of F4/80-positive cells (G) and Gr-1-positive cells (H ) in the sections were counted. **p ⬍ 0.01
(n ⫽ 3); ***p ⬍ 0.001; n ⫽ 5–11. Data are expressed as mean ⫾ SEM.

In addition to peripheral neuroinflammation, spinal microglial responses to peripheral nerve injury contribute to the generation of central sensitization in neuropathic pain (Scholz and
Woolf, 2007; Gao and Ji, 2010; Ren and Dubner, 2010). Since
TRPM2 is expressed abundantly in microglia and mediates
H2O2- and ADPR-evoked Ca 2⫹ influx (Kraft et al., 2004; Ohana
et al., 2009), we determined whether TRPM2 deficiency altered
the activation of spinal microglia after pSNL. As indicated by
alterations in the immunofluorescence of the microglial marker
Iba1 and the morphology of the immunoreactive cells, pSNL
robustly activated spinal microglia in the ipsilateral dorsal horn
of WT mice. The intensity of Iba1 immunofluorescence was increased at 3 and 7 d, and reversed at 14 d after pSNL. In
TRPM2-KO mice, the alteration in the immunofluorescence of
Iba1 was markedly suppressed, and the increases in the intensity of Iba1 immunofluorescence were significantly attenuated
(F(1,16) ⫽ 14.80, p ⬍ 0.01; Fig. 6 A, B). In addition, pSNL increased phosphorylated p-38 signal, a marker for microglial activation, colocalized with another microglial marker, CD11b, in
WT mice, whereas it was abolished in TRPM2-KO mice (Fig. 6C).
Furthermore, in the CD11b-positive microglia isolated from the

spinal cord of pSNL-injured WT mice by MACS, TRPM2 mRNA
expression level was significantly upregulated at 3 d after pSNL
(Fig. 6 D). These results suggest that the activation of spinal microglia in parallel with TRPM2 upregulation contributes to the
peripheral nerve injury-induced neuropathic pain. In another
neuropathic pain model, SNT-induced mechanical allodynia was
also significantly attenuated in TRPM2-KO mice compared with
WT mice (F(3,26) ⫽ 49.35, p ⬍ 0.001; Fig. 7A). Similarly, the
SNT-induced microglial activation in the ipsilateral dorsal horn
was impaired in TRPM2-KO mice (Fig. 7B).
Finally, we examined whether TRPM2 deficiency affected on
the microglial responses in vitro by using cultured microglia derived from WT or TRPM2-KO mice. Treatment of WT-derived
cultured microglia with LPS/IFN-␥ for 48 h increased CXCL2
production and the mRNA expressions of CXCL2, TNF-␣, IL1␤, and IL-6. The upregulation of CXCL2 and its mRNA was
impaired in the cultured microglia from TRPM2-KO mice
(F(1,13) ⫽ 118.0, p ⬍ 0.0001 and F(1,17) ⫽ 5.59, p ⬍ 0.05, respectively), whereas the upregulation of other proinflammatory cytokines was not altered (Fig. 8 A–D). Furthermore, LPS/IFN-␥
stimulation robustly increased the expression of iNOS mRNA
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and NO release from WT microglia, whereas
the increases were reduced significantly in
TRPM2-KO microglia (F(1,35) ⫽ 4.01, p ⬍
0.05 and F(1,12) ⫽ 121.1, p ⬍ 0.001, respectively; Fig. 8E,F).

Discussion
In the present study, we provide the first evidence that TRPM2 in peripheral macrophages and spinal microglia mediates
the pathogenesis of inflammatory and
neuropathic pain through the aggravation of pronociceptive inflammatory responses, as supported by the following
findings. (1) TRPM2 deficiency impaired
inflammatory and neuropathic pain behaviors without changing basal sensitivities to
mechanical and thermal stimuli. (2) Peripheral inflammation and nerve injury increased the expression of TRPM2 mRNA at
the inflamed and injured sites. (3) TRPM2
deficiency impaired inflammatory responses, such as CXCL2 production, neu- Figure 6. TRPM2 deficiency impairs the activation of spinal microglia following pSNL surgery. A, Sections of the L4 dorsal spinal
cord of WT and TRPM2-KO mice 3, 7, and 14 d after pSNL surgery were immunofluorescence stained with a microglia-specific
trophil infiltration, and spinal microglia marker, Iba1 antibody (red). B, The intensity of Iba1 immunoreactivity in the sections was measured and expressed relative to the
activation, in inflammatory and neuro- nonoperated control WT mice (fold). *p ⬍ 0.05; ***p ⬍ 0.001; n ⫽ 3. C, Double immunofluorescence labeling for a microgliapathic pain models. (4) The mechanical specific marker, CD11b (green) and phosphorylated p-38 (p-p38; red) in the ipsilateral spinal dorsal horn of WT and TRPM2-KO
allodynia evoked by TRPM2-KO-derived mice 3 d after pSNL surgery. D, Expression levels of TRPM2 mRNA were measured by real-time PCR in CD11b-positive microglia
macrophages was weaker than that by isolated from the L3–L5 spinal cord of pSNL-injured WT mice by MACS. The TRPM2 mRNA level was normalized to the GAPDH mRNA
WT-derived macrophages. (5) Inflamma- level and expressed relative to the nonoperated control mice (fold). *p ⬍ 0.05 (compared with control, 0 d); n ⫽ 4. Data are
tory responses were reduced in cultured expressed as means ⫾ SEM.. Scale bars: 50 m.
macrophages and microglia derived from
TRPM2-KO mice.
Recent evidence indicates that functional TRPM2 is expressed in the dorsal root
ganglion neurons (Nazıroğlu et al., 2011).
Although TRPM2 is expressed also in neurons in the brain and other tissues, the present findings suggest that TRPM2 plays no
role in acute mechanical and thermal nociceptive pain signaling. TRPM2 deficiency
had no effect on the first phase of the
formalin-induced behaviors, which represents the acute chemonocifensive response
due to the direct stimulation of TRPA1 on
primary sensory nerves (McNamara et al.,
2007). In contrast, TRPM2 deficiency attenuated the second phase of formalin-induced Figure 7. TRPM2 deficiency impaired SNT-induced neuropathic pain and spinal microglial activation. A, In the SNT model of
behaviors, which are mainly due to inflam- neuropathic pain, the 50% withdrawal threshold to mechanical stimuli in the von Frey filament test was determined in the
matory responses (Hunskaar and Hole, ipsilateral and contralateral paws of WT and TRPM2-KO mice (n ⫽ 7– 8). **p ⬍ 0.01 between the WT and TRPM2-KO mice. Data
1987). These results suggest that TRPM2 is are expressed as means ⫾ SEM. B, Sections of the L4 dorsal spinal cord were double immunofluorescence stained with CD11b
(green) and phosphorylated p-38 (p-p38; red) in the ipsilateral spinal dorsal horn of WT and TRPM2-KO mice 3 d after SNT surgery.
involved in nocifensive behaviors mediated
Scale bar, 50 m. Enlarged images are shown in rectangles.
through inflammatory responses, but not
acute chemonociceptive pain signaling.
trophils (Cunha et al., 2005). Therefore, TRPM2 deficiency supCarrageenan-induced nociceptive responses and paw edema
presses CXCL2 production from the resident and recruited
are associated with inflammatory cell migration and mediator
macrophages, and thereby reduces neutrophil infiltration to the
production. In the current study, TRPM2 deficiency reduced
inflamed sites, although CXCL2 itself does not elicit pain (Rittner
neutrophil infiltration and CXCL2 production, but had no effect
et al., 2006). Infiltrated neutrophils play a critical role in the
on macrophage recruitment. CXCL2 is a major CXC chemokine
generation of inflammatory pain (Lavich et al., 2006; Cunha et
and the most potent chemoattractant for neutrophils, which is
al., 2008). Activated neutrophils aggravate neuronal injury
produced by monocytes and macrophages in response to various
and increase neuronal activity and excitability when coculproinflammatory stimuli (Tekamp-Olson et al., 1990; Kielian
tured with dissociated DRG cells (Shaw et al., 2008). The
et al., 2001; Armstrong et al., 2004). Activated macrophages
blockade of CXCR2, which is the receptor for CXCL1/2 and
strongly affect the subsequent activation and infiltration of neuplays a crucial role in neutrophil infiltration, attenuates in-
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Figure 8. TRPM2 deficiency impairs some LPS/IFN-␥-induced responses in primary cultured
microglia. Cultured microglia derived from WT and TRPM2-KO mice were incubated in the
presence or absence of LPS (100 ng/ml) and IFN-␥ (10 ng/ml) for 48 h. A, The level of CXCL2
production was measured by ELISA (n ⫽ 4 –5). B–F, The expression levels of CXCL2 (n ⫽ 5– 6;
B), TNF-␣ (n ⫽ 5– 6; C), IL-1␤ (n ⫽ 5–11; D), IL-6 (n ⫽ 6 –7; E), and iNOS (n ⫽ 9 –11; F )
mRNAs were measured by real-time PCR. Each mRNA level was normalized to the ␤-actin
mRNA level and expressed relative to the control (fold). G, The concentration of NO in the culture
supernatants was determined by the Griess reaction (n ⫽ 4). *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍
0.001. Data are expressed as mean ⫾ SEM.

flammatory pain and neutrophil infiltration (Manjavachi et al.,
2010). These findings suggest that CXCL2 production from macrophages via TRPM2 activation triggers neutrophil infiltration,
which contributes to inflammatory pain. Our findings are consistent with the previous report that the leukocyte rolling inhibitor fucoidin attenuates carrageenan-induced inflammatory pain
and neutrophil infiltration without affecting the production of
pronociceptive cytokines and chemokines, such as TNF-␣, IL1␤, and CXCL1 (Lavich et al., 2006; Cunha et al., 2008). It is
conceivable that neutrophils, while not the major source of pronociceptive cytokines and chemokines, are essential for the generation of inflammatory pain. TRPM2 deficiency suppressed
CXCL2 production throughout the period of inflammatory and
neuropathic pain, while the attenuation of neutrophil infiltration
returned to a normal level at 24 h or later after carrageenan
injection or pSNL surgery. These findings raise a possibility
that other neutrophil chemotactic factors, such as other CXCL
chemokines (CXCL3, CXCL4, CXCL6, and CXCL7, but not
CXCL1), leukotriene B4, or complement component C5a
(Kobayashi, 2008; Semple et al., 2010), may contribute to the
delayed neutrophil infiltration, although the effects of TRPM2
deficiency have not been determined.
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TRPM2 deficiency had no effect on the productions of H2O2,
TNF-␣, and CCL2, which are involved in inflammatory pain
(Wang et al., 2004; Scholz and Woolf, 2007; Ren and Dubner,
2010). Some inflammatory cytokines, such as TNF-␣, and ROS
produced from activated macrophages and other immune cells
elicit pain directly acting on the primary nociceptive neurons
(Schäfers et al. 2003; Andersson et al., 2008; Keeble et al., 2009).
However, TRPM2 deficiency had no effect on the TNF-␣- and
H2O2-evoked hypersensitivity, suggesting that TRPM2 is not involved in the sensitivity of the primary nociceptive neurons to
TNF-␣ and ROS. Although TNF-␣ and H2O2 activate TRPM2
(Hara et al., 2002), exogenous TNF-␣- and H2O2-evoked hypersensitivity is not mediated through TRPM2 in the noninflamed
paws, where TRPM2 expression on resident macrophages is low
and circulating macrophages are not recruited.
When the axon–myelin–Schwann cell unit in peripheral
nerves is disturbed, macrophages and neutrophils are recruited to
the injured sites. The recruited macrophages mediate the removal
of the cellular debris of degenerating axons and contribute to the
peripheral sensitization by producing various pronociceptive
mediators (Scholz and Woolf, 2007; Ren and Dubner, 2010).
Several lines of evidence suggest critical roles for infiltrated neutrophils in the generation of peripheral sensitization in neuropathic pain (Perkins and Tracey, 2000; Thacker et al., 2007). Our
results further support the role of TRPM2 in CXCL2 production
and neutrophil infiltration around the injured sciatic nerve, while
the contribution of TRPM2 in the peripheral sites may be restricted to the early phase. In contrast, microglial activation in the
spinal cord was suppressed throughout the period of neuropathic
pain in TRPM2-KO mice. As microglial activation plays a critical
role in the induction of neuropathic pain, the prolonged inhibition of spinal microglia by TRPM2 deficiency may largely contribute to the prevention of neuropathic pain. TRPM2 deficiency
reduced the CXCL2 and iNOS/NO production in microglia. Peripheral nerve injury-induced neuropathic pain is associated with
iNOS induction and NO release from spinal microglia (Kim et al.,
2007; Martucci et al., 2008), and a selective iNOS inhibitor attenuates pSNL-induced mechanical allodynia and thermal hyperalgesia (Tanabe et al., 2009). Although the roles of CXCL2 in the
spinal cord on neuropathic pain have not been determined, the
present data suggest that TRPM2 activation leads to NO and
CXCL2 production from microglia, which in turn mediates the
generation of central sensitization. However, the suppression of
spinal microglial activation may be due to the secondary influence of the decreased peripheral neuroinflammation caused by
TRPM2 deficiency.
The present results suggest that the action of TRPM2 on inflammatory processes is facilitated through TRPM2 upregulation. The upregulation of TRPM2 mRNA in the inflamed and
injured sites is caused by both the increased transcription of
TRPM2 and the accumulation of circulating macrophages, neutrophils, and other immune cells expressing TRPM2 (Perraud et
al., 2001; Sano et al., 2001; Yamamoto et al., 2008; Wehrhahn et
al., 2010), although we cannot fully exclude the possibility that
the transcripts are increased in other hematopoietic cells or peripheral skin cells. Unlike macrophages and neutrophils, resident
microglia expressing TRPM2 are originally abundant in the spinal cord. Peripheral nerve injury leads to activation of resident
microglia, which is accompanied by TRPM2 upregulation and
increases the population of activated microglia due to proliferation and migration in the spinal cord (Echeverry et al., 2008).
Monocytic lineage cells and granulocytes produce abundant
ROS, particularly H2O2, to eliminate invading pathogens. ROS
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are involved critically in the generation of inflammation and play
a role in pathological pain (Kim et al., 2004, 2010). Therefore,
TRPM2 may be involved in a range of inflammatory and neuropathic pain that arises from H2O2-mediated inflammation in the
peripheral and spinal sites, although TRPM2 is not involved in
the H2O2 production in the inflamed paws. These findings suggest
that inflammation-triggered TRPM2 upregulation in peripheral
macrophages and spinal microglia exacerbates ROS-mediated inflammation by an autocrine/paracrine pathway through TRPM2 activation, which contributes to the generation of inflammatory and
neuropathic pain.
Recent evidence that TRPM2-KO mice are susceptible to bacterial infection thorough impaired inflammatory responses and
uncontrolled bacterial growth further suggests the roles of
TRPM2 in immune functions (Knowles et al., 2011). On the
other hand, other TRP channels are also involved in the function
of macrophages. TRPV2-mediated depolarization triggers actin
depolymerization necessary for early phagocytosis, but not LPSinduced TNF-␣ production in murine macrophages (Link et al.,
2010). On the other hand, stimulation of TRPV4 increases Ca 2⫹
influx and the resultant production of superoxide and NO in
alveolar macrophages (Hamanaka et al., 2010). TRPV2-KO mice
display normal thermal and mechanical hyperalgesia in peripheral inflammatory and neuropathic pain models (Park et al.,
2011), while inflammatory mechanical and hypotonic hyperalgesia is reduced in TRPV4-KO mice (Alessandri-Haber et al., 2006).
TRP channels related to the production of proinflammatory mediators from macrophages may contribute to pathological pain.
Recent studies demonstrate that macrophages possess other
functional channels such as TRPC3 (Tano et al., 2011) and
TRPC6 (Finney-Hayward et al., 2010) and store-operated channels (Gao et al., 2010), although their roles in cytokine/chemokine production and pathological pain remain to be elucidated.
In conclusion, the present study revealed the involvement of
TRPM2 in pathological pain. TRPM2 expressed in macrophages
and microglia aggravates peripheral and spinal pronociceptive
inflammatory responses to induce inflammatory and neuropathic pain thorough neuroinflammation-mediated peripheral
and central sensitization of the pain-signaling pathway. TRPM2
may be a promising target for the treatment of pathological pain.
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