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Multiple sclerosis (MS) is a chronic inflammatory disorder of the CNS characterized by demyelination and axonal injury. Current therapies that
mainly target lymphocytes do not fully meet clinical need due to the risk of severe side effects and lack of efficacy against progressive MS.
Evidence suggests that MS is associated with CNS inflammation, although the underlying molecular mechanism is poorly understood. Transient
receptor potential melastatin 2 (TRPM2), a Ca2�-permeable nonselective cation channel, is expressed at high levels in the brain and by immune
cells, including monocyte lineage cells. Here, we show that TRPM2 plays a pathological role in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS. Knockout (KO) or pharmacological inhibition of TRPM2 inhibited progression of EAE and TRPM2-KO mice
showed lower activation of Iba1-immunopositive monocyte lineage cells and neutrophil infiltration of the CNS than WT mice. Moreover, CXCL2
production in TRPM2-KO mice was significantly reduced at day 14, although the severity of EAE was the same as that in WT mice at that time
point. In addition, we used BM chimeric mice to show that TRPM2 expressed by CNS-infiltrating macrophages contributes to progression of
EAE.BecauseCXCL2inducesmigrationofneutrophils, theseresults indicatethatreducedexpressionofCXCL2intheCNSsuppressesneutrophil
infiltration and slows progression of EAE in TRPM2-KO mice. Together, the results suggest that TRPM2 plays an important role in progression
of EAE pathology and shed light on its putative role as a therapeutic target for MS.
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Introduction
Multiple sclerosis (MS) is a demyelinating disease of the CNS and
is thought to have an autoimmune etiology. This is supported by

the clinical efficacy of immunomodulatory agents that prevent
lymphocyte infiltration into the CNS (e.g., fingolimod, a
sphingosine-1-phosphate receptor modulator, and natalizumab,
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Significance Statement

Current therapies for multiple sclerosis (MS), which mainly target lymphocytes, carry the risk of severe side effects and lack
efficacy against the progressive form of the disease. Here, we found that the transient receptor potential melastatin 2 (TRPM2)
channel, which is abundantly expressed in CNS-infiltrating macrophages, plays a crucial role in development of experimental
autoimmune encephalomyelitis (EAE), an animal model of MS. EAE progression was suppressed by Knockout (KO) or pharma-
cological inhibition of TRPM2; this was attributed to a reduction in CXCL2 chemokine production by CNS-infiltrating macro-
phages in TRPM2-KO mice, resulting in suppression of neutrophil infiltration into the CNS. These results reveal an important role
of TRPM2 in the pathogenesis of EAE and shed light on its potential as a therapeutic target.
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a humanized monoclonal antibody against �4 integrin; Stein-
man, 2014). However, severe adverse effects, such as severe infec-
tious disease and progressive multifocal leukoencephalopathy
(PML), can occur in patients receiving immunosuppressive ther-
apies (Castro-Borrero et al., 2012). Although the etiology of PML
in immunosuppressed patients is unclear, infection of the CNS
by the JC virus is thought to be a risk factor; thus a reduction in T-
and B-lymphocyte numbers in the CNS caused by immunosup-
pressive agents likely increases the risk (Beltrami and Gordon,
2014). Therefore, other types of therapy are required. Recent
studies focused on not only adaptive immune cells such as T and
B cells, but also on innate immune cells such as macrophages and
neutrophils, cells that play a pathological role in MS and its ani-
mal equivalent, experimental autoimmune encephalomyelitis
(EAE) (Mishra and Yong, 2016; Prinz and Priller, 2017). Recent
studies report that activation of monocyte lineage cells such as
macrophages and microglia in the CNS is characteristic of MS
and EAE (Farez et al., 2009; Politis et al., 2012). However, emerg-
ing evidence indicates that neutrophils play an important role
(Rumble et al., 2015; Pierson et al., 2018), as well as in other
inflammatory white matter disorders such as neuromyelitis op-
tica (NMO) (Lucchinetti et al., 2002; Juryńczyk et al., 2015). In
this context, neutrophils in the blood of patients with MS as well
as NMO show upregulated expression of adhesion molecules and
increased migration, although their numbers are no different
from those in healthy controls (Naegele et al., 2012; Hertwig et al.,
2016). Consistent with these observations in humans, neutrophil
depletion ameliorates EAE clinical scores significantly in mice
(McColl et al., 1998). Given that neutrophils that infiltrate the
CNS can cause extensive inflammation, demyelination, and ax-
onal damage via production of cytotoxic mediators, inhibition of
excessive neutrophil activation and migration into the CNS is
important. However, the molecular relationships between acti-
vated monocyte lineage cells and infiltrating neutrophils and the
precise mechanisms that regulate EAE progression remain unre-
solved. Moreover, there are no potential drug targets that sup-
press CNS inflammation during EAE progression.

Transient receptor potential melastatin 2 (TRPM2), a Ca 2�-
permeable and nonselective cation channel, is expressed in the
brain at high levels (Nagamine et al., 1998) and broadly by im-
mune cells (Sano et al., 2001). TRPM2 harbors a Nudix box motif
in its intracellular C-terminal tail and is gated by intracellular
ADP ribose (Perraud et al., 2001) and reactive oxygen species
(ROS), including hydrogen peroxide (Hara et al., 2002; Kaneko et
al., 2006). Previous studies focused extensively on the pathophys-
iological role of TRPM2 in immune cells. For example, TRPM2-
mediated Ca 2� influx induces production of proinflammatory
cytokines/chemokines by monocytes/macrophages and exacer-
bates inflammation in ulcerative colitis (Yamamoto et al., 2008)
and ischemic stroke (Gelderblom et al., 2014). We previously
reported that TRPM2 expressed by microglia and macrophages
aggravates peripheral and spinal pronociceptive inflammatory
responses in a mouse model of neuropathic pain (Haraguchi et
al., 2012; Isami et al., 2013) and chronic cerebral hypoperfusion
(Miyanohara et al., 2018), in which lipopolysaccharide/IFN�-
induced TRPM2 opening results in inflammatory responses in
microglia via the p38/JNK pathway (Miyake et al., 2014). Given
that ROS production and endogenous TLR2/4 agonists, includ-
ing HMGB1, in the CNS are increased in EAE (Sun et al., 2015;
Hasseldam et al., 2016), it is likely that TRPM2 expressed in
monocytic lineage cells aggravates inflammatory processes in
EAE. Here, we used WT and TRPM2-KO mice to demonstrate
that TRPM2 has an important role in regulating chronic inflam-

mation in the CNS by reducing neutrophil infiltration via sup-
pression of a major neutrophil chemoattractant, CXCL2.

Materials and Methods
Mice. All experiments were conducted in accordance with the ethical
guidelines of the Kyoto University Animal Experimentation Committee
and the guidelines of the Japanese Pharmacological Society. Female
C57BL/6J mice (RRID:IMSR_JAX:000664) and TRPM2-KO mice (7–12
weeks old, 18 –22 g) were maintained in-house. TRPM2-KO mice were
generated as reported previously (Yamamoto et al., 2008) and back-
crossed with C57BL/6J mice for 10 generations to eliminate any back-
ground effects on the phenotype. C57BL/6J mice and C57BL/6-Tg
(CAG-EGFP)-transgenic mice (GFP-transgenic mice) were purchased
from Japan SLC. All experiments in this study used WT C57BL/6 mice
purchased from Japan SLC as controls; control mice were domesticated
for at least 1 week under the same conditions as TRPM2-KO mice. Mice
were kept at a constant ambient temperature of 22 � 2°C under a 12 h
light/dark cycle with ad libitum access to food and water.

EAE induction and symptom evaluation. EAE was induced as described
previously (So et al., 2015). Briefly, mice were immunized subcutane-
ously with 100 �g of myelin oligodendrocyte glycoprotein peptide 35–55
(MOG35-55; Eurofins Genomics) in complete Freund’s adjuvant (Difco)
containing 3 mg/ml Mycobacterium tuberculosis (H37Ra; Difco). Nonim-
munized control mice received saline. Mice also received 10 �g/kg per-
tussis toxin (List Biological Laboratories) intraperitoneally on the day of
immunization and again 48 h later. Mice were scored daily for clinical
signs as follows: 0 � no clinical deficit; 1 � partial tail paralysis; 2 � full
tail paralysis; 3 � partial hindlimb paralysis; 4 � full hindlimb paralysis;
5 � forelimb paresis; and 6 � dead. At day 16, mice were randomized
into treatment/vehicle groups and intraperitoneally injected with 10
mg/kg miconazole (LKT Laboratories) or vehicle (saline containing 1%
DMSO and 2% Tween 80) on a daily basis until day 28.

Electron microscopy. Mice were deeply anesthetized with sodium pen-
tobarbital (65 mg/kg body weight; Sumitomo Dainippon Pharm). Next,
saline was perfused through the ascending aorta, followed by 4% para-
formaldehyde (PFA). The spinal cords were then removed and dissected.
After postfixing overnight at 4°C in 4% PFA/2% glutaraldehyde, the
spinal cords were exposed to 1% osmium tetroxide in 0.1 M phosphate
buffer, pH 7.4, for 2 h at room temperature, dehydrated by immersion in
a series of graded ethanol solutions, and embedded in epoxy-resin (Lu-
veak 812; Nacalai Tesque) according to the inverted beam capsule pro-
cedure. Samples were polymerized at 60°C for 3 d. Ultrathin sections
were prepared on an ultramicrotome (EM UC6; Leica) and stained with
uranyl acetate and lead citrate. Finally, sections were observed under a
Hitachi H-7650 transmission electron microscope. Seven images ob-
tained from each mouse were analyzed about axon number in a visual
way and the mean result was regarded as an n � 1 data. Four mice were
used for statistical analysis.

Flow cytometric analysis. Mice were deeply anesthetized with sodium
pentobarbital (65 mg/kg body weight; Sumitomo Dainippon Pharm)
and killed. The spleen, draining lymph nodes (inguinal and axillary), and
spinal cord were then removed. Spleens and lymph nodes were homog-
enized through a 40 �m cell strainer and centrifuged at 500 � g for 5 min
at 4°C. The cells were the suspended in red blood lysis buffer (eBiosci-
ence) and kept stationary for 5 min at room temperature. After centrif-
ugation (500 � g; 5 min; 4°C), the cells were resuspended in FACS buffer
(eBioscience) and counted. To obtain enough cells for flow cytometry
analysis, spinal cords from three mice were pooled and homogenized
through a 100 �m cell strainer. After centrifugation (500 � g; 5 min;
4°C), the pellet was resuspended in complete RPMI medium containing
1 mg/ml collagenase D (Roche) and 10 �g/ml DNase I (Sigma-Aldrich)
and incubated for 1 h at 37°C with gentle agitation. After centrifugation
(500 � g; 5 min; room temperature), the pellet was resuspended in 5 ml
of 70% Percoll (Sigma-Aldrich). Next, 5 ml of 40% Percoll was layered
carefully on top of the cells (which were suspended in 70% Percoll) and
then centrifuged at 600 � g for 20 min at room temperature with the
brake off. The mononuclear cells were removed from the interface and
centrifuged at 500 � g for 5 min at 4°C. After resuspension in FACS
buffer, 1 � 10 6 cells were incubated for 10 min at 4°C with Fc block
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buffer (BD Biosciences) and then stained with both PE-conjugated ham-
ster anti-mouse CD3 (BD Biosciences) and FITC-conjugated rat anti-
mouse CD4 (BD Biosciences) antibodies. Cells were then incubated for
20 min at 4°C. For intracellular staining, cells were fixed and permeabil-
ized with a FoxP3 staining buffer set (Miltenyi Biotec) and stained with
T-bet monoclonal antibody (catalog #12-5825-82; eBioscience), ROR
gamma (t) monoclonal antibody (catalog #12-6981-80; eBioscience) and
Foxp3 monoclonal antibody (catalog #17-5773-80; eBioscience) for 20
min at 4°C. After centrifugation (500 � g; 5 min; 4°C), the cells were
resuspended in FACS buffer and analyzed using FACS Aria II flow cy-
tometer and FACSDiva software (BD Biosciences).

Histological examination. Mice were deeply anesthetized with sodium
pentobarbital (65 mg/kg body weight; Sumitomo Dainippon Pharm)
and the ascending aorta perfused with saline followed by PFA. Spinal
cords were then removed and dissected. After postfixing for 3 h in 4%
PFA followed by cryoprotection overnight at 4°C in 15% sucrose, spinal
cords were dehydrated with graded ethanol and xylene, embedded in
paraffin, and cut into sections (5 �m thick) with a sliding microtome.
Histological sections were stained with hematoxylin and eosin (H&E)
or Luxol fast blue (LFB) and examined by light microscopy (BZ-9000;
KEYENCE). To quantify demyelination, spinal cords were embedded in
optimal cutting temperature (OCT) compound, cut into 16-�m-thick
sections by a cryomicrotome (Leica), and stained with FluoroMyelin
green fluorescent myelin stain (Invitrogen) and mounted with DAPI
Fluoromount-G (Southern Biotech). The demyelinated and total areas of
white matter were measured using ImageJ software. The final percentage
value for demyelination was calculated using the following equation list:
demyelinated area (%) � (demyelinated area in white matter)/(total
white matter area) � 100 (%).

Immunohistochemistry. Anesthetized mice were transcardially per-
fused with PBS and the lumbar spinal cord (L3–L5) was fixed in 4% PFA
and embedded in the OCT compound. Coronal sections (16 �m thick)
were cut using a cryomicrotome (Leica), blocked with PBS containing
3% bovine serum albumin, and permeabilized with 0.1% Triton X-100 in
blocking solution. Appropriate primary antibodies were added overnight
(at 4°C) at the following dilutions: anti-CD3 (catalog #555273, rat IgG,
1:200; BD Biosciences), anti-Iba1 (catalog #019-19741, rabbit IgG, 1:200;
Wako), anti-GSTpi (catalog #311, rabbit IgG, 1:200; MBL), anti-GFAP
(catalog #Z0334, rabbit IgG, 1:200; Dako), anti-Gr1 (catalog #RB6-8C5,
rat IgG, 1:200; R&D Systems), and anti-CXCL2 (catalog #AF452, goat
IgG, 1:200; R&D Systems). Secondary antibodies were as follows: Alexa
Fluor 594 (catalog #A11058, anti-goat IgG, 1:200; Life Technologies) and
Alexa Fluor 488 (catalog #A21206, anti-rabbit IgG, and catalog #A21208,
anti-rat IgG, 1:200; Life Technologies). Secondary antibodies were
added for 1.5 h at room temperature. Immunofluorescence was visu-
alized under a laser scanning confocal imaging microscope (Fluoview
FV10i; Olympus). The number of CD3 and Gr1-immunoreactive cells
and the intensity of the Iba1-immunofluorescent signal in the white
matter of the spinal cord were quantified in 600 � 600 �m 2 fields using
ImageJ software, as described previously (Munakata et al., 2013).

Quantitative real-time PCR. Total RNA was extracted from the spinal
cords (L3–L5) of EAE mice using the ISOGEN (Wako) method. Next,
cDNA was synthesized using ReverTra Ace qPCR RT Master Mix
(TOYOBO). Real-time quantitative PCR was performed using the
StepOne real-time PCR system (Applied Biosystems) with Power SYBR
Green PCR Master Mix (Applied Biosystems) in a final volume of 20 �l,
as described previously (Shirakawa et al., 2017). The following oligonu-
cleotide primers were used: 5�-GCA ATT ATT CCC CAT GAA CG-3�
and 5�-GGC CTC ACT AAA CCA TCC AA-3� for 18s ribosomal RNA
(18s rRNA); 5�-CGG AGC GGA CCA ACA GCA TCG TTT C-3� and
5�-CAG GGT AGC CAT CCA CGG GCG GGT-3� for Tbet; 5�-GGC AGA
ACC GGC CCC TTA TC-3� and 5�-TGG TCT GAC AGT TCG CGC
AG-3� for Gata3; 5�-AAG CTG AAG GCA GAG ACA GC-3� and 5�-TGT
TCT GGT TCC CCA AGT TC-3� for Rorc; 5�-CCT GGT TGT GAG AAG
GTC TTC G-3� and 5�-TGC TCC AGA GAC TGC ACC ACT T-3� for
Foxp3; 5�-ATG CCT GAA GAC CCT GCC AAG-3� and 5�-GGT CAG
TTA GCC TTG CCT TTG-3� for Cxcl2; and 5�-ACA GAC AAT GCC
TGG ATC G-3� and 5�-TGG ATC ATG AGT GTG CAG GT-3� for
Trpm2. The cycling conditions were as follows: 95°C for 10 min, followed

by 35 cycles of 95°C for 15 s and 60°C for 60 s. The results were analyzed
using Primer Express software (Applied Biosystems). The identity of the
PCR product was confirmed by automated determination of the melting
temperature. The results for each gene were normalized to 18s rRNA
levels measured in parallel in each sample.

Cytokine analysis. After anesthetized mice were transcardially perfused
with PBS, lumbar spinal cords (L3–L5) were harvested and homogenized
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 the protein concentration in the supernatant was
measured using DC protein assay reagents (Bio-Rad). Cytokine levels
in tissue homogenates were measured using a mouse cytokine ELISA
kit (R&D Systems) according to the manufacturer’s instructions.

Generation of BM (BM) chimeric mice. Homozygous TRPM2 �/� male
mice were crossed with GFP-transgenic female mice to produce GFP �

TRPM2 �/� mice. GFP � TRPM2 �/� (WT) mice and GFP � TRPM2 �/�

(TRPM2-KO) mice were obtained by hetero-mating of GFP� TRPM2�/�

female and male mice to obtain suitable BM donor mice. BM transplan-
tation was performed as described previously (Isami et al., 2013; Miyano-
hara et al., 2018), with slight modifications. BM recipients were female
6-week-old C57BL/6J or TRPM2-KO mice. Recipient mice were lethally
irradiated with 8 Gy of total body irradiation for 10 min. GFP � WT or
TRPM2-KO donor mice were then killed by decapitation, the femurs
were isolated, and both ends were cut and placed into a microtube. The
femurs were centrifuged at 400 � g for 10 min and the pellet of GFP � BM
cells was suspended in sterile PBS. Between 3 and 5 h after irradiation,
WT or TRPM2-KO recipient mice received 1.5 � 10 7 BM cells by intra-
venous injection into the tail vein. WT recipient mice received WT donor
mouse-derived GFP � BM cells (WT-BM¡WT) or TRPM2-KO donor
mouse-derived GFP � BM cells (TRPM2-KO-BM¡WT), TRPM2-KO
recipient mice received WT donor mouse-derived GFP � BM cells
(WT-BM¡TRPM2-KO), and TRPM2-KO recipient mice received
TRPM2-KO donor mouse-derived GFP � BM cells (TRPM2-KO-
BM¡TRPM2-KO). All mice were housed in specific pathogen-free con-
ditions with ad libitum access to autoclaved pellets and autoclaved water.
After 6 weeks, female BM chimeric mice were used for EAE induction
(age, 12 weeks).

Experimental design and statistical analysis. Statistical analysis was
performed using Prism5 software (GraphPad Software; RRID:
SCR_002798). Details of the procedures used for statistical analyses (in-
cluding which tests were performed, exact p-values, and sample sizes)
and details about experimental design are provided in the Results section
or in the legend to each figure. Briefly, comparisons between multiple
experimental groups were made using one-way or two-way ANOVA with
Tukey’s or Dunnett’s post hoc test as appropriate. For comparisons be-
tween a single experimental group and a control group, an unpaired
Student’s t test was used. p � 0.05 was considered to be significant. Data
are expressed as the mean � SEM. The assessor was blinded to all treat-
ments throughout the study. In the quantitative analysis of Figures 1, 3, 4,
and 5, each data point represents one sample (spinal cord section or
extract) from one individual mouse. The number of animals used in each
experiment is indicated in figure legends.

Results
KO or pharmacological blockade of TRPM2 attenuates
neurological impairment and pathological outcome of EAE
To investigate the role of TRPM2 in MS, we first immunized
WT and TRPM2-KO mice with MOG35-55 to induce EAE.
Whereas WT mice gradually developed more severe EAE from
the date of disease onset, TRPM2-KO mice were resistant. The
day of onset was not different between WT and TRPM2-KO
mice (Fig. 1A; p � 0.01, two-way ANOVA). To further differ-
entiate pathological changes in EAE between both genotypes,
we performed histologic analyses to examine inflammatory
cell infiltration, demyelination, and axonal damage in the
CNS. The spinal cords of TRPM2-KO mice showed preserva-
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tion of myelination within the outmost white matter, as dem-
onstrated by LFB staining (Fig. 1B) and FluoroMyelin (Fig.
1 D, E; p � 0.05, unpaired Student’s t test) at day 16, the peak
time of the disease. Moreover, the number of inflammatory
cells infiltrating the spinal cord of TRPM2-KO mice at day 16
was lower than that in WT mice (Fig. 1C). The spinal cords of
WT mice contained fewer axons than those of naive mice;
however, spinal cords from TRPM2-KO mice had more axons
than those of WT mice (Fig. 1 F, G; p � 0.05, unpaired Stu-
dent’s t test) at day 21. We observed less inflammatory cell
infiltration, less myelin loss, and less axonal damage in spinal
cords from TRPM2-KO mice.

We next investigated whether pharmacological inhibition
of TRPM2 after induction of EAE has a beneficial effect on the
clinical score. Miconazole, a Food and Drug Administration-
approved antifungal drug, effectively inhibits the TRPM2
channel (Togashi et al., 2008). To test the possibility that in-
hibition of TRPM2 modulates clinical disability, we started
administration of miconazole after onset of disease (day 16
after immunization). We found that daily administration of
miconazole (10 mg/kg, i.p.) throughout the chronic phase of
the disease ameliorated disability in WT EAE mice compared
with vehicle-treated WT EAE mice (Fig. 2A; p � 0.01, two-way
ANOVA). In addition, miconazole did not result in additional
clinical improvement in TRPM2-KO EAE mice compared
with vehicle-treated TRPM2-KO EAE mice (Fig. 2B; p �
0.5403, two-way ANOVA), indicating that miconazole likely
exerts its protective effects by targeting TRPM2. Miconazole
administration preserved myelin as assessed by FluoroMyelin
(Fig. 2C) and LFB staining (Fig. 2D) and inhibited inflamma-
tory cell infiltration (Fig. 2E) of the spinal cord at day 21.

Knocking out TRPM2 has no effect on T-cell function in the
spinal cord, lymph nodes, and spleen of EAE mice
As TRPM2 deficiency suppresses T-cell proliferation induced
by anti-CD3/CD28 in vitro (Melzer et al., 2012), we first in-
vestigated the effect of TRPM2 deficiency on T-cell function in
vivo under pathological conditions. We found that genetic
deletion of TRPM2 had no effect on the increased number of
CD3 � cells infiltrating the spinal cord at the peak of disease,
although the pathological phenotype was weaker in TRPM2-KO
mice than in WT mice (Fig. 3 A, B; WT vs TRPM2-KO: p �
0.6693, Dunnett’s multiple-comparisons test). Next, to inves-
tigate whether TRPM2 deficiency affects the function of helper
and regulatory T cells in the lumbar spinal cord, we examined
changes in mRNA encoding transcription factors specific for
helper and regulatory T cells (Tbet in Th1 cells; Gata3 in Th2
cells; Rorc in Th17 cells; and Foxp3 in Treg cells). However,
there was no significant difference in mRNA expression be-
tween the genotypes (Fig. 3C; Tbet, p � 0.5296; Gata3, p �
0.8890; Rorc, p � 0.5847; Foxp3, p � 0.9851; unpaired Stu-
dent’s t test). To quantify T-cell infiltration into the spinal
cord more precisely, we conducted flow cytometric analysis of
spinal cords of both genotypes at day21. We observed no
changes in the numbers of infiltrating CD3 � (Fig. 3D) and
CD4 � (Fig. 3E) cells. Furthermore, when we assessed periph-
eral changes caused by genetic deletion of TRPM2, we did not
observe any changes in the percentages of T-cell subpopula-
tions, namely T-bet in Th1 cells (Fig. 3 F, G), ROR gamma (t)
in Th17 cells (Fig. 3 H, I ), and Foxp3 in Treg cells (Fig. 3 J, K ),
draining lymph nodes (Fig. 3 F, H,J ), and spleen (Fig. 3G, I, K )
of WT and TRPM2-KO mice.

Figure 1. EAE is less severe in TRPM2-KO mice. A, Mean clinical scores for WT and TRPM2-KO mice after induction of EAE using MOG35-55 peptide and pertussis toxin (number of mice � 8 –10).
**p � 0.01 (two-way ANOVA with Tukey’s multiple-comparisons test). B, C, Representative images of lumbar spinal cord sections from immunized mice at day 16. Sections were stained with LFB
(B) and H&E (C) to visualize demyelination and immune cell infiltration. Dashed boxes indicate the area magnified in the image below. D–G, Representative FluoroMyelin-stained images (D) and
quantitative analyses (E) of lumbar spinal cord at day 16. Scale bar, 200 �m in D. Representative electronic microscope images (F ) and quantitative analyses (G) of axons in lumbar spinal cord
sections at day 21. Scale bar, 10 �m in F. Each data point was collected from a different animal. Four mice were used for statistical analysis. *p � 0.05 (unpaired Student’s t test). Data are expressed
as the mean � SEM.
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Knocking out TRPM2 ameliorates the
increased numbers of macrophages/
microglia and neutrophils in the spinal
cord of EAE mice
During the pathogenesis of EAE, abnor-
mally activated microglia increase their
production of proinflammatory cytokines
and chemokines, which promotes infiltra-
tion of the CNS by peripheral leukocytes,
including monocytes/macrophages and
neutrophils (Mishra and Yong, 2016;
Prinz and Priller, 2017). To investigate the
effect of TRPM2 deficiency on infiltration
by activation of these immune cells, we
next analyzed the immunohistochemical
expression of Iba1, a marker of macro-
phages/microglia, and Gr1, a marker of
neutrophils, in the spinal cord at days 7,
14, 21, and 28. From day 14, both the im-
munoreactivity of Iba1 and the number of
Gr1-immunopositive cells were higher in
WT mice with EAE than in naive mice,
which is the time point when the clinical
symptoms are already manifest. Immuno-
reactivity of Iba1 and the number of Gr1-
immunopositive cells peaked at day 21
and then settled down to a lower level,
however, which is higher than the level
observed in naive mice at day 28 (Fig. 4A–
D). Iba1 immunoreactivity and the num-
ber of Gr1� cells in TRPM2-KO EAE
mice were lower than those in WT EAE
mice at day 21 (Iba1, p � 0.05; Gr1, p �
0.05; Dunnett’s multiple-comparisons
test) and at day 28 (Iba1, p 	 0.05; Gr1,
p � 0.05; Dunnett’s multiple-compa-
risons test), but not significantly different
at days 7 and 14 (Fig. 4A–D). However,
there was no difference in GFAP immu-
noreactivity, a marker of astrocytes, be-
tween the genotypes (data not shown). In
addition, immunostaining for GSTpi, a marker of mature oligo-
dendrocytes, revealed that TRPM2 deficiency had no effect on the
number of oligodendrocytes present in the spinal cord during
EAE disease (Fig. 4C,F), although the loss of myelin was less
pronounced in TRPM2-KO mice than in WT mice. These results
indicate that activation of TRPM2 plays a role in the progression,
but not initiation, of CNS inflammation.

KO of TRPM2 attenuates CXCL2 production and release at
the early stage of disease
Accumulating evidence suggests that proinflammatory cytokines
and chemokines play key roles in the pathogenesis of EAE
(Kothur et al., 2016). To investigate the effect of TRPM2 defi-
ciency on the production and secretion of proinflammatory cy-
tokines and chemokines, we analyzed levels of representative
proinflammatory cytokines in the spinal cord by ELISA. Al-
though at day 7 (predisease period), the level of IL6, IFN�, and
IL1� in the spinal cord of EAE mice of both genotypes was un-
detectable (data not shown), the amounts of IL6, IFN�, and IL1�
in the spinal cord of TRPM2-KO EAE mice at day 14 (the early
stage of the disease) were markedly increased but similar to that
in WT EAE mice (Fig. 5A; IL6, IFN�, IL1�, p 	 0.9999; Bonfer-

roni’s multiple-comparisons test). Surprisingly, the amounts of
CXCL2 in TRPM2-KO EAE mice were markedly lower than
those in WT EAE mice (Fig. 5A; CXCL2, p � 0.01; Bonferroni’s
multiple-comparisons test), although the EAE clinical scores for
WT and TRPM2-KO mice at day 14 were comparable, as shown
in Figure 1A. At day 21 (the peak stage of the disease), the
amounts of IL6, IFN�, and IL1� in TRPM2-KO EAE mice tended
to be lower than those in WT EAE mice (Fig. 5B; IL6, p � 0.9610;
IFN�, p � 0.1356; IL1�, p � 0.1941; Bonferroni’s multiple-
comparisons test). The absolute amount of CXCL2 at day 21 was
lower than that at day 14 (WT day 14: 95.81 � 22.48 pg/mg
protein, WT day 21: 22.23 � 7.90 pg/mg protein, p � 0.0149;
unpaired Student’s t test); genetic deletion of TRPM2 tended to
inhibit CXCL2 release (Fig. 5B). Similarly, marked inhibition of
CXCL2 mRNA expression was observed at days 14 and 21 (Fig.
5C; day 14, p � 0.05; day 21, p � 0.1838, Dunnett’s multiple-
comparisons test). Moreover, expression of TRPM2 mRNA in
the spinal cord of EAE mice was upregulated significantly at day
14 (Fig. 5D; naive vs day 14, p � 0.05; naive vs day 21, p � 0.0554;
Dunnett’s multiple-comparisons test). Together, these results
suggest that upregulation of TRPM2 and the resulting produc-
tion/release of CXCL2 precedes progression of EAE.

Figure 2. Pharmacological blockade of TRPM2 prevents EAE development. A, B, Mean clinical scores for WT (A) and TRPM2-KO
(B) mice receiving a daily intraperitoneal injection of the TRPM2 inhibitor miconazole (10 mg/kg) or vehicle (DMSO in saline) from
days 16 to 28 (number of mice � 5–10). Note that miconazole caused a significant reduction in the clinical score in WT mice, but
had no significant effect in TRPM2-KO mice. C–E. Representative images of lumbar spinal cord sections from immunized WT mice
receiving a daily intraperitoneal injection of miconazole or vehicle at day 21. Sections were stained with FluoroMyelin (C), LFB (D),
or H&E (E) to visualize demyelination and immune cell infiltration. Scale bar, 200 �m. **p � 0.01 (two-way ANOVA, with Tukey’s
multiple-comparisons test). Data are expressed as the mean � SEM.
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Figure 3. Knocking out TRPM2 has no effect on T-cell infiltration into the spinal cord or on T-cell population in secondary lymphoid organs. A, Representative images of lumbar spinal cord sections
from immunized mice at day 21 stained with an anti-CD3 antibody. Scale bar, 200 �m. B, Quantitative analysis of the CD3-immunopositive cells shown in A (number of sections � 3– 6).
C, Quantitative real-time PCR to examine expression of mRNA encoding helper T-cell lineage-specific transcription factors Tbet (Th1), Gata3 (Th2), Rorc (Th17), and Foxp3 (Treg). The relative amounts
of mRNA extracted from lumbar spinal cords (at day 21) were normalized against 18s rRNA (number of spinal cords � 5– 6). D, E, Representative FACS data for detection of CD3 � (D) and CD4 � cells
(E) from the spinal cord of naive, WT EAE, and TRPM2-KO EAE mice at day 21 and cumulative quantitative analysis from three to four mice for each group about CD3 � and CD4 � rate or cell number.
Singlet and live cells based on forward and side scatter were analyzed. F–K, Representative FACS data for detection of helper T-cell lineage-specific transcription factors T-bet (F, G; Th1), ROR gamma
(t) (H, I; Th17), and Foxp3 (J, K; Treg) � cells from the lymph node (F, H, J ) and the spleen (G, I, K ) of WT and TRPM2-KO EAE mice at day 10 and cumulative quantitative analysis from 3 mice for each
group about T-bet, ROR gamma (t), and Foxp3 positive rate. Singlet and CD4 � live cells based on forward and side scatter were analyzed. Data are expressed as the mean � SEM.
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TRPM2 expressed by macrophages drives the pathogenesis
of EAE
The production and secretion of CXCL2 by monocytes and
macrophages are mediated mainly by the opening of TRPM2
channels; this mechanism underlies the pathophysiology of in-
flammatory diseases such as neuropathic pain (Haraguchi et al.,
2012) and ulcerative colitis (Yamamoto et al., 2008). Therefore,

we performed double-fluorescent labeling experiments to inves-
tigate CXCL2-expressing cell types. We found that CXCL2 pro-
tein was expressed in a population of Iba1� cells (macrophages
and microglia), but not in GFAP� cells (astrocytes) or CD3�

cells (T-cell lineages; Fig. 6). Finally, we generated chimeric mice
to determine whether endogenous CNS cells or CNS-infiltrating
leukocytes are responsible for EAE induction. Irradiated WT and

Figure 4. TRPM2-KO mice exhibit reduced macrophages/microglia activation and reduced neutrophil infiltration during the chronic phase of EAE. A–C, Representative sections of lumbar spinal
cord from immunized mice obtained at days 7, 14, 21, and 28. Sections were stained with an anti-Iba1 antibody (A; macrophages/microglia), an anti-Gr1 antibody (B; neutrophils), and an anti-GSTpi
antibody (C; oligodendrocytes). Scale bar, 100 �m. D–F, Quantitative analysis of Iba1 � cells (D), Gr1 � cells (E), and GSTpi � cells (F ) (number of mice � 3–10). *p � 0.05, ***p � 0.001 vs WT.
Data are expressed as the mean � SEM.
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TRPM2-KO recipient mice were transplanted with WT or
TRPM2-KO donor-mouse-derived GFP� BM cells to generate four
types of BM chimeric mouse (WT-BM¡/WT recipient mice;
WT-BM¡/TRPM2-KO recipient mice; TRPM2-KO-BM¡/WT
recipient mice; and TRPM2-KO-BM¡/TRPM2-KO recipient
mice). Flow cytometry analysis revealed that 	90% of the BM-

derived cells in the blood of the chimeric
mice had been replaced by GFP� cells at 6
weeks after BM transplantation (Fig. 7A).
TRPM2-KO-BM¡/WT recipient mice
and TRPM2-KO-BM¡/TRPM2-KO re-
cipient mice were resistant to EAE,
whereas the EAE clinical score for WT-
BM¡/TRPM2-KO recipient mice was the
same as that for WT-BM¡/WT recipient
mice (Fig. 7B; WT-BM¡/WT vs WT-
BM¡/TRPM2-KO, p � 0.9444; WT-
BM¡/WT vs TRPM2-KO-BM¡/WT,
p � 0.01; WT-BM¡/WT vs TRPM2-KO-
BM¡/TRPM2-KO, p � 0.01; two-way
ANOVA). Furthermore, we performed
immunohistochemical analysis of spinal
cords from WT-BM¡/WT recipient mice
and found that the majority of CXCL2�

cells were Iba1� and GFP�, indicating
that central deficiency of TRPM2 is not
involved in the pathogenesis of EAE, and
that it is TRPM2 expressed in macro-
phages, but not microglia, that cont-
ributes to the pathogenesis of EAE
by secreting chemokines that attract
neutrophils.

Discussion
Here, we provide the first evidence that
TRPM2 expressed by macrophages medi-
ates CXCL2 production and release in
EAE lesions of the spinal cord, resulting in
neutrophil infiltration into the CNS and
aggravation of EAE pathology. This is
supported by the following findings:
(1) TRPM2 deletion and TRPM2 inhibi-
tion led to a significant reduction in the
EAE clinical score; (2) TRPM2 deficiency
had no effect on T-cell infiltration into
both peripheral tissues and CNS tissue or
on levels of mRNA encoding T-cell-
specific transcription factors in the spinal
cord; (3) TRPM2 deficiency led to a sig-
nificant reduction in Iba1� cells and
Gr1� cells in EAE lesions of the spinal
cord; (4) TRPM2 deficiency led to a sig-
nificant reduction in levels of CXCL2 at
the early stage of disease; and (5) TRPM2-
KO-BM¡/WT recipient mice and TRPM2-
KO-BM¡/TRPM2-KO recipient mice
were resistant to EAE, whereas the EAE
clinical score in WT-BM¡/TRPM2-KO re-
cipient mice was similar to that in WT-
BM¡/WT recipient mice.

Many CXC chemokines act mainly on
neutrophils and many CC chemokines act
mainly on monocytes. Of the known
CXCL chemokines (systematically num-

bered from 1 to 15), CXCL1 and CXCL2 (and its homolog
CXCL8 in humans) mainly attract neutrophils by binding to
CXCR2 receptors (Zlotnik and Yoshie, 2000). CXC chemokines
and their specific receptors play roles in acute inflammation and
in chronic inflammatory and autoimmune diseases such as MS.

Figure 5. Reduced cytokine production in the spinal cord of TRPM2-KO mice. A, B, Amounts of IL6, IFN�, IL1�, and CXCL2 in the
lumbar spinal cord of WT and TRPM2-KO mice at day 14 (A) and day 21 (B) (number of spinal cords � 4 –9). C, D, Quantitative
real-time PCR analysis of the relative amounts of Cxcl2 (C) and Trpm2 (D) in the lumbar spinal cord. The amount of mRNA extracted
from the lumbar spinal cord at days 14 and 21 was normalized against 18s rRNA (number of spinal cords � 5– 6). *p � 0.05,
**p � 0.01 vs WT (A–C) or naive (D). Data are expressed as the mean � SEM.

Figure 6. CXCL2 is primarily expressed by Iba1 � cells in the CNS. Representative lumbar spinal cord sections obtained from
immunized mice at day 14 and stained with anti-Iba1 (top; macrophages/microglia), anti-GFAP (middle; astrocytes), anti-CD3
antibody (bottom; T cells), and anti-CXCL2 (center) antibodies are shown. Images of anti-CXCL2 antibody staining are shown in the
center panels and merged images are shown in the right panels. Scale bar, 20 �m.
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For example, CXCL8 expression is up-
regulated in CSF and serum of MS pa-
tients (Lund et al., 2004; Ishizu et al.,
2005;). IFN� is used widely as a first-line
treatment for MS; however, some patients
are nonresponders. Indeed, IFN�-resistant
EAE is highly related to expression of
CXCR2 and the lymphotoxin-� receptor
(LT�R), leading to the production of
CXCL8 (Mikami et al., 2014). In addition,
peripheral blood mononuclear cells from
patients with IFN�-resistant MS show up-
regulated expression of CXCL8, CXCR2,
and LT�R (Inoue et al., 2016). Moreover,
genetic silencing of CXCR2 (Carlson et
al., 2008), blockade of CXCR2 (Kerstetter
et al., 2009), and neutrophil-specific gene
deletion of CXCR2 (Liu et al., 2010) show
that CXCR2 mediates the pathogenesis
and pathology of EAE and related demy-
elination diseases. Antibodies that neu-
tralize CXCR2 almost completely inhibit
neutrophil infiltration into inflammatory
sites, whereas neutralizing either CXCL1
or CXCL2 only partially inhibits neutro-
phil infiltration (Tanimoto et al., 2007).
These findings are consistent with our
own finding that Gr1-immunopositive
neutrophil infiltration into the CNS of
TRPM2-KO mice was largely suppressed,
whereas CXCL2 production in the spinal
cord was markedly attenuated, suggesting
that CXCL2 is a major chemoattractant
for neutrophils in the EAE model. How-
ever, most studies, including those men-
tioned above, suggesting that suppression
of neutrophil migration into the CNS in-
hibits progression of EAE report delayed
EAE onset. This is probably because neutrophils induce disrup-
tion of the blood– brain barrier (Carlson et al., 2008). Here, we
show that there was no delay in the onset of EAE in TRPM2-KO
mice. The discrepancy between our results and those of others is
unclear; however, it is plausible that CXCL2 may be produced
and released during the progressive phase of EAE, a theory sup-
ported by the fact that CXCL2, but not CXCL1, is upregulated
robustly after EAE onset (Carlson et al., 2008). Together, these
results suggest that TRPM2 on macrophages, which were activated
by some kind of local inflammation after disease onset, exclusively
mediates CXCL2 production, leading to further neutrophil infil-
tration and CNS demyelination.

As described above, inhibiting CXCR2 attenuates the severity
of EAE; however, some studies warn that completely inhibiting
CXCR2 signaling and completely removing neutrophils may lead
to a disappointing result. For example, CXCR2 signaling protects
oligodendrocytes and restricts demyelination in a mouse model
of viral-induced demyelination (Hosking et al., 2010) and
CXCR2 KO mice show abnormal phenotypes (such as a poor
ability to respond to environmental stress, low reproduction,
and low body weight; Semple et al., 2010) and exaggerated
macrophage-dependent acute inflammatory responses (Dyer et

al., 2017). In addition, systemic suppression of neutrophil activa-
tion and migration increases the risk of severe infections, includ-
ing sepsis (Tavares-Murta et al., 2002). Therefore, TRPM2 may
be a good therapeutic target for preventing the progression of MS
because it can be activated locally within CNS lesions. In addi-
tion, inhibiting TRPM2 may reduce neutrophil infiltration into
the CNS.

It has become apparent that neutrophils are key player not
only in acute inflammation, but also in chronic inflammatory
diseases including MS (Caielli et al., 2012; Moliné-Velázquez et
al., 2016). However, the pathophysiological contribution of neu-
trophils in MS patients is still a matter of debate; neutrophils
themselves are rarely found in the brain of MS patients (
4% of
MS patients), but are generally rich in the CNS tissue of NMO
patients (
56% of NMO patients; Lucchinetti et al., 2002). Con-
versely, the plasma levels of the neutrophil chemokines CXCL1,
CXCL5, and neutrophil elastase correlates with clinical and ra-
diological measures of CNS injury in MS (Rumble et al., 2015)
and granulocyte colony-stimulating factor is upregulated in
acute MS lesions (Lock et al., 2002). Neutrophils in the blood of
patients with MS show upregulated expression of adhesion mol-
ecules and increased activation such as migration, production of
reactive oxygen species (respiratory burst), and degranulation
compared with healthy controls and these changes related to neu-

Figure 7. TRPM2 in BM-derived cells contributes to disease progression of EAE. A, Flow cytometry analysis of BM-derived cells
in WT/TRPM2-KO BM chimeric mice. Representative histograms showing GFP � cells in WT (top, control) and BM chimeric mice
(bottom). More than 90% of BM-derived cells in all examined chimeric mice were GFP �. B, Mean clinical scores of BM chimeras
WT-BM¡WT (open circles), WT-BM¡TRPM2-KO (closed circles), TRPM2-KO-BM¡WT (open squares), and TRPM2-KO-
BM¡TRPM2-KO (closed squares) after the induction of EAE (number of mice � 6 –12). **p � 0.01 (two-way ANOVA with
Tukey’s multiple comparison test of WT-BM¡/WT vs. TRPM2-KO-BM¡/WT; WT-BM¡/WT vs. TRPM2-KO-BM¡/TRPM2-KO).
C, Representative sections of lumbar spinal cord from immunized WT-BM¡WT mice obtained at day 14 and stained with an
anti-Iba1 antibody (macrophages/microglia) and an anti-CXCL2 antibody. Scale bar, 10 �m.
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trophil functionality are more evident than those seen in NMO
patients (Naegele et al., 2012; Hertwig et al., 2016). The reason
that neutrophils themselves are rarely found in the autopsied
brains of MS patients may be because the short-living and high
turnover nature of neutrophils. Further investigation is war-
ranted to elucidate neutrophil invasion into the CNS lesion dur-
ing MS.

It remains unclear which molecules activate TRPM2 on mac-
rophages. The most feasible are ROS, which activate TRPM2 di-
rectly (Hara et al., 2002). In addition, increased ROS production
in the CNS plays a role in the pathogenesis and progression of
EAE (Choi et al., 2015; Hasseldam et al., 2016). ROS are produced
locally and abundantly by microglia in the brain of MS patients
and infiltrating macrophages secrete NADPH oxidase and my-
eloperoxidase, substances that impose severe and chronic oxida-
tive stress on oligodendrocytes and axons within the lesions
(Mahad et al., 2015). In fact, edaravone, a well known ROS scav-
enger, ameliorates the pathogenesis of EAE (Moriya et al., 2008).
Because ROS-mediated physiological signals and defensive re-
sponses are necessary for homeostasis and health, long-term ad-
ministration of ROS scavengers must be performed with caution.
Therefore, unlike therapy for ischemic disease, the pathology of
which is characterized by acute and marked oxidative stress, ROS
scavengers are not a suitable therapy for chronic inflammatory
diseases like MS. Another possible activator of TRPM2 in MS and
EAE is the PARP-1 signaling pathway; ADP ribose within this
pathway directly activates TRPM2 (Perraud et al., 2001). Free
ADP ribose is generated in the cytoplasm, where it activates
TRPM2 when PARP-1 is expressed to repair DNA damage in-
duced by excessive ROS production after ischemic injury (Shi-
mizu et al., 2013). In addition, increased activation of PARP-1 in
monocytes plays a pathological role in MS and EAE (Farez et al.,
2009). According to that study, oxysterols (present at higher lev-
els in the serum of MS patients than in that of healthy controls)
activate microglia and macrophages, thereby inducing CNS in-
flammation via the TLR2-PARP-1 axis. These results are concor-
dant with our own results showing that inhibiting TRPM2 under
inflammatory conditions suppresses activation of macrophages.
Therefore, it is feasible that higher levels of oxysterols activate
TRPM2 in macrophages indirectly through the TLR2-PARP-1-
ADP ribose axis in EAE. Therefore, we plan future studies to
clarify whether excessive ROS production in the CNS activates
TRPM2 directly or indirectly.

Although the EAE model (in which mice are immunized with
the MOG35-55 peptide) is dependent on helper T cells, especially
Th17 cells, we did not observe suppressed migration of helper T
cells to the CNS of TRPM2-KO mice. This indicates that cells
other than helper T cells drive the pathology of EAE in mice
immunized with MOG35-55, which is in agreement with other
reports examining macrophages/microglia (Zhou et al., 2015).
Nevertheless, a recent report shows that TRPM2 modulates
T-cell proliferation after T-cell receptor stimulation (Melzer et
al., 2012), although we demonstrated here that there were no
differences in the percentages of T cells in secondary lymphoid
organs or in the level of T-cell infiltration into the CNS between
WT and TRPM2-KO mice in vivo. The reason for the differences
between our data and those presented in the above-mentioned
study is unclear; it may be because the previous study demon-
strated the interesting phenotype only in in vitro cultures.

We showed that miconazole, a TRPM2 inhibitor (Togashi et
al., 2008), suppresses progression of EAE pathology in WT mice,
but does not affect the pathology of TRPM2-KO mice. Likewise,
a recent report shows that administration of miconazole from the

point of peak EAE severity leads to an improvement in pathology
(Najm et al., 2015). In that study, the investigators suggested that
miconazole acts directly on oligodendrocyte progenitor cells
(OPCs) to promote remyelination. Because therapies that target
lymphocytes are successful to some degree, research interest is
shifting to therapies aimed at remyelination therapies; however,
no study has detected TRPM2 expression on OPCs and it is un-
clear whether TRPM2 is functional in these cells. Because we
demonstrated that the severity of EAE in chimeric TRPM2-KO
mice was similar to that in WT mice, we consider that TRPM2
expression by OPCs will have a minor impact on the pathology of
EAE, at least under our experimental conditions. Here, we ob-
served that miconazole administration suppressed disease pro-
gression rather than inducing pathological recovery from the
peak of disease (Fig. 2), implying that miconazole-mediated in-
hibition of TRPM2 suppressed inflammation in the CNS, thereby
suppressing disease progression. To clarify whether TRPM2 is
involved in remyelination, it would be better to use a cuprizone-
or lysophosphatidylcholine-induced demyelination mouse model
because they manifest the three distinct phases: the demyelina-
tion phase, the remyelination phase, and the remyelination com-
plete phase (Miron et al., 2013; Berghoff et al., 2017). Therefore,
in the future, we intend to examine remyelination in such WT
and TRPM2-KO mouse models.

In conclusion, we show here that knocking out TRPM2
improves EAE severity without delaying disease onset by sup-
pressing production of CXCL2 and inhibiting infiltration of neu-
trophils into the CNS. Moreover, pharmacological inhibition of
TRPM2 with miconazole reduces EAE severity after onset. The
cells responsible for producing CXCL2 in the CNS of chimeric
mice are Iba1� monocytic cells, most likely macrophages. There-
fore, the TRPM2 channel is a potential therapeutic target for MS
and TRPM2 antagonists may be a relatively safe and effective
therapy for MS.

Note Added in Proof: The graphs in panels 5A and B were accidentally
switched. They have now been corrected.
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