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Abstract

Aging causes various functional changes, including cognitive impairment and
inflammatory responses in the brain. Transient receptor potential melastatin 2 (TRPM2),
a Ca?*-permeable channel expressed abundantly in immune cells, exacerbates
inflammatory responses. Previously, we reported that TRPM2 on resident microglia
plays a critical role in exacerbating inflammation, white matter injury, and cognitive
impairment during chronic cerebral hypoperfusion; however, the physiological or
pathophysiological role of TRPM2 during age-associated inflammatory responses
remains unclear. Therefore, we examined the effects of TRPM2 deletion in young (2-3
months) and older (12-24 months) mice. Compared with young wild-type (WT) mice,
middle-aged (12-16 months) WT mice showed working and cognitive memory
dysfunction and aged (20-24 months) WT mice exhibited impaired spatial memory.
However, these characteristics were not seen in TRPM2 knockout (TRPM2-KO) mice.
Consistent with the finding of cognitive impairment, aged WT mice exhibited white
matter injury and hippocampal damage and an increase in the number of Ibal-positive
cells and amounts of pro-inflammatory cytokines in the brain; these characteristics were
not seen in TRPM2-KO mice. These findings suggest that TRPM2 plays a critical role

in exacerbating inflammatory responses and cognitive dysfunction during aging.
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Introduction

Aging is defined broadly as the time-dependent functional decline in cardiac, renal,
cognitive, and immune function (L6épez-Otin et al., 2013; Young 1997). Cognitive
impairment is one of the most significant factors in terms of its social and economic
impact on not only elderly individuals but also on families and/or caregivers (Sharma et
al., 2010). Often, this condition is accompanied by more serious aging-associated
diseases such as Alzheimer’s disease and vascular dementia (Gorelick et al., 2011).

Several lines of evidence suggest that age-related vascular diseases are associated
with altered inflammatory responses, particularly increased production of
pro-inflammatory cytokines (Grammas and Ovase, 2001; Bruunsgaard et al., 2001). A
previous report shows that chronic cerebral hypoperfusion-induced cognitive
impairment in mice (Saggu et al., 2016) and humans (Kawamoto et al., 2006) is highly
associated with inflammation. Moreover, anti-inflammatory drugs reduce cognitive
impairment in a rodent vascular dementia model (Fu et al., 2014); they also reduce the
incidence of Alzheimer’s disease (In'T Veld et al., 2001).

Recent studies suggest that inflammatory responses increase during normal aging,
even in individuals without overt neurodegenerative disease (Salminen et al., 2012).
Increased expression of pro-inflammatory genes is observed in aged tissues in rodents
(Csiszar et al., 2003; Swindell et al., 2009) and humans (De Magalh&es et al., 2009).
Moreover, subacute treatment with ibuprofen rescues synaptic and cognitive deficits in
aged mice (Rogers et al., 2017), suggesting that regulating inflammatory response is a
potential method of arresting cognitive decline during normal aging.

Microglia are immune cells resident in the central nervous system (CNS) (Li and

Barres, 2018). Studies show that dystrophic changes occur in the aged human brain



(Ransohoff, 2016). Repopulation of microglia after elimination by PLX5622, a
colony-stimulating factor 1 receptor inhibitor, restores microglial morphology
(repopulated cells resemble young cells) and ameliorates cognitive dysfunction (EImore
et al., 2018). These reports imply that functional alterations to microglia play important
roles in aging-associated pathologies.

Transient receptor potential melastatin 2 (TRPM2), a member of the TRPM
superfamily, is a Ca®'-permeable channel with a unique C-terminal adenosine
diphosphate ribose pyrophosphatase domain (Perraud et al.,, 2001). TRPM2 is
functionally expressed in the brain, including by neurons (Kaneko et al., 2006) and
microglia (Kraft et al., 2004; Miyake et al., 2014), and by peripheral inflammatory cells
such as monocytes/macrophages (Yamamoto et al., 2008) and neutrophils (Hiroi et al.,
2012). In addition, TRPM2 plays a role in production of pro-inflammatory
cytokines/chemokines by monocytes/macrophages, and in exacerbation of
inflammation-related disorders such as ulcerative colitis (Yamamoto et al., 2008) and
neuropathic pain (Haraguchi et al., 2012). Moreover, TRPM2 plays an important role in
B-amyloid-mediated neuronal toxicity and memory impairment in an Alzheimer’s
mouse model (Ostapchenko et al., 2015). Recently, we demonstrated white matter
injury and cognitive dysfunction in a chronic cerebral hypoperfusion mouse model in
which  TRPM2-mediated activation of microglia plays a critical role in inducing
cognitive impairment (Miyanohara et al., 2018). Although these reports imply that
TRPM2 plays a role in chronic inflammation and cognitive dysfunction during aging,
the physiological role of TRPM2 remains unclear.

Here, we used genetically engineered mice to investigate the possible involvement

of TRPM2 in aging, and evaluated the effects of TRPM2 deficiency on age-dependent



cognitive dysfunction.



Materials and Methods
Animals

All experiments were conducted in accordance with the ethical guidelines of the
Kyoto University animal experimentation committee and with the guidelines of the
Japanese Pharmacological Society. Male C57BL/6J wild-type (WT) mice (RRID:
IMSR_JAX:000664) and TRPM2-KO mice (2-24 months old) were maintained
in-house. TRPM2-KO mice were generated as reported previously (Yamamoto et al.,
2008) and backcrossed with C57BL/6J mice (Japan SLC) for ten generations to
eliminate any background effects on the phenotype. All mice were housed at a constant
ambient temperature of 22 + 2°C under a 12 h light/dark cycle and were allowed water

and chow ad libitum.

Y-maze test

The Y-maze test was conducted using mice aged 2-3 and 12-16 months of age. The
Y-maze has three arms (40 cm long, 12 cm high, and 3 cm wide) arranged at equal
angles. The arm into which the mice were placed initially was labeled A; the other two
arms were labeled B and C. Experiments were performed over an 8 min period, and the
total number and sequence of arm entries were recorded with a video camera.
Alternation behavior was defined (and counted) as a mouse entering all three of the
arms consecutively (ABC, CAB, or BCA, but not BAB). The alternation count was
divided by the maximum number of alternations (the total number of entries minus 2)
and multiplied by 100 to create a percentage. The total number of arm entries was

recorded as “spontaneous activity”. Mice that made < 15 arm entries were excluded.



Novel object recognition test (NORT)

Cognitive assessment using the NORT was performed using young (2-3 months)
and middle-aged (12-16 months) mice. Experiments were conducted under dim
illumination (30 Lux). First, mice were habituated to a black box (30 x 30 x 30 cm) for
3 days (10 min per day) before training. During the training session, two different
objects (a yellow triangular prism and a blue quadrangular pyramid) were placed in the
box; the mice were allowed to interact freely with the objects for 10 min. Six hours after
the training session, the test session was performed whereupon the blue quadrangular
object was replaced by a wooden ball, which served as a “novel object”. Total
exploratory time was defined as the time spent exploring both objects, and was
considered an indicator of locomotor activity. Exploratory preference was defined as the
ratio of the time spent exploring the blue quadrangular object during the training session
or the wooden ball in the test session versus the total time spent exploring both objects.

The result was considered to be an indicator of recognition memory.

Novel location recognition test (NLRT)

The test apparatus and the habituation/training procedure were identical to those
described for the NORT. During the test session, the blue quadrangular object was
moved to a different location. As mentioned above, total exploratory time was defined
as the time spent exploring both objects and was considered an indicator of locomotor
activity. Exploratory preference was defined as the ratio of the time spent exploring the
blue quadrangular object versus the total time spent exploring both objects. This is

considered to be an indicator of spatial memory.



Myelin staining

Mice were injected intraperitoneally with pentobarbital (50 mg/kg) and then
perfused transcardially with 0.1 M PBS, followed by 4% paraformaldehyde in 0.1 M
PBS. Brains were stored in the fixative for 3 h and then transferred to 15% sucrose in
0.1 M phosphate buffer for 24 h. Coronal sections (20 um thick) were cut using a
cryomicrotome To stain myelin, brain sections were soaked in 0.1% Triton X-100 for
20 min and then incubated for 20 min at room temperature with Fluoromyelin Green
fluorescent myelin stain (1:300; Invitrogen). Fluorescence was visualized under an
Olympus Fluoview microscope equipped with a laser scanning confocal imaging system.
The mean intensity of myelin staining in the corpus callosum was measured in a 200 x

200 um field sited at approximately bregma + 0.7 mm.

Immunofluorescence

Coronal sections were prepared as described previously and incubated overnight at
4°C with primary antibodies specific for GSTpi (rabbit anti-GSTpi antibody, 1:200;
MBL Life Science), Ibal (rabbit anti-Ibal antibody, 1:500; Wako Pure Chemical
Industries), or CD3 (rat anti-CD3 antibody, 1:100; BD Biosciences). Next, sections
were labeled with fluorescence-conjugated secondary antibodies (Alexa Fluor
594-labeled donkey anti-rabbit or Alexa Fluor 488-labeled donkey anti-rat 1gG, 1:300;
Invitrogen) at room temperature for 1.5 h in the dark. Images were captured under a
confocal fluorescence microscope. GSTpi-, Ibal-, and CD3-positive cells in a 0.125
mm? field of the corpus callosum at bregma + 0.7 mm and in the hippocampus at

bregma — 2.8 mm were counted.



NeuN staining

Coronal sections were incubated at 4°C overnight with a primary antibody specific
for NeuN (mouse anti-NeuN antibody, 1:500; Chemicon) and then labeled for 1.5 h
with biotinylated horse anti-mouse 1gG (1:200, Vector Laboratories). Next, sections
were incubated for 1 h in ABC Elite reagent (1:200, Vector Laboratories).
Immunoreactivity was visualized using diaminobenzidine (Dojindo) as the chromogen.
The number of NeuN-positive cells in the hippocampus at bregma — 2.8 mm was

evaluated.

Real-time PCR

To isolate the corpus callosum and hippocampus, coronal slices at 2-mm interval
were made in preparation of subsequent dissections. The dissected brain regions were
immediately frozen in liquid nitrogen and stored at —80 °C until use. Total RNA was
isolated using ISOGEN reagent (Nippon Gene) in accordance with the manufacturer’s
suggested protocols, and cDNA was synthesized from 1 ug of total RNA using
ReverTra Ace® (Toyobo). Real-time quantitative PCR was performed using the
StepOne real-time PCR system (Life Technologies, Carlsbad, CA, USA). The final
reaction volume was 20 pl (25 ng of cDNA plus THUNDERBIRD SYBR qPCR Mix,
Toyobo). The PCR conditions were as follows: heating for 10 min at 95°C, followed by
40 cycles at 95°C for 10 s and 60°C for 1 min. The following oligonucleotide primers
were used: ILIB, 5-TGA GCA CCT TCT TTT CCT TCA-3" and 5'-TTG TCT AAT
GGG AAC GTC ACA C-3'; IL6, 5-GTG GCT AAG GAC CAA GAC CA-3’ and
5'-TAA CGC ACT AGG TTT GCC GA-3'; TNFa, 5'-TGC CTA TGT CTC AGC CTC

TTC-3" and 5'-GAG GCC ATT TGG GAA CTT CT-3’; and 18S, 5'-GCA ATT ATT



CCC CAT GAA CG-3' and 5-GGC CTC ACT AAA CCA TCC AA-3'. The amount of
18S rRNA in samples was used to normalize the mRNA content (the mMRNA level was

expressed relative to that of the corresponding control).

Experimental design and statistical analysis

Statistical analysis was performed using Prism 7 software (GraphPad Software Inc.).
One-way ANOVA followed by Tukey’s post-hoc comparison test was used to compare
data from multiple experimental groups. In all cases, differences of p < 0.05 were
considered statistically significant. Data are expressed as the mean £ SEM. Each data
point represents a single sample (sections or extracts from specific brain regions such as
the corpus callosum or hippocampus) from a single mouse. The number of animals used
in each experiment is indicated in the figure legends. The assessor was blinded to

treatment conditions.
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Results
Assessment of cognitive impairment with aging

First, we performed tests designed to compare behaviors of mice aged 2-3 months
(young) with those of mice aged 12-16 months (middle-aged). Apart from an increase
in body weight with age, there was no difference between the physical characteristics of
WT and TRPM2-KO mice (data not shown). Additionally, our recent study
demonstrated that TRPM2-KO mice did not differ significantly from WT mice in total
distance, vertical activity, center time, or stereotypic counts in the open field test,
indicating that TRPM2-KO mice possess normal locomotor activity (Andoh et al.,
2019). Next, we conducted the Y-maze test to assess the role of TRPM2 in age-related
cognitive impairment (Fig. 1A). Middle-aged mice made fewer arm entries (an index of
locomotor activity) than young mice (data not shown). In addition, alternation behavior
(an indicator for working memory) decreased in middle-aged WT mice; this decrease
was markedly attenuated in middle-aged TRPM2-KO mice (Fig. 1A). To examine
cognitive performance further, we performed a novel object recognition test to assess
recognition memory (Fig. 1B). We found that the total time taken for middle-aged WT
mice to explore two different objects was no different from that taken by TRPM2-KO
mice (data not shown). Mice spent about 50% of the time exploring each object, with no
significant difference being observed between training sessions (data not shown).
However, when one object was replaced with a different one the time spent by
middle-aged WT mice exploring the novel object was shorter than that spent by
middle-aged TRPM2-KO mice (Fig. 1B). Next, we conducted a novel location
recognition test to evaluate spatial memory function in middle-aged mice (Fig. 1C).

Although exploratory preferences for two different objects during the training session
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were at chance levels (50%) (data not shown), preference for exploring the relocated
object during the test session was > 50%, with no difference observed between the
young and middle-aged groups (WT and TRPM2-KO) (Fig. 1C). These findings suggest
that working and recognition memory are impaired, but spatial memory is preserved, in
middle-aged mice, and that TRPM2 may play a role in development of memory
dysfunction.

Next, we examined the spatial memory function of mice aged 20-24 months (Fig.
1D). These mice showed the same preference for both objects in the training session
(data not shown); however, aged WT mice spent significantly less time exploring the
newly located object than young WT mice. Again, this was reversed in aged
TRPM2-KO mice (Fig. 1D). These results imply that aging induces spatial memory

dysfunction, and that the underlying mechanism involves TRPM2.

Evaluation of age-related white matter injury and hippocampal damage

To investigate the association between TRPM2 and aging further, we examined
histological changes in young (2—3 months) and aged (20-24 months) mice. We focused
on brain regions involved in cognitive dysfunction. White matter is one of the most
important parts of the brain in terms of working memory (Nishio et al., 2010),
non-spatial recognition memory (Pitsikas and Tarantilis, 2017), and episodic memory
(Lockhart et al., 2012). In cases of dementia (Douaud et al., 2013) and other
psychological disorders (de Groot, 2000), white matter damage is highly associated with
cognitive impairment. Therefore, to evaluate involvement of TRPM2 in age-related
white matter injury, we stained myelin in the corpus callosum (Fig. 2A). Although,

there were no apparent differences in white matter integrity between young WT and
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TRPM2-KO mice (Miyanohara et al., 2018), myelin density in aged WT mice was
significantly lower than that in young WT mice. By contrast, no such decrease was
observed in aged TRPM2-KO mice (Fig. 2B). To further assess white matter damage,
we stained brain sections for GSTpi, a marker of oligodendrocytes (Fig. 2C). The
number of GSTpi-positive cells in the corpus callosum of WT mice decreased with age
(similar to myelin density); again, no such decrease was observed in TRPM2-KO mice
(Fig. 2D). These results imply that TRPM2 plays a critical role in aggravating white
matter injury.

Next, to further investigate the mechanism underlying cognitive dysfunction, we
examined the hippocampus, which plays an important role in cognitive function,
including spatial memory (Vago and Kesner, 2008; Shi et al., 2015). We stained brain
sections for the neuron marker NeuN to assess neuronal survival in the hippocampal
area (Fig. 3A). The number of NeuN-positive cells in the dentate gyrus (DG) did not
change with age (Fig. 3B). However, the numbers in the CA1 and CAS3 regions of aged
WT mice were significantly lower than those in young WT mice; there was no
difference between aged TRPM2-KO mice and young WT mice (Fig. 3B). These

findings indicate that TRPM2 may play a role in neuronal loss in the hippocampus.

Role of Ibal- and CD3-positive cells in the white matter and hippocampus

Next, we examined expression of the microglia/macrophage marker Ibal to identify
the cells responsible for exacerbating damage to the white matter and hippocampus (Fig.
4). We also examined expression of the T lymphocyte marker CD3 (Fig. 5) in the
corpus callosum and hippocampus. The number of Ibal-positive cells in the corpus

callosum of aged WT mice was higher than that in young WT mice, while that in aged
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TRPM2-KO mice was similar to that in young mice (Fig. 4A, B). Similarly, the number
of Ibal-positive cells in the hippocampus of WT mice increased significantly with age;
in addition, the number in the DG, CA1, and CA3 of TRPM2-KO mice tended to be
lower than that in aged WT mice (Fig. 4C, D).

By contrast, the number of CD3-positive cells in the corpus callosum (Fig. 5A, B)
and hippocampus (Fig. 5C, D) increased with age, although there was no difference
between WT and TRPM2-KO mice. Taken together, these results suggest that damage
to the white matter and hippocampus may be caused by inflammatory responses

resulting from TRPM2-mediated activation of microglia.

Age-related changes in inflammatory responses in the corpus callosum and
hippocampus

Next, we attempted to examine pathological changes in the white matter and
hippocampal areas. To do this, we performed quantitative RT-PCR to detect mRNA
encoding inflammatory cytokines such as IL1p, IL6, and TNFa in the corpus callosum
and hippocampus. Expression of IL1 (Fig. 6A), IL6 (Fig. 6B), and TNFa (Fig. 6C) in
the corpus callosum of aged WT mice was significantly or tented to be higher than that
in young WT mice; expression tended to be lower in aged TRPM2-KO mice. In
addition, we observed a significant increase in expression of TNFa in the hippocampus
of aged WT mice; expression tended to be lower in aged TRPM2-KO mice (Fig. 6F).
Expression of IL1p (Fig. 6D) and IL6 (Fig. 6E) in aged TRPM2-KO mice was similar to
that in aged WT. These results imply that inflammatory reactions play a role in white
matter- and hippocampus-related cognitive impairment, which is mediated by activation

of TRPM2.
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Discussion

The present study demonstrates that aged mice show impairment of working,
recognition, and spatial memory. Moreover, to the best of our knowledge, we provide
the first evidence that knocking out the TRPM2 gene attenuates cognitive dysfunction
and prevents age-related damage to the white matter and hippocampus. In addition, we
found that age-related inflammatory responses tended to be suppressed in TRPM2-KO
mice. These results suggest that activation of TRPM2 has a deleterious effect on the
pathophysiology of the aging brain.

Memory function is one of the most vulnerable age-related characteristics (Larrabee
and Crook, 1994). Previous reports show that aging results in damage to the white
matter and hippocampus (Stahon et al., 2016; Bastian et al., 2018; Bishop and Yankner,
2010). However, it is not clear whether one is damaged to a greater or lesser extent than
the other. Other groups report that, in mice aged 18 months, the reduction in myelin is
greater than that of neurites (Woodward et al., 2017). In addition, water maze tests
reveal that 11-month-old mice show working memory dysfunction, whereas reference
memory (hippocampus-related) is preserved (Das and Magnusson, 2011); this suggests
that white matter-associated memory is particularly vulnerable. Rogers et al.
demonstrate that reduced long-term potentiation (LTP) and spatial memory disturbance
in the hidden platform water maze test occur at 24 months of age and later, but not at 18
months of age (Rogers et al., 2017). Similar to these observations, we detected spatial
memory impairment in mice aged 24 months. Moreover, chronic cerebral
hypoperfusion model mice show hippocampal atrophy (accompanied by reference
memory dysfunction) much later than impairment of white matter-related working

memory (Nishio et al., 2010). Taken together, the data suggest that it is conceivable that
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age-related cognitive dysfunction is involved in damage to the white matter and
hippocampus, and that the white matter may be injured before the hippocampus.

Here, we show an age-related increase in the number of Ibal- and CD3-positive
cells and in the amounts of pro-inflammatory cytokines. One of the key characteristics
of brain aging is inflammation (Ojo et al., 2015). As inflammation develops, glial cells
(particularly microglia) in the aged brain show marked phenotypic and functional
changes not evident in the young brain (Raj et al., 2017; Martin et al., 2017; Friedman
et al., 2018); these include increased cell numbers, dystrophic morphology, impaired
phagocytosis, reduced motility, and expression of molecules indicative of an
inflammatory  phenotype (Martin et al.,, 2017). Here, we wused only
immunohistochemical approaches to assess expression of Ibal; therefore, future work
will examine detailed changes in microglial function.

A previous report demonstrates that CD211c-positive dendritic cells and
CD3-positive T cells infiltrate the white matter region of aged mice (Stichel and
Luebbert, 2007), indicating a potential role for leukocytes in age-related inflammatory
responses in the brain. Another report revealed an increase in the numbers of
ED1-positive macrophages in the brain of 18-month-old rats, and in the brain of
2-month-old rats after injection of TNFa into the striatum (Campbell et al., 2007). In
addition, TNFa levels in the hippocampus of 12-month-old mice are higher than those
in 2-month-old mice (Tichauer et al., 2014). Moreover, permeability of the blood-brain
barrier in humans increases with age (Farrall and Wardlaw, 2009). Taken together, these
reports suggest that age-related brain inflammation may be driven by migration of
peripheral immune cells to the brain. The data presented in the present study suggest

that knocking out the TRPM2 gene does not affect infiltration of CD3-immunopositive
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cells into the corpus callosum and hippocampus, implying that TRPM2 expressed by
peripheral immune cells does not play an important role in inflammation of the aged
brain.

Previous studies reveal that cytokine levels in mice increase with age (Moranis et
al., 2012); this is true even in healthy elderly adults (Singh and Newman, 2011).
Moreover, Deczkowska et al. demonstrated marked upregulation of mRNA encoding
IL1B and TNFa, and of that encoding CCLs, in microglia of aged mice when compared
with young mice (Deczkowska et al., 2017). Here, we detected upregulation of TNFa
MRNA in the corpus callosum and hippocampus of aged mice; however, the expression
tended to be lower in aged TRPM2-KO mice. Taken together, the data suggest that
TRPM2-mediated activation of immune cells might induce inflammatory signals, which
damages myelin and neurons in the aged brain, eventually resulting in cognitive
dysfunction. Future studies are needed to examine the role of other pro-inflammatory
cytokines in the aged brain.

We also showed that deleterious age-related events were significantly (or tended to
be) suppressed in aged TRPM2-KO mice. One may ask which mechanisms contribute
to (and more importantly why knocking out TRPM2 suppresses) cognitive impairment
in aged mice. In a previous report, we demonstrated cytokine-induced damage to white
matter and cognitive dysfunction in a chronic cerebral hypoperfusion mouse model;
release of these cytokines is triggered mainly by TRPM2-mediated activation of
microglia (Miyanohara et al., 2018). A previous report shows that cortical cerebral
blood flow (CBF) in humans decreases with age (Aanerud et al., 2012), whereas another
demonstrates attenuation of CBF responses and an increase in production of reactive

oxygen species (ROS) in 18- and 24-month-old mice compared with 3-month-old mice
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(Park et al., 2014). Taken together, these reports suggest that, because TRPM2 is
activated by ROS, these species could induce age-related cognitive dysfunction and
inflammatory responses in the aged brain via TRPM2. Because white matter is
vulnerable to ROS, and because white matter injury tends to occur before prior
hippocampal injury, ROS could play a critical role in age-related pathology; however,
future studies are needed to clarify the moieties that activate TRPM2 (and in which cell
types) in the aged brain. In addition, previous reports demonstrate increased ROS
production and neuronal death in aging rats (Ureshino et al., 2018). Moreover, others
show that TRPM2 expressed by neurons plays a role in H2O2-induced neuronal death
(Li and Jiang, 2017). Here, we found that the number of NeuN-positive cells in the
hippocampus fell in aged WT mice but not in aged TRPM2-KO mice. Taken together,
these results imply that neuronal death is induced by ROS, and that TRPM2 may be
involved in age-related neuronal damage and subsequent cognitive dysfunction.

TRPM2 is expressed abundantly in microglia (Kraft et al., 2004; Miyake et al.,
2014) and peripheral inflammatory cells such as monocytes/macrophages (Yamamoto et
al., 2008) and neutrophils (Hiroi et al., 2012). Previous studies reveal that TRPM2 plays
a role in production of pro-inflammatory  cytokines/chemokines by
monocytes/macrophages, and in exacerbation of inflammation-related disorders such as
ulcerative colitis (Yamamoto et al., 2008) and neuropathic pain (Haraguchi et al., 2012);
these data imply that TRPM2 plays a role in the chronic inflammation that underlies
senescence, which is characterized by inflammatory processes similar to those observed
in other CNS diseases. Furthermore, our recent study clarifies that TRPM2-mediated
microglial activation exacerbates cognitive impairment caused by chronic cerebral

hypoperfusion (Miyanohara et al., 2018). Here, we found that the increase in the
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number of Ibal-positive cells tended to be reversed in aged TRPM2-KO mice,
suggesting that suppression of immune responses, particularly microglial activation,
targeted by TRPM2 may abrogate neuroinflammation-related cognitive dysfunction
during aging.

In conclusion, we show that TRPM2 plays a critical role, at least in part, in the
development of inflammation during brain aging, and that this may be mediated by
activation of immune cells such as microglia. Thus, TRPM2 could be a potential

therapeutic target to slow aging or prevent age-related cognitive disorders.
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Figure legends

Figure 1. Age-associated cognitive decline and its reversal by knockout of the
TRPMZ2 gene.

A, Alternation behavior by young (2—3 months) and middle-aged (12-16 months) mice
in the Y-maze test. B, Exploratory preference of young (2-3 months) and middle-aged
(12-16 months) mice for a novel object in NORT. C, D, Exploratory preference of
young (2-3 months) and middle-aged (12-16 months) mice (C) and of young (2-3
months) and aged (20-24 months) mice (D) for a newly located object in NLRT. Values
are expressed as the mean = SEM. A, n = 15-19; B, n =7-10 C, n = 4-6; D, n = 9-16.
**p < 0.01 and ***p < 0.001, vs. young mice (closed columns); #p < 0.05 and #p <

0.01.

Figure 2. Age-associated white matter injury and its reversal by knockout of the
TRPM2 gene.

Representative images (A) and summarized data (B) showing myelin staining to assess
myelin density in the corpus callosum of aged (20-24 months) mice. Representative
immunostained images (C) and summarized data (D) showing the number of
GSTpi-positive cells in the corpus callosum of aged (20-24 months) mice. Scale bars:
100 um. Values are expressed as the mean + SEM. B, n = 3-6; D, n = 6. *p < 0.05 and

**p < 0.01 vs. WT mice aged 2—-3 months.

Figure 3. Age-associated hippocampal neuronal death and its reversal by knockout

of the TRPM2 gene.
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Representative images (A) and summarized data (B) showing NeuN immunostaining to
examine hippocampal damage in the dentate gyrus (left), CAL (center), and CA3 (right)
areas of the hippocampus of mice aged 20-24 months. Scale bars: 100 um. Values are
expressed as the mean + SEM. A, n=6; B, n =4. *p < 0.05 and **p < 0.01 vs. young

WT mice.

Figure 4. Age-associated increase in the number of microglia/macrophages in the
corpus callosum and hippocampus, and its amelioration by knockout of the
TRPM2 gene.

Representative images (A) and summarized data (B) showing immunostaining for
Ibal-immunopositive cells in the corpus callosum of aged (20-24 months) mice.
Representative images (C) and summarized data (D) showing the numbers of
Ibal-immunopositive cells in the dentate gyrus (left), CAL (center), and CA3 regions
(right) of the hippocampus of aged (20-24 months) mice. Scale bars: 100 um. Values

are expressed as the mean £ SEM. n =4, *p < 0.05 and **p < 0.01 vs. young WT mice.

Figure 5. Age-associated infiltration of the corpus callosum and hippocampus of
WT and TRPM2-KO mice by CD3-positive cells.

Representative images (A) and summarized data (B) showing immunostaining of
CD3-immunopositive cells in the corpus callosum of aged (20-24 months) mice.
Representative images (C) and summarized data (D) showing the number of
CD3-immunopositive cells in the dentate gyrus (left), CAl (center), and CA3 regions
(right) of the hippocampus of aged (20-24 months) mice. Scale bars: 100 um. Values

are expressed as the mean + SEM. n = 3-4. *p < 0.05 and **p < 0.01 vs. young WT
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mice.

Figure 6. Upregulation of pro-inflammatory cytokines and chemokines in the white
matter and hippocampal regions of aged WT mice.

Expression of IL1B (A, D), IL6 (B, E), and TNFa (C, F) mRNA in the corpus callosum
(A-C) and hippocampus (D-F) of aged (20-24 months) mice. Values are expressed as

the mean + SEM. n = 6-9. *p < 0.05 vs. young (closed columns) WT mice.
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