L T

/

1\

=y

L)

Check for
updates

Transient receptor potential melastatin 2 governs
stress-induced depressive-like behaviors

Seung Yeon Ko®P, Sung Eun Wang®®, Han Kyu Lee®®, Sungsin Jo<, Jinil Han9, Seung Hoon Lee®?, Miyeon Choi®®,

Hye-Ryeong Jo®P?, Jee Young Seo®”, Sung Jun Jung®-!

, and Hyeon Son

a,b.f,1

Graduate School of Biomedical Science and Engineering, Hanyang University, Seongdong-gu, Seoul 04763, Korea; "Hanyang Biomedical Research
Institute, Hanyang University, Seongdong-gu, Seoul 04763, Korea; ‘Hanyang University Hospital for Rheumatic Diseases, Seongdong-gu, Seoul 04763,
Korea; YGencurix, Inc., Guro-gu, Seoul 08394, Korea; *Department of Physiology, College of Medicine, Hanyang University, Seongdong-gu, Seoul 04763,
Korea; and Department of Biochemistry and Molecular Biology, College of Medicine, Hanyang University, Seongdong-gu, Seoul 04763, Korea

Edited by Bruce McEwen, The Rockefeller University, New York, NY, and approved December 12, 2018 (received for review August 20, 2018)

Major depressive disorder (MDD) is a devastating disease that
arises in a background of environmental risk factors, such as
chronic stress, that produce reactive oxygen species (ROS) in the
brain. The chronic stress-induced ROS production involves Ca®*
signals; however, the mechanism is poorly understood. Transient
receptor potential melastatin type 2 (TRPM2) is a Ca?*-permeable
cation channel that is highly expressed in the brain. Here we show
that in animal models of chronic unpredictable stress (CUS),
deletion of TRPM2 (Trpm2~"~) produces antidepressant-like behav-
iors in mice. This phenotype correlates with reduced ROS, ROS-
induced calpain activation, and enhanced phosphorylation of
two Cdk5 targets including synapsin 1 and histone deacetylase 5
that are linked to synaptic function and gene expression, respec-
tively. Moreover, TRPM2 mRNA expression is increased in hippo-
campal tissue samples from patients with MDD. Our findings
suggest that TRPM2 is a key agent in stress-induced depression
and a possible target for treating depression.
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One environmental risk factor that has been linked to the
pathogenesis of major depressive disorder (MDD) is chronic
stress, which can be modeled in rodents (1). Recent studies have
shown that stress-induced animal models mimic MDD in hu-
mans, suggesting that stress may be a major cause of MDD (2).
Some of the physiological hallmarks of stress are reactive oxygen
species (ROS) production, inflammation, and increased intracellu-
lar calcium (3-5). The pathways responsible for these effects are
incompletely understood but are known to include a reduction in
hippocampal neurogenesis as well as activation of ion channels (6,
7). Although blockers of ion channels have shown some efficacy in
certain models of MDD (8), the molecular identity of the specific
ion channels that mediate MDD in vivo remains unknown.

Transient receptor potential melastatin type 2 (TRPM2) is a
nonselective cation channel permeable to calcium (Ca**), so-
dium, and potassium and activated by oxidant stress, ADP ri-
bose, and intracellular calcium (9, 10). It is abundantly expressed
in the central nervous system (CNS), including the hippocampus,
substantia nigra, striatum, cortex, and dorsal root ganglion sen-
sory neurons in the spinal cord (11, 12). Several studies have
demonstrated a role for TRPM2 in cell death in response to
oxidative stress in a variety of cell types, including neurons (13,
14), implying a role for TRPM2 in various neurological disorders
(15). In the CNS, TRPM2 affects neurite growth and spine
formation (16) and links ROS to calcium-signaling responses
(17, 18) that can lead to a variety of neurological disorders.

A reasonable hypothesis linking TRPM2 and depression is that
TRPM?2 represents a unique channel in that it is activated by a rise
in ROS and that this leads to Ca®" influx, thereby inducing neu-
ronal injury. Cyclin-dependent kinase 5 (Cdk5) is expressed
throughout the adult brain, particularly in the hippocampus (19),
where it is reportedly activated by various stress conditions, in-
cluding chronic mild stress in rodents (20). Its activity is dependent
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upon its direct association with the noncyclin cofactor p35 (21).
Cofactor p35 is converted to p25 by the calcium-dependent pro-
tease calpain, resulting in the formation of Cdk5/p25 complexes
that engender aberrant activity, which may in turn lead to neu-
ronal death, neurodegeneration, and disease (22).

Despite substantial progress, the pathophysiological basis of
MDD, which may be triggered or exacerbated by severe or chronic
stress, remains unclear. We have identified a previously unknown
mechanism involving TRPM2 signaling in the hippocampus that is
associated with CdkS activation and that affects behavioral re-
sponses to acute and chronic stress. As our understanding of its
role in stress and depression expand, TRPM?2 will likely prove to
be a powerful tool in profiling behavioral and disease states.

Results

TRPM2 Mediates the Chronic Stress-Induced ROS Response and
Antidepressant-Like Behaviors. To approach the basis of MDD
experimentally, we determined if expression of TRPM2 in-
creased in a chronic unpredictable stress (CUS) model of de-
pression in mice. To induce CUS, we subjected mice to a series
of CUS paradigms (hereafter simply referred to as CUS) (23)
(Fig. 14) and measured mRNA and protein levels of TRPM2 in
the hippocampus, where TRPM2 is abundant (24). Quantitative
real-time PCR analysis did indeed reveal increased TRPM2
levels in the hippocampus of these mice, whereas no changes in
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other redox-sensitive TRP channels including TRPM7, TRPCS3,
TRPCS, and TRPA1 (25, 26) were detected (Fig. 1B). Consistent
with this, CUS increased TRPM2 protein levels in the hippo-
campus (Fig. 1C). These findings are in line with the previous
finding that TRPM2 was up-regulated in brain samples from mice
treated with a ROS generator (27). To see if our findings could be
translated to human patients, we evaluated TRPM2 mRNA ex-
pression in postmortem hippocampal tissue from subjects with
MDD using the gene expression dataset from GEO accession no.
GSE53987 of patients with MDD (National Center for Bio-
technology Information Gene Expression Omnibus). 7TRPM2 mRNA
expression was significantly higher in the hippocampus of MDD
patients than in those of healthy controls (P = 0.004) (SI Ap-
pendix, Fig. S1 A-C). No significant difference was observed for
other TRP channels that are linked to ROS in the hippocampus
(SI Appendix, Fig. S1 B, D-G). Together, these results indicate
that TRPM2 may be at least partly specific to depression.
Next, we examined chronic stress-induced ROS accumulation
in the hippocampus of Trpm2** and Trpm2~~ mice by mea-
suring lipid peroxidation levels based on malondialdehyde (MDA)
production. Before this, we confirmed that TRPM2 was not
expressed in the Trpm2 knockout (Trpm2™~'") mice (SI Appendix,
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Fig. 1. TRPM2 modulates chronic stress-induced ROS responses in the hip-
pocampus and depressive-like behaviors in mice. (A) Timeline of experi-
mental procedures. (B) mRNA levels were measured by real-time PCR in the
whole hippocampi of Trom2** mice (n = 4-6 per group). (C) Representative
immunoblots (Left) and quantitative data (Right) for TRPM2 protein levels
normalized to the level of p-actin (n = 4-6 per group). (D) CUS significantly
increased MDA levels in the hippocampus of Trom2** mice, but not in the
Trom2~~ mice (n = 10 and 7 for Trom2** and Trpm2~~ mice, respectively;
genotype X stress interaction Fy 30 = 6.578, P = 0.0156). (E) Representative im-
munoblots (Left) and quantitative data (Right) of PAR normalized with the level
of p-actin (n = 6 per group; genotype x stress interaction F; = 5.805, P =
0.0257). (F) Sucrose consumption test (SCT) (n = 10-12 per group). (G) NSFT (n =
11-16 per group; genotype X stress interaction F; 5o = 12.32, P = 0.001). (H) FST
(n = 13-15 per group; genotype X stress interaction Fy 54 = 5.006, P = 0.0294). (/)
LHT (n = 13-17 per group; genotype X stress interaction Fy 55 = 7.286, P = 0.0092).
Data are means + SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analysis (D,
E, G, and /) was performed using two-way ANOVA followed by Bonferroni
posttest. Other statistical parameters are listed in S/ Appendix, Table S1.
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Fig. S2 A and B). Similar levels of MDA were found in the
hippocampus of control Trpm2*/* and Trpm2~'~ mice (Fig. 1D).
However, in CUS (Fig. 14), MDA increased in the Trpm2** but
not in the Trpm2~'~ hippocampus (Fig. 1D), suggesting that
TRPM2 channels are involved in the ROS accumulation in CUS.
Oxidative stress can activate poly ADP ribose polymerase
(PARP), which produces a branched polymer of poly ADP ri-
bose (PAR) that activates the TRPM2 channel (9, 10). We
therefore investigated whether PAR production is altered in
Trpm2~'~ mice. PAR increased substantially in stressed
Trpm2*"* hippocampus but less so in stressed Trpm2~~ hippo-
campus (Fig. 1E), consistent with a lower MDA level in
Trpm2~'~ mice compared with Trpm2** mice.

It has been reported that stress promotes oxidative metabolic
activity (4), which is implicated in depressive-like behaviors (28).
Since CUS-induced ROS accumulation was diminished in
Trpm2~'~ mice (Fig. 1 D and E), we hypothesized that TRPM2
might be an important mediator of the depressive-like behaviors
triggered by CUS. We first analyzed depression in TRPM2-
deficient mice under nonstressed (home cage) conditions using
four behavioral models of antidepressant activity (Fig. 14). We
found a lower immobility time and a shorter latency to feed in
the forced swim test (FST) and novelty-suppressed feeding test
(NSFT), respectively, in the Trpm2~~ mice than in their
Trpm2*'* littermates (Fig. 1 G and H). However, Trpm2~'~ mice
did not differ significantly from Trpm2™* mice in the learned
helplessness test (LHT), another model of behavioral despair
(29) (Fig. 1) or in sucrose consumption (Fig. 1F), spontaneous
locomotor activity, or anxiety (SI Appendix, Fig. S2 C-E), al-
though speed and movement distance were slightly higher during
the initial block of tests (SI Appendix, Fig. S2 F-H). Evidently,
TRPM2 deficiency is moderately associated with antidepressant-
like effects under nonstressed conditions. Considering that FST
and NSFT involve locomotor activity, we could not rule out the
possibility that the reduced immobility time and latency time in
the FST and NSFT, respectively, might be contributed by slightly
higher locomotor activity in Trpm2~'~ mice. This led us to analyze
depression-related behaviors under stressed conditions. T7)m2+/ +
mice exposed to CUS, but not similarly treated Trpm2~~ mice,
had a higher immobility time and a longer latency to feed in the
FST and the NSFT, respectively, than home-caged control mice,
thus displaying significant depressive responses to CUS (Fig. 1 G
and H). Stressed Trpm2~'~ mice also tended to have shorter es-
cape latencies in LHT and higher sucrose consumption than
Trpm2*™* mice (Fig. 1 F and I); these findings all indicate that
TRPM2 deficiency has a pronounced antidepressant-like effect
under stressful conditions. They also suggest that TRPM2 is re-
sponsible for the depressive-like behaviors triggered by CUS and
that this process might involve ROS produced in CUS.

TRPM2 Deficiency Reduces ROS Accumulation. Next, we focused on
the role of TRPM2 in the accumulation of ROS in CUS. To this
end, we used a cytochemical method to see whether hydrogen
peroxide (H,0,), a well-established oxidative stress inducer, in-
duces PARP activity. H,O, induced PARP activity in Trpm2*'*
hippocampal neurons (Fig. 24), but was much less effective in
Trpm2~'~ hippocampal neurons (Fig. 24). Dihydroethidium
(DHE)-reactive superoxide levels, reflecting ROS accumulation,
were also lower in the Trpm2~'~ neurons (Fig. 2B). Similarly,
dexamethasone (10 pM), a synthetic glucocorticoid (30), induced
superoxide only in Trpm2*™*, and not Trpm2~'~ neurons (Fig.
2B). Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is
an emerging regulator of cellular resistance to oxidants (31) that
would be expected to be translocated to the nucleus and acti-
vated when ROS increase, and indeed, we found a higher level of
nuclear Nrf2 in Trpm2** than in Trpm2~~ hippocampus (Fig.
2C). Taken together, these results suggest that TRPM2 deficiency
prevents stress-induced increases in ROS. Also TRPM2-deficient
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Fig. 2. TRPM2 mediates ROS accumulation in the mouse hippocampus. (A)
Representative confocal images (Left) and bar graph (Right) showing the
average fluorescence intensities of PARP activity (green) in mouse hippo-
campal primary cultures. RFU, relative fluorescence units (n = 38-53 neurons
per group; genotype x drug interaction F3 350 = 45.17, P < 0.0001). (Scale bar,
5 um.) * vs. Trom2*"* control, # vs. Trom2~"~ control. $$$ denotes the dif-
ference between genotypes at each concentration of H,0,. (B) Represen-
tative images of live cells (Left) and bar graph (Right) showing the average
fluorescence intensities of DHE dye (red) upon treatment with H,O, for
30 min and dexamethasone (DEXA) for 2 h (n = 50 neurons per group;
genotype x drug interaction F3 39, = 96.43, P < 0.0001). (Scale bar, 50 pm.) *
vs. Trom2*™* control. $$$ denotes a significant difference between geno-
types at each concentration of drug. (C) Representative immunoblots of the
mouse hippocampal lysates (Top). Nuclear protein levels of Nrf2 normalized
to LaminB1 (Bottom) (n = 3 per group). Data are means + SEM; *P < 0.05,
***p < 0.001, "*P < 0.001, ***P < 0.001. Statistical analysis (A and B) was
performed using two-way ANOVA followed by Bonferroni posttest. Other
statistical parameters are listed in S/ Appendix, Table S1.

neurons produced lower PARP activity followed by lower PAR
levels than Trpm2** neurons at the same level of oxidative stress,
further supporting that ROS levels are basically decreased in
TRPM2-deficient neurons.
Mature hippocampal neurons and proliferating cells are
TRPM2-positive (SI Appendix, Fig. S3 A-D). We found that
TRPM2 deficiency had beneficial effects on adult hippocampal
neurogenesis (SI Appendix, Fig. S4 A-D), a form of neural
plasticity that is thought to be relevant to stress (32) and is di-
minished by oxygen radicals (33), under both home cage and CUS
conditions (S Appendix, Fig. S4 C and D) We observed no effects
on glia differentiation and inflammation in Trpm2~~ mice (SI Ap-
pendix, Fig. S4 E-G). To ensure that TRPM2 deficiency modified
the differentiation potential of neurons, the expression of calbin-
dinp,gi, @ marker for mature granule cells (34), was examined. The
fraction of cells colabeled with calbindinp,g, and BrdU™ was higher
in Trpm2~'~ mice than in Trpm2*'* mice (SI Appendix, Fig. S4H). In
addition, we found that the volume of granule cell layer in the dentate
gyrus (DG) was higher in Tipm2™~ mice than in Trpm2** mice (ST
Appendix, Fig. S4I). These findings collectively demonstrate that
TRPM2 deficiency results in decreased ROS levels and increased
ROS-sensitive neuronal plasticity in chronically stressed mice.

TRPM2 Deficiency Blocks Ca>*-Dependent Calpain Activation. Our
results so far suggest that TRPM2 deficiency abrogates stress-
induced increases in ROS and subsequent signaling events. There-
fore, it is plausible that ROS are somehow eliminated in TRPM2-
deficient neurons. Cdk5 is involved in adult neurogenesis (19),
depressive-like behaviors, and stress (35). Moreover, aberrant
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hyperactlvatlon of Cdk5/p25 due to cleavage of its regulator p35 to
p25 by Ca**-dependent calpain (22) during oxidative stress results
in antioxidant enzyme inhibition and ROS accumulation (36, 37).
To examine a possible link between TRPM2 and CdkS5, we first
compared CdkS levels in Trpm2*"* and Trpm2~'~ hippocampal
neurons since hippocampal neurons express high levels of TRPM2
channels (SI Appendix, Fig. S3 A and D). Levels of Cdk5 and its
activator p35 were elevated both in DG of Trpm2™~ mice (SI Ap-
pendix, Fig. $54) and in cultured Trpm2~/~ hlppocampal neurons
(SI Appendix, Fig. S6A). Moreover more p35 was coimmunopre-
cipitated with Cdk5 in Trpm2~~ than in Trpm2*"* hippocampal
tissue (SI Appendix, Fig. S5B), which would imply that CdkS kinase
activity is higher in the former than the latter due to the increased
Cdk5/p35 binding. In vivo kinase assays indeed revealed twofold
higher CdkS activity in Trpm2~~ mice (SI Appendix, Fig. S5C ). This,
together with the enhanced Cdk5 express1on suggests that Cdk5/
p35 is more active in Trpm2~~ mice than in Trpm2*"* mice. Levels
of other kinases, such as extracellular signal-regulated kinase
(ERK), that are 1nvolved in stress (38) did not differ between
Trpm2*'* and Trpm2~~ mice (SI Appendix, Fig. S6B).

Conversion of p35 to p25 is known to be induced by Ca**-dependent
calpain and to result in aberrantly active Cdk5/p25 (22). To evaluate the
role of TRPM2 in Ca**-de endent calpaln activation, we first
performed ratiometric Ca™* 1mag1ng We found that KCl
(50 mM) induced substantial Ca®* influx in both Trpm2** and
Trpm2~'~ hippocampal neurons (Fig. 34). However, H,0;
(1 mM) increased intracellular calcium ([Ca®*];) only in
Trpm2*™* hippocampal neurons (Fig. 34), consistent with the
fact that H,O, is a well-known TRPM2 activator (11, 14 and
confirming that TRPM2 mediates the ROS induced Ca**
crease. This led us to examine whether Ca®*-dependent calpaln
activation is inhibited in Trpm2~'~ hippocampal neurons. H,O,
treatment produced a dose- dependent decrease of p35 with a
concomitant increase of p25 in Tipm2** neurons but not in
Tipm2~'~ neurons (SI Appendix, Fig. S14), consistent with the
previously reported ROS-induced p35 degradation via calpain
(22) and suggesting that TRPM2 activation promotes conver-
sion of p35 to p25. This flndlng also accounts for why there is
less p35 in Trpm2** than in Trpm2~'~ mice (SI Appendix, Fig.
S54). Taken together, our results show that TRPM2 deficiency
blocks ROS-induced Ca?" influx and subsequent p35 degradation
to p25.

It has been reported that the aberrant activity of Cdk5/p25 re-
duces the peroxidase activity required for ROS scavenging, thereby
resulting in elevation of ROS (36). Cdk5/p25 phosphorylates per-
oxiredoxin 2 (Prx2), a cellular peroxireductase that serves as an
essential oxygen free-radical scavenger, at Thr89, resulting in in-
hibition of Prx2 activity (36). We found that TRPM2 deficiency
reduced the phosphorylation of Prx2 in vivo (SI Appendix, Fig. SSA)
consistent with a lower expression of p25 relative to p35 in Trpm2™
than in Tipm2** mice. We then further investigated whether
TRPM2 deficiency is involved in reducing oxidative stress via Cdk5
by measuring PAR production with the help of roscovitine, a small-
molecule inhibitor of CdkS5. We confirmed that the basal level of
PAR seen in TRPM2-deficient neurons was raised by roscovitine
(50 pM) to the level of Trpm2*"* neurons, indicating that Cdk5
activity is required for reducing oxidative stress in Trpm2~'~ neurons
(SI Appendix, Fig. S8B).

To determine whether TRPM2 regulates CdkS activity via
calpain in vivo, we again turned to hippocampal tissues obtained
from animals that had experienced CUS and monitored p25 as
well as spectrin all, a marker of calpain activity (22) Stress led to
an increase in spectrin oIl breakdown products in protein ex-
tracts from stressed Trpm2*'+ mice hippocampus, but not from
Trpm2~'~ mice hippocampus (Fig. 3B). Consistent with this,
higher p25 levels relative to p35 were apparent in the hippo-
campus, of stressed Trpm2*'* mice than in those of stressed
Trpm2~'~ mice (Fig. 3C), indicating that CUS strongly activates
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Fig. 3. TRPM2 facilitates Ca®*-dependent calpain activation. (A) Cultured
hippocampal neurons responded to H,O, (1 mM) with increases in [Ca%*]; as
assessed by Fura-2-based calcium imaging (n = 53, and 62 for Trpm2** and
Trme"‘ neurons, respectively). (B) Immunoblots of Spectrin all (solid ar-
rowhead, total Spectrin all; open arrowhead, cleaved form) in the hippo-
campal DG (n = 4-5 per group; genotype X stress interaction Fy 15 = 7.659,
P = 0.0144, two-way ANOVA followed by Bonferroni posttest). (C) Immu-
noblots of p35 and p25 in the hippocampal DG (n = 4 per group). Data are
means + SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Other statistical param-
eters are listed in S/ Appendix, Table S1.

calpain in Trpm2** mice but not in Trpm2~~ mice and hence

that TRPM2 is involved in the stress-induced activation of cal-
pain. Collectlvely, these results demonstrate that TRPM2 in-
duces Ca®*-dependent calpain activation; the increased level of
Cdk5/p35 relative to Cdk5/p25 in TRPM2-deficient neurons may
contribute to efficient scavenging of ROS in these neurons.

TRPM2 Deficiency Increases Cdk5-Driven Gene Expression and Synaptic
Transmission. Since TRPM2 influences Cdk5 activity, which can
affect neuronal activity, we assessed whether Cdk5 regulates
synapsin (SYN) 1 and histone deacetylase (HDAC) 5, known
endogenous substrates for Cdk5 phosphorylation (39 40). H,O,
decreased the expressmn of p-SYN1 and p-HDACS in Trpm2*'*
but not in Trpm2~'~ neurons (SI Appendix, Fig. STB), indicating
that TRPM2 activation regulates the phosphorylation of SYN1
and HDACS. Treatment of neurons with roscovmne (50 pM)
decreased levels of p- -SYNT1 and p-HDACS5 in Trpm2~'~ neurons,
indicating that the increases in p-SYN1 and p-HDACS in these
neurons are Cdk5-dependent (Fig. 44).

To further evaluate the role of hippocampal TRPM2 in Cdk5
activation, we examined whether TRPM2 knockdown up-regulates
CdkS activity in cultured primary neurons using a lentivirus
encoding an shRNA specific for Trpm2 mRNA (lenti-shTRPM2)
(81 Appendix, Fig. S94). Infection of neurons with lenti-shTRPM2
indeed increased the phosphorylation of SYN1 and HDACS (SI
Appendix, Fig. S9B).

We next investigated whether ROS-induced TRPM2 activa-
tion produces similar alterations in mice experiencing CUS and
found that CUS markedly decreased p-SYN1 and p-HDACS
levels in the hippocampal DG of Trpm2*™* mice (Fig. 4B).
However, in Trpm2~'~ mice, p-SYN1 and p-HDAC5 remained
elevated under CUS (Fig. 4B), consistent with their high Cdk5
activity. Taken together, these results indicate that TRPM2 is
responsible for the CUS-induced Cdk5-dependent signaling.
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Since phosphorylation of SYN1 at Ser553 is implicated in
transmitter release via physiological regulation of cytoskeletal
elements (39), we examined spontaneous miniature excitatory
postsynaptic currents (mEPSC) and found s1gn1flcantly increased
amplitudes and frequencies of these currents in Trpm2~'~ neu-
rons (Fig. 4 C-E), indicative of increased synapse number and
enhanced synaptic transmission, respectively. These results were
also observed in mice that had experienced CUS (Fig. 4 C-E),
supporting the view that TRPM2 deficiency promotes synaptic
transmission under stressful conditions. In line with these results,
the expression of synaptic molecules such as NR1, NR2B,
GluR2, and Shank2 was increased in Trpm2~'~ neurons (SI Ap-
pendix, Fig. S104). Taken together, these results reveal that
TRPM2 deficiency enhances Cdk5, p35, and Cdk5/p35 activity,
which in turn leads to increase in synaptic strength.

Antidepressant-Like Behaviors in Trpm2~~ Mice Are Blocked by
Knockdown of Cdk5 in the DG of Hippocampus. Given the pre-
vious results, we investigated whether CdkS5 knockdown attenu-
ates the antidepressant-like effects seen in Trpm2~/~ mice (Fig. 5
A and B). Infusion of lenti-shCdk5 into the hlppocampal DG
(Fig. 5C) attenuated Cdk5 in both Trpm2** and Trpm2~'~ mice
(Fig. 5D) and was accompanied by reduced phosphorylation of
SYN1 and HDACS (Fig. 5D). If CdkS activity is involved in
reducing ROS (36), lenti-shCdk5 should increase ROS-
dependent PARP activity and PAR production, and this was
the case in hippocampal neurons (SI Appendix, Fig. S114). The
reason why the effects of CdkS knockdown were higher in the
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Fig.4. Mice lacking TRPM2 exhibit enhanced Cdk5-specific phosphorylation
and synaptic properties. (A) Representative immunoblots of the lysates from
mice hippocampal primary neurons treated with roscovitine (50 pM) for 12 h
(n = 3 per group). (B) Representative immunoblots of the hippocampal DG
lysates (n = 3 per group). (C) Representative traces of mEPSCs recorded from
slices of DG neurons of Trom2*'* and Trpm2~~ mice under home cage (Left)
and CUS conditions (Right), respectively. (D) Cumulative probability plots of the
peak amplitudes of mEPSC recordings from Trom2** and Trom2~'~ DG neu-
rons (n = 3-4 mice per group). (E) Cumulative probability plots of the inter-
event intervals of mEPSC recordings from Trpm2*"* and Trom2~'~ DG neurons
(n = 3-4 mice per group). Data are means + SEM; *P < 0.05, **P < 0.01, ***P <
0.001. Other statistical parameters are listed in S/ Appendix, Table S1.

PNAS | January 29,2019 | vol. 116 | no.5 | 1773

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814335116/-/DCSupplemental

L T

/

1\

=y

Trpm2~'~ than in the Trpm2** mice might possibly be because
basal levels were also high in the Trpm2~~ neurons.

These results led us to predict that Cdk5 knockdown would
block the antidepressant-like effects seen in Trpm2~'~ mice, and
this proved to be the case: immobility, latency to feed, and es-
cape latency in the FST, NSFT, and LHT, respectively, were all
increased by infusing the Trpm2~'~ mice with lenti-shCdk5 (Fig
5 F-H) whereas shCdk5 only slightly increased latency time in
the LHT in Trpm2** mice (Fig. SH). The behavioral effects of
lenti-shCdk5 occurred without changes in sucrose consumption
(Fig. 5E), total locomotor activities, or anxiety (SI Appendix, Fig.
S12 A-C). Using the CUS approach, we also assessed the effect
of CdkS5 knockdown in Trpm2~'~ mice on chronic stress-induced
behavior (SI Appendix, Fig. S13A4). Trpm2~'~ mice infused with
lenti-shLuc and then exposed to CUS displayed the predicted
antldepressant -like behaviors in the FST and LHT compared
with Trpm2** mice infused with lenti-shLuc (SI Appendix, Fig.
S13 D and E). However, these antidepressant-like effects of
TRPM2 deficiency were completely absent in Trpm2~'~ mice
infused with lenti-shCdkS; they displayed similar immobility and
latency to escape in the FST and LHT, respectively, as Trpm2**
mice infused with lenti-shLuc (SI Appendix, Fig. S13 C-E), fur-
ther indicating that CdkS plays a role in the antidepressant-like
effects of TRPM2 deficiency. The behavioral effects of lenti-
shCdk5 under stressed conditions occurred without changes in

shcaks M| IRES )| EGFP) %
% u
P & =
Infusion \“90& &' L sacrifice
B ] TITSSY Y =] d
1 23 24 25 26 27 28 29d s
D Trpm2+*  Trpm2~- s U lenti-shLuc. B lenti-shCdks
e 1.5 1

R cc\\‘ \n(' (‘6‘6 (kDa)

-

-
o
DU\-*U\

Cdk5 |- o “ ™33
P SESERBRE S

o
13

A

[=]

p-SYN1 L T T 1]

Relative expression Relative expression
Re\anve expression Relative expressron

E c.
8 3
& @
(ser553) : Trpm;."‘""Trpm?" & Trpm2** Trpm2-
= *** 8] *%k **
total Z15 §Z 2,
syN1 | RERESwew 77 35 g
-HDACS = 4 =15
Ploer270)| £ % = i = 48 2150 2 1 2
total [ 5o B & =05 A B
o SRR e a2 z 280s in
: 73 a
B-actin | WM Emmm-mn- 4 2L 0Trpm2 ++Trpm2/- :g_ On Trpm2** Trpm27-
w ok
E ] 3 . F EEOD Q Trpm2+* lenti-shLuc
o G0 on Eu¥ ] 290 gt =" @ Trom2** lenti-shCdk5
28 21 %8 $e . = 400 N g :
S8 °| .. =& & e - 3 -F-- M Trpm2-~ lenti-shLuc
SE %:u ot B 2 Ei =" W Trpm2~" lenti-shCdk5
B3 11 % - 2200 - I
z § co ti. W
o 0 ﬁ 0
G * ok H .
300 @15 *
2 S w " g ,
£200 510
Z = .
2100 B e
L g o

Fig. 5. Antidepressant-like behaviors in Trom2~~ mice are blocked by de-
letion of Cdk5 in the DG. (A) Lentiviral vector expressing shRNAs targeted
against mouse Cdk5 (lenti-shCdk5). (B) Timeline of experimental procedures.
(C) GFP immunostaining confirmed localization of lentivirus infection in the
adult mouse hippocampal DG. (Scale bar, 400 pm.) (D) Representative immu-
noblots of the hippocampal DG lysates (n = 3 per group). (E) Sucrose con-
sumption test (SCT) (n = 13-17 per group). (F) NSFT (n = 13-17 per group;
genotype x knockdown interaction F; 5, = 11.19, P = 0.0015). (G) FST (n = 12—
17 per group; genotype x knockdown interaction F; s, = 10.03, P = 0.0026). (H)
LHT (n = 8 per group). Data are means + SEM; *P < 0.05, **P < 0.01, ***P <
0.001. Statistical analysis (F and G) was performed using two-way ANOVA
followed by Bonferroni posttest. Other statistical parameters are listed in S/
Appendix, Table S1.
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sucrose consumption (SI Appendix, Fig. S13B), total locomotor
activities, or anxiety (SI Appendix, Fig. S13 F-H).

Collectively, our findings support the idea that ROS produced
during CUS induce PARP activity and PAR production; PAR
activates TRPM2, and the resulting Ca®* influx causes calpain
activation and aberrant Cdk5/p25 formation. As a result, neu-
rons are unable to scavenge ROS, and the ROS induce the
various deleterious effects of CUS and cause depression.

Discussion

Causative evidence linking TRPM2 levels with the pathogenesis
of MDD stems from our findings that the TRPM2 deletion re-
duces ROS levels and ameliorates CUS-induced behavioral
phenotypes. First, we have used in vivo and in vitro approaches
to investigate the downstream effects of TRPM2 on ROS levels
during chronic stress. We established that the presence of
TRPM2 induced PAR and p25 formation in the hippocampus,
effects known to be triggered by oxidative stress. PAR formation
in turn provided an autoregulatory feed-forward loop provoking
further-increased ROS levels by activating TRPM2 and thereby
triggering calpain-induced p35 degradation (SI Appendix, Fig.
S14). Thus, it is tempting to speculate that ROS-induced Cdk5/
p25 activity provides a feed-forward signaling response that
strengthens oxidative stress effects leading to processes causing
neuronal injury in Trpm2** neurons. Second, TRPM2 deficiency
has an antidepressant-like effect. Hippocampal knockdown of Cdk5
by shCdk5 eff1c1ently counteracted the antidepressant-like effects of
Trpm27~, and since shCdk5 did locally affect Cdk5 expression/ac-
tivity, we can rule out the idea that the CdkS effects on behavior are
secondary consequences of oxidative stress. These observations
demonstrate that TRPM2 channels and Cdk5/p25 synergize to
produce deleterious effects during stress and provide evidence for a
previously unappreciated mechanism by which CUS-induced oxi-
dative stress alters neuronal regulation in models of depression.

The mechanism by which CUS affects neurons is not well
understood. Papadopoulou et al. (20) reported that CUS
strongly increased CdkS activity in the hippocampus. In contrast,
we consistently found that higher CdkS catalytic activity was
associated with antidepressant-like behaviors. The source of the
discrepancy between our results and those of Papadopoulou
et al. (20) remains unknown. However, since Cdk5/p35 and
Cdk5/p25 have the same kinase activity, their results might reflect
the combined activities of Cdk5/p35 and Cdk5/p25. Our own data,
which show that CUS-induced p25 formation is blocked in
Trpm2~'~ neurons, explain how CUS normally leads to degrada-
tion of p35 to p25. CdkS activity may be altered by binding to
activators such as p25 and p35 during stress, in line with previous
observations that CdkS is a component of the adaptive response to
chronic stress (20). Cdk5/p35 is a cytoplasmic protein kinase an-
chored to neuronal membranes or the cytoskeleton whereas Cdk5/
p25 is found in the nuclear fraction (41). Therefore, it is possible
that Cdk5/p35 contributes to the phosphorylation of SYN1 and
HDACS in the cytosol, thereby enhancing synaptic function and
retaining HDACS in the cytoplasm (40).

Inhibitors of Cdk5/p25 are presently being sought as potential
treatments for neurodegeneration, and Cdk5/p35 may be es-
sential in adult neurons to prevent cell death. A useful inhibitor
must discriminate between Cdk5 bound to p25 as opposed to
p35. However, all known conventional inhibitors of Cdk5 are
expected to target both Cdk5/p25 and Cdk5/p35 Furthermore,
the antidepressant-like behaviors in Trpm2~~ mice may not be
completely explained by the actions of p35 or p25 especially in
the presence of Cdk5 knockdown. Therefore, further study of the
roles of p35 and p25 in the downstream TRPM2 pathway is
needed. From this point of view, Cdk5~~ mice could provide
valuable models of stress-induced depression and may further
help delineate whether p35 and p25 play a role in the TRPM2
pathway in the absence of CdkS5. Our present work suggests that
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inhibiting TRPM2 may provide a therapeutic strategy for re-
ducing the toxic effects of Cdk5/p25 without affecting the normal
function of Cdk5/p35.

As elevated markers of oxidative stress have been noted in
brains of MDD patients (42) and those with neurodegenerative
diseases (43), it is possible that oxidative stress leads to aberrant
CdkS activity and TRPM?2 expression in these disorders. We
report that stress-induced ROS produce depressive-like behav-
iors via the TRPM2-CdkS5 pathway. Given the substantial evi-
dence for a role of oxidative stress in depression (44), further
research on oxidative stress-induced alterations of TRPM2 ac-
tivity and intracellular calcium signaling in this serious neuro-
psychiatric disorder is warranted.

Materials and Methods

A detailed description of the materials and methods is provided in S/ Ap-
pendix, SI Materials and Methods.

Mice. TRPM2 knockout mice were generated and characterized previously (45).
All experiments were performed with 8- to 12-wk-old male TRPM2 knockout
mice, and age-matched male wild-type littermates were set for each experiment.
All animal experimental protocols were approved by the Institutional Animal
Care and Use Committee of Hanyang University.
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CUS Procedure. We used various stressors and deliberately designed the se-
quence of them to maximize unpredictability (23). All CUS mice were ex-
posed to two or three stressors a day for 28 d (for details, see S/ Appendix,
Table S2).

Viral-Mediated Gene Transfer. Three microliters of lentivirus was injected
bilaterally into each DG of the dorsal hippocampus at a rate of 0.15 pL/min
(stereotaxic coordinates in millimeters with reference to the bregma: ante-
roposterior, —2.0; mediolateral, +1.5; dorsoventral, —2.4) using a 26s gauge
syringe needles (Hamilton).

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
5.0 software. Two-way ANOVA followed by Bonferroni’s posttest was used for
multiple comparisons between groups when assessing the effect of genotype
on stress and the effect of lenti-shRNA infusion on behaviors. The results were
presented as mean + SEM. The level of statistical significance was set at P <
0.05 using two-tailed tests. All experiments were carried out at least three
times. Related statistical parameters are specified in S/ Appendix, Table S1.
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