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Striatal Shati/Nat8l-BDNF pathways determine the sensitivity
to social defeat stress in mice through epigenetic regulation

Hajime Miyanishi', Shin-ichi Muramatsu > and Atsumi Nitta

The global number of patients with depression increases in correlation to exposure to social stress. Chronic stress does not trigger
depression in all individuals, as some remain resilient. The underlying molecular mechanisms that contribute to stress sensitivity
have been poorly understood, although revealing the regulation of stress sensitivity could help develop treatments for depression.
We previously found that striatal Shati/Nat8l, an N-acetyltransferase, was increased in a depression mouse model. We investigated
the roles of Shati/Nat8l in stress sensitivity in mice and found that Shati/Nat8| and brain-derived neurotrophic factor (BDNF) levels
in the dorsal striatum were increased in stress-susceptible mice but not in resilient mice exposed to repeated social defeat stress
(RSDS). Knockdown of Shati/Nat8l in the dorsal striatum induced resilience to RSDS. In addition, blockade of BDNF signaling in the
dorsal striatum by ANA-12, a BDNF-specific receptor tropomyosin-receptor-kinase B (TrkB) inhibitor, also induced resilience to
stress. Shati/Nat8l is correlated with BDNF expression after RSDS, and BDNF is downstream of Shati/Nat8| pathways in the dorsal
striatum; Shati/Nat8l is epigenetically regulated by BDNF via histone acetylation. Our results demonstrate that striatal Shati/
Nat8|-BDNF pathways determine stress sensitivity through epigenetic regulation. The striatal Shati/Nat8-BDNF pathway could be a

novel target for treatments of depression and could establish a novel therapeutic strategy for depression patients.

Neuropsychopharmacology (2021) 46:1594-1605; https://doi.org/10.1038/s41386-021-01033-2

INTRODUCTION

In recent years, the number of patients with mood disorders,
including major depressive disorder (depression), has increased.
Depression is one of the most serious disorders among all mental
ilinesses, and symptoms include loss of motivation and energy
and the presence of suicidal thoughts. Depression is character-
istically resistant to treatment. Generally, antidepressant drugs
require long periods before the effects are seen and do not have
high response rates. Approximately 30% of depression patients
have resistance to treatment with antidepressants [1, 2]. For these
reasons, discovering novel targets of antidepressants and estab-
lishing therapeutic strategies that work for all patients is desired.

Stress is closely related to depression, and several studies have
suggested that depression onset is triggered by stressful
environments [3, 4]. Vulnerability to depression onset is caused
by depressive episodes such as stress, thereby leading to
depression onset in response to even mild stress [5, 6]. However,
not all individuals are vulnerable to depression onset, as some
remain resilient [7]. In behavioral experiments, mice exposed to
the same stressful conditions can also be classified as either stress-
susceptible (those that show depressive behaviors) or resilient
(those that do not) [8]. Revealing the underlying regulatory
mechanisms of stress sensitivity could offer insight in under-
standing and developing treatments for depression.

Shati/Nat8l was previously identified in the brains of psychosis
model mice [9]. Shati/Nat8l, which we focused on here, is
expressed in the whole brain and is involved in the reward
system that, in the medial prefrontal cortex (mPFC), attenuates

methamphetamine addiction [10]. Shati/Nat8| has N-acetyl trans-
fer activity and predominantly regulates the amount of N-acetyl
aspartate (NAA) [11], which is converted acetyl-CoA [12]. NAA is
biosynthesized to N-acetyl aspartylglutamate (NAAG) by conden-
sation with glutamic acid by NAAG synthetase [13]. We found that
Shati/Nat8l in the dorsal striatum is increased in depression model
mice [14]. In a previous human study, it was shown that Shati/
Nat8l could be a diagnostic biomarker for depression [15], and
NAA levels are altered in the brains of patients with depression
[16]. These reports indicate that Shati/Nat8l could be associated
with the pathogenesis of depression. However, the detailed
contribution of Shati/Nat8| to depression remains elusive.

Stress-induced alterations in brain-derived neurotrophic factor
(BDNF) levels in the brain have been proposed to be involved in
the mechanism of depression onset [17, 18]. BDNF expression is
altered in various brain regions in human patients with depression
and depression model mice. Interestingly, the role of BDNF in the
central nervous system is region- and circuit-specific [19-21].
BDNF in the hippocampus and the mPFC has an antidepressant
effect, whereas BDNF in the ventral tegmental area (VTA)-nuclear
accumbent (NAc) circuits has a pro-depressant efficacy [22, 23].
On the other hand, there are no reports on the roles that BDNF
in the dorsal striatum has in depression. It has been reported
that BDNF is controlled by epigenetic mechanisms, including
histone methylation and acetylation and DNA methylation
[24-26].

In this study, we examined the knockdown effects of Shati/Nat8|
in the dorsal striatum to stress sensitivity in mice to clarify the role
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of striatal Shati/Nat8l in depression and further analyzed the
mechanisms with a focus on BDNF.

MATERIALS AND METHODS

Animals and environments

Male 8-week-old C57BI/6) mice (Nihon SLC, Hamamatsu, Japan)
and Shati/Nat8I"®/1°* mice (described below) were used. All mice
were housed under controlled temperature (25 °C £ 1 °C), humidity
(50% £ 5%), and a 12-h light/dark conditions (light, 7:00-19:00;
dark, 19:00-7:00) with ad libitum access to food and water. All
experiments were performed with permission from the Commit-
tee for Animal Experiments of the University of Toyama
(A2018PHA-5, 13) and according to the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

Production of Shati/Nat8I™®/ % mice

We entrusted Unitech Co., Ltd. (Kashiwa, Japan) to produce Shati/
Nat8l"/ " mice, The Shati/Nat8l targeting construct was built
using conventional cloning. Exons of the Shati/Nat8| coding gene
were flanked by loxP sites, followed by an FRT-flanked neomycin
cassette, in the construction process. Next, the targeting vector was
linearized and inserted into embryonic stem cells. Cloned
embryonic stem cells were inserted into blastocysts of C57BL/6J
mice to produce chimeric mice. The chimeric mice were crossed
with C57BL/6J mice to generate heterozygous mice carrying one
loxP-flanked allele (Shati/Nat8I">"). Shati/Nat8I">’* mice were
crossed with CAG-Flp mice to remove the neomycin cassette. Shati/
Nat8I™/* mice without the neomycin cassette and Flp cassette
were then produced by crossing Shati/Nat8I"™®* mice without
the neomycin cassette with C57BL/6J mice. Shati/Nat8I"* mice
without the neomycin cassette and Flp cassette were then crossed
with Shati/Nat8I"®* to generate Shati/Nat8I"/°% This study was
performed with permission from the Board of Safety Committee for
Recombination DNA Experiments of the University of Toyama
(G2015PHA-15).

Production and microinjection of adeno-associated virus (AAV)
vectors

The production and microinjection of AAV vectors were
performed as previously reported [27, 28]. Briefly, an expression
cassette including the CMV promoter and cDNA encoding either
Cre recombinase or the enhanced green fluorescent protein
sequence was inserted in a plasmid for the AAV-Cre or a mock
vector, respectively. The AAV plasmid, AAV3 rep/AAV9 vp
expression plasmid, and helper plasmid (Agilent Technologies,
Santa Clara, CA) were co-transfected into HEK293 cells to produce
AAV-Cre or mock vectors. AAV-Cre induced neuron-specific Cre-
recombinase activity. Shati/Nat8I1/1* mice were injected with
AAV-Cre vectors to generate the conditional knockdown of Shati/
Nat8l. The AAV-Cre or mock vectors (1x 10'°-10"2 units) were
injected into the bilateral dorsal striatum (AP, 0.5mm; ML,
+2.0mm; DV, 3.5mm), mPFC (AP, 1.7 mm; ML, +0.3 mm; DV,
1.5mm), or hippocampus (AP, —1.6 mm; ML, 1.0 mm; DV,
1.35 mm) [29] after mice were anesthetized with a combination
of anesthetics (medetomidine [0.3 mg/kg], midazolam [4.0 mg/kg],
and butorphanol [5.0 mg/kg]). Four weeks after the microinjection,
the mice were used in experiments. Shati/Nat8I"®/°* mice that
received the mock vector injection were used as a control group.

Repeated social defeat stress (RSDS)

RSDS was performed as previously described [8, 30]. Retired male
ICR mice (4-5 months old) were used as stressors. Briefly, ICR mice
were screened for aggressive behaviors before the experiments.
ICR mice that attacked for more than 60 s out of 180 s during the
screening were used. C57BL/6) mice were exposed to daily
physical attack by ICR mice for 10 min. After direct contact with
ICR mice, C57BL/6J mice and ICR mice were placed in cages
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separated by a transparent board, allowing indirect contact for
24 h until the next exposure to physical stress. Naive mice as
controls were also single-housed and were in contact with other
mice for 10 min daily.

Strong-RSDS

ICR mice that attacked for more than 90 s out of 180 s during the
screening were used. The experimental schedule and methods
were the same as those of the normal RSDS.

Behavioral tests

Twenty-four hours after the final defeat session, the defeated mice
and naive mice were used for behavioral tests. All behavioral tests
were performed in the light condition of mice.

Social interaction test. The social interaction test was performed
as previously reported [8, 31]. Mice were placed in an open-field
area (40 x40 x 30 cm) with a small cage for the ICR mice. Their
activity was monitored for 150 s under the condition in which no
ICR mouse was present in the small cage as a pretest. The mice
were then returned to their home cage for 30s. Next, the mice
were placed again in an open-field area, and their activity was
monitored for 150 s under the condition in which an ICR mouse
was placed in the small cage as a post-test. The time spent in the
interaction and corner avoidance zones in the post-test was
measured, and the social interaction ratio was calculated to assess
social interaction behavior. The social interaction ratio was defined
as follows: (the time in the interaction zone with the ICR mouse)/
(the time in the interaction zone without the ICR mouse).
Susceptible mice or resilient mice were classified based on the
social interaction ratio (susceptible: social interaction ratio <1.0;
resilient: social interaction ratio >1.0) [32].

Sucrose preference test. The sucrose preference test was
performed as previously reported [31]. The consumption of water
and 1% sucrose for 12 h were measured. Sucrose preference was
defined as follows: (the amount of sucrose consumed)/(the total
amount of water and sucrose consumed).

Locomotor activity test. The locomotor activity test was per-
formed as previously reported [14]. In brief, mice were placed in
an open-field area (40 x 40 x 30 cm), and their locomotor activity
was measured with Scanet MV-40AQ (Melquest) for 60 min.

Tail suspension test. The tail suspension test was performed as
previously reported [14, 33]. Mice were suspended with adhesive
tape from a suspension bar (height, 12cm) for 6 min. The
immobility time from 1 to 6 min was measured.

Forced swimming test. The forced swimming test was performed
as previously reported [14]. In brief, mice were placed individually
in a blinded cylinder (diameter, 21 cm; height, 22.5 cm) containing
22°C water (depth, 18 cm). The mice were forced to swim for
6 min. The immobility time from 1 to 6 min was measured with
Scanet MV-40AQ (Melquest, Toyama, Japan).

Immunostaining

Immunostaining was performed as previously described [34].
Briefly, 20-um frozen sections were prepared using a cryostat
(CM3050S, Leica Wetzlar, Germany). The fixing, permeabilizing,
washing, and blocking procedures were performed, after which
the sections were incubated with primary antibodies against
rabbit anti-Cre recombinase (#18771, 1:40, IBL, Fujioka, Japan) and
mouse anti-NeuN (MAB377, 1:500, St. Louis, MO, USA) at 4°C
overnight. Next, the sections were washed with Tris-buffered
solution with Tween-20 and then incubated with CFTM 488 goat
anti-rabbit IgG (H + L) (#20111, 1:1000, Biotium, Hayward, CA) and
CFTM 594 goat anti-mouse IgG (H + L) (#20113, 1:1000, Biotium)
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as the secondary antibodies for 2h at room temperature. The
sections were washed and incubated with DAPI staining solution.
After the sections were washed and mounted, immunofluores-
cence images were obtained using an AxioCam icC1 (Carl Zeiss,
Jena, Germany).

Real-time RT-PCR analysis

RT-PCR was performed as previously described [31]. The sequences
of the primers used are as follows: Shati/Nat8l: forward, 5'-
GTGATTCTGGCCTACCTGGA-3’; reverse, 5-CCACTGTGTTGTCCTC
CTCA-3’; BDNF IV: forward, 5'-CAGAGCAGCAGCTGCCTTGATGTT-3/;
reverse, 5-GCCTTGTCCGTGGACGTTTA-3’; 36B4: forward, 5- ACCCT
GAAGTGCTCGACATC-3/; reverse, 5'- AGGAAGGCCTTGACCTTTTC-3.

Western blotting

Western blotting was performed as previously described [35].
Primary antibodies against rabbit anti-BDNF (ab108319, 1:1000,
Abcam, Cambridge, UK) and mouse anti-GAPDH (M171-3, 1:1000,
MBL) were used. Secondary antibodies (RPN2124, anti-rabbit IgG;
1:5000, anti-mouse IgG; 1:5000, GE Healthcare, Chicago, IL, USA)
were applied. The proteins were detected using an ECL Prime kit
(GE Healthcare) and quantified using Image J software.

Microinfusion

Microinfusion was performed as previously reported [31]. After the
mice were anesthetized, guide cannulas (AG-4, Eicom, Kyoto,
Japan) were implanted into the bilateral dorsal striatum (AP,
0.5mm; ML, £20mm; DV, 3.0mm). ANA-12 (tropomyosin-
receptor-kinase B (TrkB) inhibitor, 1 ug/0.5 uL per side) (57745,
Selleck Biotech, Tokyo, Japan) was infused using an injector EPS-
64 microsyringe pump (Eicom) through the guide cannulas. This
dose has been reported not to affect behaviors in mice [36], and
ANA-12 was demonstrated to be stable without degradation and
inhibit BDNF signaling for 60 min [37]. Ringer solution (147-mM
NaCl, 4-mM KCl, and 2.3-mM CaCl,) was infused as a control. The
ANA-12 or ringer solution was infused 15 min before each social
defeat stress session for 10 days as previously reported [38].

Chromatin immunoprecipitation (ChlIP) assay

ChIP assay was performed as previously described [39]. The
acetylation and methylation levels of histone H3 and DNA
methylation levels at the promoter sites of BDNF IV were detected
using the ChIP assay. A Dynabeads™ Protein G Immunoprecipita-
tion Kit was used (Thermo Fisher Scientific KK, Tokyo, Japan) to
precipitate the crosslinked chromatin. Antibodies (2 ug for 25 ug
of chromatin) against anti-acetylated H3K9 (ab10812, Abcam),
anti-H3K4 (ab176799, Abcam), anti-total acetylated H3 (ab47915,
Abcam), anti-methylated H3K9 (ab8898, Abcam), or anti-5-
methylcytosine (5-mC) (C15200081, Diagenode, Liege, Belgium)
were applied. Normal rabbit IgG (#2729, Cell Signaling Technol-
ogy) was used as a negative control. The DNA samples were
purified used for RT-PCR. The primers for the BDNF IV promoter
have been previously reported [24]. Quantification was performed
using Image J software, and the levels of epigenetic modification
were normalized with input controls for each sample. The
sequences of the primers used were as follows: BDNF IV: forward,
5/-GCGCGGAATTCTGATTCTGGTAAT-3’; reverse, 5-GAGAGGGCTC
CACGCTGCCTTGACG-3'36B4: forward, 5-ACCCTGAAGTGCTCGA
CATC-3'; reverse, 5- AGGAAGGCCTTGACCTTTTC-3'.

Statistical analysis

Data were analyzed with Prism version 5. The Student’s t test or
the chi-squared test was used to analyze the data between the
two groups. One-way ANOVA followed by the Bonferroni’s post
hoc test was used for the analysis of the data between multiple
groups. Two-way ANOVA followed by the Bonferroni's or
Tukey-Kramer’s post hoc test was applied to analyze the data
between two factors. Correlations were analyzed using Pearson’s r.

SPRINGERNATURE

Power analysis was applied to analyze the validity of sample size
in the experiments using the G*Power 3.1 software [40, 41]. All
data are presented as the mean = standard error.

RESULTS

Shati/Nat8l expression in the dorsal striatum, but not mPFC or
hippocampus, correlates explicitly with sensitivity to RSDS

First, we assessed depressive behaviors after RSDS in a social
interaction test. The time in the interaction zone was significantly
reduced in susceptible mice compared to stress-naive mice and
resilient mice (Fig. 1a) (F,53 =40.15, p <0.0001; one-way ANOVA).
The time in the avoidance zone significantly increased in
susceptible mice compared to stress-naive mice and resilient
mice (Fig. 1b) (F35=17.18, p<0.0001; one-way ANOVA). The
interaction ratio was significantly decreased in susceptible mice
compared to stress-naive mice and resilient mice (Fig. 1¢) (Fys3 =
56.04, p < 0.0001; one-way ANOVA). The methods for classification
into the resilient or susceptible groups in this study were validated
by these results. Shati/Nat8/ mRNA levels were quantified by real-
time PCR immediately after the social interaction tests. Shati/Nat8/
mMRNA levels were significantly increased in the dorsal striatum
of susceptible mice compared with stress-naive mice (Fig. 1d)
(F234=31.44, p<0.0001; one-way ANOVA). We then confirmed
the correlation between Shati/Nat8l expression in the dorsal
striatum and social behavior (Fig. 1e, f) [(vs. time in interaction
zone: r = —0.567, p = 0.0054) (vs. interaction ratio: r = —0.708, p =
0.0002; Pearson’s r)]. We also performed correlation analyses
exclusively in mice exhibiting depressive-like behavior (stress-
susceptible mice). we confirmed the correlation between striatal
Shati/Nat8] mRNA expression in stress-susceptible mice and
interaction ratio (Fig. S1) (r=—0.726, p =0.0001). However, such
an elevation of Shati/Nat8/ mRNA observed in the dorsal striatum
was not detected in the mPFC or hippocampus (Fig. 1d). In
addition, there were no correlation between Shati/Nat8/ mRNA
levels in the mPFC or hippocampus and social behavior (Fig. 1g, h)
(MmPFC: r=—0.224, p = 0.634, hippocampus r=0.136, p = 0.545;
Pearson'’s r). These results are in agreement with previous studies
showing that chronic stress induces region-specific increases of
Shati/Nat8] mRNA in the dorsal striatum [14, 31].

Knockdown of Shati/Nat8l in the dorsal striatum induces resilience
to RSDS

We generated Shati/Nat8| conditional knockdown in the dorsal
striatum of mice (Shati cKD mice) using the Cre/loxP system for
investigation of whether Shati/Nat8l in the striatum is involved in
determining stress resilience. We performed microinjection of
AAV-Cre into the dorsal striatum of Shati/Nat8I"/f° mice and of
AAV-Mock into the dorsal striatum as a control (mock mice). The
specific Cre-positive cells (green signals) in the dorsal striatal
neurons were observed in Shati cKD mice (Fig. 2a). The significant
decrease of Shati/Nat8] mRNA was confirmed in the dorsal
striatum of Shati cKD mice compared with that of mock mice
(Fig. 2b) (ts =10.59, p =0.0001; Student’s t test). In this series of
experiments, mock mice and Shati cKD mice were exposed to
strong-RSDS (S-RSDS) to evaluate resilience, followed by the
behavioral tests to assess depression (Fig. 2c). There was no
difference in the social interaction time between mock mice and
Shati cKD mice without social defeat stress. While mock mice with
S-RSDS showed strong suppression of social interaction, the Shati
cKD mice with S-RSDS did not show a lower social interaction time
(Fig. 2d) (main effect of virus: F; 30 = 25.30, p < 0.0001; main effect
of stress: F; 30 =25.71, p <0.0001; interaction effect: F; 30 = 25.20,
p <0.0001; two-way ANOVA). Furthermore, the ratio of stress
resilience was increased fourfold by knockdown of Shati/Nat8| in
the dorsal striatum (Fig. 2e) (p = 0.0071; significance was analyzed
using the chi-squared test). Mock mice showed decreased sucrose
preference by S-RSDS, while Shati cKD mice with S-RSDS did not
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Fig. 1

Increased Shati/Nat8l expression is correlated with depressive behaviors. a Social interaction test was performed after repeated

social defeat stress (RSDS). There was a significant difference in time spent in the interaction zone in susceptible mice compared with naive
mice and resilient mice under the condition in which ICR mice were present (F,s3 =40.15, p <0.0001). Naive, n=22; resilient, n=15;
susceptible, n =19; ***p < 0.001 vs. susceptible mice (one-way ANOVA with Bonferroni post hoc tests). b There was a significant difference in
time spent in the avoidance zone in susceptible mice compared with naive mice and resilient mice under the condition in which ICR mice
were present (F,s3=17.18, p <0.0001;). Naive, n = 22; resilient, n = 15; susceptible, n = 19; ***p <0.005 vs. susceptible mice, **p <0.01 vs.
susceptible mice (one-way ANOVA with Bonferroni post hoc tests). ¢ There was a significant difference in the interaction ratio in susceptible
mice compared with naive mice and resilient mice under the condition in which ICR mice were present (F5s3 = 56.04, p < 0.0001). Naive, n =
22; resilient, n = 15; susceptible, n = 19; ***p < 0.005 vs. susceptible mice (one-way ANOVA with Bonferroni post hoc tests). d Shati/Nat8] mRNA
levels in the dorsal striatum, but not mPFC or hippocampus, of susceptible mice were changed by RSDS compared with naive mice and
resilient mice (Fy34 = 31.44, p <0.0001). Striatum: naive, n = 16; resilient, n = 10; susceptible, n = 12; ***p < 0.005 vs. susceptible mice, mPFC:
naive, n = 8; resilient, n = 8; susceptible, n = 8, hippocampus: naive, n = 8; resilient, n = 8; susceptible, n = 8 (one-way ANOVA with Bonferroni
post hoc tests). Shati/Nat8] mRNA expression in the dorsal striatum was strongly correlated with social interaction behavior including time in
interaction zone (e) (r = —0.567, p = 0.0054) and interaction ratio (f) (= —0.708, p = 0.0002) Resilient, n = 10; susceptible, n = 12 (Pearson’s r).
Social interaction behavior was not correlated with Shati/Nat8] mRNA expression in the mPFC (g) or hippocampus (h), after RSDS. mPFC:
resilient, n = 8; susceptible, n = 8, hippocampus: resilient, n = 8; susceptible, n =8 (Pearson’s r).

(Fig. 2f) (main effect of virus: F; 30 =9.214, p = 0.3799; main effect
of stress: F; 30 = 1.434, p = 0.2405; interaction effect: F; 30 =9.214,
p =0.0049; two-way ANOVA). After S-RSDS, Shati cKD mice
showed more resilience to stress and a decrease in immobility
time than mock mice in the tail suspension and forced swimming
test (Fig. 2g, h) [(tail suspension test: main effect of virus: F; 30 =
1.028, p=0.3187; main effect of stress: F;30=1.849, p=0.184;
interaction effect: F; 30 = 6.437, p = 0.0166) (forced swimming test:
main effect of virus: F;30=0.6166, p =0.4385; main effect of
stress: Fq30=10.99, p=0.0024; interaction effect: F;3o=2.988,
p = 0.0942; two-way ANOVA)L. It is possible that the experimental
procedures and methods could have affected the basic activity
observed in the behavioral test. Thus, we measured the locomotor
activity of these mice subjected to S-RSDS and/or microinjection
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into the dorsal striatum and confirmed that experimental
protocols had no influence on motor function (Fig. 2i). These
results suggest that the stress-responsive factor Shati/Nat8l in the
dorsal striatum regulates social stress resilience.

We investigated the contribution of Shati/Nat8l in these regions
by generating Shati/Nat8l conditional knockdown mice of the
mPFC (PFC-Shati cKD mice) and hippocampus (HIP-Shati cKD
mice), although we are confident that the expression of Shati/
Nat8l in the mPFC and hippocampus does not correlate with stress
sensitivity. Shati/Nat8/ mRNA levels were decreased in the PFC-
and HIP-Shati ckD mice (Fig. S2a, f) (PFC-Shati cKD: t;,=10.33, p <
0.0001; HIP-Shati cKD: t;4=7.362, p<0.0001; Student’s t test).
PFC- and HIP-Shati cKD mice did not show stress resilience or
susceptibility in any behavioral experiments (Fig. S2b-e, g-j).
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Fig. 2 Knockdown of Shati/Nat8l in the dorsal striatum shows resilience to social defeat stress. a Cre recombinase was expressed in the
injection site (the dorsal striatum) of Shati cKD mice using immunohistochemistry (Cre-positive cells: green, NeuN-positive cells: red). Entire portion
(left figure); scale bars: 500 pm. Magnified portion (right figure); scale bars: 100 um. b Shati/Nat8] mRNA expression in the dorsal striatum
decreased in Shati cKD mice compared with mock mice (ts = 10.59, p = 0.0001). Mock, n = 4; Shati cKD, n = 3; ***p < 0.005 vs. mock mice (student t
test). ¢ The timeline of experiments. Mice were exposed to S-RSDS 4 weeks after microinjection. Twenty-four hours after the last session of S-RSDS,
the behavioral tests were performed. d Mock mice showed decreased social interaction after S-RSDS. Shati cKD mice did not show decreased
social interaction after S-RSDS (main effect of virus: F; 30 = 25.30, p < 0.0001; main effect of stress: F; 30 = 25.71, p < 0.0001; interaction effect: F; %o =
25.20, p < 0.0001). Naive-mock, n = 9; naive-Shati cKD, n = 8; S-RSDS-mock, n = 9; S-RSDS-Shati cKD, n = 8; ***p < 0.005 vs. naive-mock mice;

0.005 vs. S-RSDS-Shati cKD mice (two-way ANOVA with Bonferroni post hoc tests). e The proportion of susceptible mice after S-RSDS was
significantly decreased by knockdown of Shati/Nat8l in the dorsal striatum (p =0.0071). Mock: resillient, n =2, susceptible, n=7; Shati cKD:
resillient, n =7, susceptible, n = 1. (Chi-squared test). f Mock mice showed decreased sucrose preference after S-RSDS. Shati cKD mice did not
show decreased sucrose preference after S-RSDS (main effect of virus: F; 30 =9.214, p=0.3799; main effect of stress: F; 30 = 1.434, p = 0.2405;
interaction effect: F1 30=9.214, p = 0.0049). Naive-mock, n =9, Naive-Shati cKD, n = 8; S-RSDS-Mock, n = 9; S-RSDS-Shati cKD, n = 8. *p < 0.05 vs.
naive-mock mice; *p < 0.05 vs. S-RSDS-Shati cKD mice (two-way ANOVA with Bonferroni post hoc tests). g Shati cKD mice did not show extended
immobility time in the tail suspension test compared with mock mice after S-RSDS (main effect of virus: F; 30 = 1.028, p = 0.3187; main effect of
stress: F; 30 = 1.849, p = 0.184; interaction effect: F; 3o = 6.437, p = 0.0166). Naive-mock, n = 9; naive-Shati cKD, n = 8; S-RSDS-Mock, n = 9; S-RSDS-
Shati cKD, n=8. ##p <0.01 vs. S-RSDS-Shati cKD mice (two-way ANOVA with Bonferroni post hoc tests). h Shati cKD mice did not show extended
immobility time in the forced swimming test compared with mock mice after S-RSDS (main effect of virus: F; 30 = 0.6166, p = 0.4385; main effect of
stress: Fq 30 = 1099 p = 0.0024; interaction effect: F; 30 = 2.988, p = 0.0942;). Naive-mock, n = 9; Naive-Shati cKD, n = 8; S-RSDS-Mock, n = 9; S-RSDS-
Shati cKD, n=8; * #p < 0.05 vs. S-RSDS-Shati ckD mice (two-way ANOVA with Bonferroni post hoc tests). i There were no differences in locomotor
activity. Naive-mock, n = 9; naive-Shati cKD, n = 8; S-RSDS-Mock, n = 9; S-RSDS-Shati cKD, n = 8 (two-way ANOVA with Bonferroni post hoc tests).
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Fig.3 Increased BDNF in the dorsal striatum of susceptible mice was correlated with depressive behaviors and inhibition of striatal BDNF
signaling induced resilience to social defeat stress. a BDNF mRNA in the dorsal striatum of susceptible mice was changed by RSDS compared
with naive mice and resilient mice (F,35 = 16.55, p <0.0001). Naive, n = 16; resilient, n = 10; susceptible, n = 12; ***p < 0.005 vs. Susceptible mice
(one-way ANOVA with Bonferroni post hoc tests). b Social interaction behavior was strongly correlated with BDNF mRNA expression in the dorsal
striatum after RSDS (r = —0.643, p = 0.0011). Resilient, n = 10; susceptible, n =12 (Pearson’s r). ¢ Representative images of BDNF protein. BDNF
protein levels in the dorsal striatum of susceptible mice were changed by RSDS compared with naive mice and resilient mice (F5>1 =811, p=
0.0025). Naive, n = 8; resilient, n = 8; susceptible, n = 8; **p < 0.01 vs. susceptible mice (one-way ANOVA with Bonferroni post hoc tests). d Timeline
of experiments. ANA-12 (1 pg/0.5 uL per side) or ringer solution was infused 15 min before each social defeat stress session for 10 days. The
behavioral tests were performed 24 h after the last session of RSDS. e Ringer-treated mice showed decreased social interaction after RSDS in the
social interaction test. ANA-12-treated mice did not show decreased social interaction after RSDS (main effect of virus: F; 55 =7.924, p = 0.0094;
main effect of stress: F; 55 = 12.32, p = 0.0017; interaction effect: F; ;s = 9.785, p = 0.0044). Naive-ringer, n = 8; Naive-ANA-12, n = 7; RSDS-Ringer, n
= 7; RSDS-ANA-12, n = 7; ***p < 0.005 vs. Naive-Ringer mice; *#p < 0.005 vs. RSDS-ANA-12 mice (two-way ANOVA with Bonferroni post hoc tests). f
Ringer-treated mice showed decreased sucrose preference after RSDS in the sucrose preference test. ANA-12-treated mice did not show decreased
sucrose preference after RSDS (main effect of virus: F; 5 = 16.86, p = 0.0004; main effect of stress: F; .5 = 13.98, p = 0.0010; interaction effect F1 25
= 9.540, p = 0.0049). Naive-Ringer, n = 8; naive-ANA-12, n = 7; RSDS-Ringer, n = 7; RSDS-ANA-12, n = 7. ***p < 0.005 vs. Naive-Ringer mice; **#p <
0.005 vs. RSDS-ANA-12 mice (two-way ANOVA with Bonferroni post hoc tests). g Ringer-treated mice showed extended immobility time after RSDS
in the tail suspension test. ANA-12-treated mice did not show extended immobility time after RSDS (main effect of virus: F; 54 = 1.959, p = 0.1744;
main effect of stress: F; 54 =4.771, p = 0.0389; interaction effect F1 4 =8.684, p = 0.0070). Naive-Ringer, n = 8; Naive-ANA-12, n = 7; RSDS-Ringer, n
= 6; RSDS-ANA-12, n = 7; *p < 0.05 vs. naive-Ringer mice; *p < 0.05 vs. RSDS-ANA-12 mice (two-way ANOVA with the Tukey—Kramers post hoc test).
h Ringer-treated mice showed extended lmmoblllty time after RSDS in the forced swimming test. ANA-12-treated mice did not show extended
immobility time after RSDS (main effect of virus: F; »5 = 8.339, p = 0.0079; main effect of stress: F; »5 = 1.936, p = 0.1763; interaction effect Fi25=
12.60, p = 0.0016). Nalve-nger, n =8; naive-ANA-12, n = 7; RSDS-Ringer, n =7; RSDS-ANA-12, n=7; ***p <0.005 vs. naive-Ringer mice; *p < 0.05
vs. RSDS-ANA-12 mice (two-way ANOVA with Bonferroni post hoc tests). i There were no differences in locomotor activity; naive-Ringer, n =8;
naive-ANA-12, n = 7; RSDS-Ringer, n = 7; RSDS-ANA-12, n =7 (two-way ANOVA with Bonferroni post hoc tests).

These findings strengthen the evidence of involvement of Shati/ p <0.0001; hippocampus: F,,;=1571, p<0.0001; one-way
Nat8l in stress sensitivity in the dorsal striatum rather than in the ANOVA). Thus, we investigated BDNF expression levels in the

hippocampus and mPFC. dorsal striatum, where Shati/Nat8| determines stress sensitivity.

Surprisingly, BDNF mRNA levels in the dorsal striatum increased
Antagonism of striatal BDNF signaling elevated by RSDS after social defeat stress in susceptible mice in contrast to those in
suppresses stress sensitivity the mPFC and hippocampus (Fig. 3a) (F,35 = 16.55, p <0.0001;

Previous reports have shown that BDNF levels in the mPFC and one-way ANOVA); such elevation was not observed in resilient
hippocampus are decreased in depression model mice [42, 43], mice. In addition, increased mRNA levels exhibit a clear correlation
and we confirmed the similar expression patterns of BDNF mRNA with decreased social behavior (Fig. 3b) (r=—0.643, p=0.0011;
in these regions after RSDS (Fig. S3a, b) (mPFC: F,,, =26.19, Pearson’s r). Protein levels of BDNF were also increased in the
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Fig. 4 Shati/Nat8l regulates BDNF in the dorsal stratum. a BDNF mRNA
Nat8/ mRNA expression after RSDS (r = 0.753, p < 0.0001). Resilient n = 10,

in the dorsal striatum of susceptible mice was correlated with Shati/
susceptible n = 12. (Pearson’s r). BDNF mRNA was not correlated with

Shati/Nat8] mRNA expression after RSDS in mPFC (b) and hippocampus (c), mPFC: resilient, n = 8; susceptible, n = 8, Hippocampus: resilient,
n = 8; susceptible, n =8 (Pearson’s r). d BDNF mRNA in the dorsal striatum of mock mice increased after S-RSDS compared with naive-mock
mice. Shati cKD mice did not show increased BDNF mRNA levels in the dorsal striatum after S-RSDS (main effect of virus: Fy ;5 =3.871,
p=0.0679; main effect of stress: F; ;5 =10.86, p =0.0049; interaction effect: F; 5 =6.267, p = 0.0243). Naive-mock, n = 6; naive-Shati cKD,
n = 4; S-RSDS-Mock, n = 5; S-RSDS-Shati cKD, n = 4; *p < 0.05 vs. naive-mock mice; ##p < 0.01 vs. S-RSDS-Shati cKD mice (two-way ANOVA with
Bonferroni post hoc tests). e Representative images of BDNF protein. BDNF protein in the dorsal striatum of mock mice increased after S-RSDS
compared with naive-mock mice. Shati cKD mice after S-RSDS did not show increased BDNF protein levels in the dorsal striatum compared
with S-RSDS-mock mice. BDNF protein levels in naive-Shati cKD mice were suppressed compared with naive-mock mice (main effect of virus:
F120 =35.48, p <0.0001; main effect of stress: Fi 0= 137.6, p <0.0001; interaction effect: F; ;o =29.41, p <0.0001). Naive-mock, n = 6; naive-
Shati cKD, n = 6; S-RSDS-Mock, n = 6; S-RSDS-Shati cKD, n = 6; ***p < 0.005, **p < 0.01 vs. naive-mock mice; *#p < 0.005 vs. S-RSDS-Shati cKD

mice (two-way ANOVA with Bonferroni post hoc tests).

dorsal striatum in the susceptible mice, but not the resilient mice,
compared with the stress-naive controls (Figs. 3c and S4) (F;21 =
8.11, p = 0.0025; one-way ANOVA).

We assessed the effect of ANA-12, a noncompetitive antagonist
of the BDNF-specific receptor TrkB to investigate the involvement
of striatal BDNF elevated by RSDS in stress resilience. ANA-12
binds selectively and directly to TrkB and blocks the downstream
effects of TrkB signaling without affecting TrkA and TrkC [37].
ANA-12 was infused daily into the dorsal striatum 15 min before
each social defeat stress exposure for a total of 10 days, followed
by behavioral tests (Fig. 3d). ANA-12 was confirmed to confer no
effect on social interaction without RSDS (Fig. 3e). While ringer-
treated mice with RSDS showed significantly decreased social
interaction, ANA-12-treated mice with RSDS did not (Fig. 3e) (main
effect of virus: Fy,5=7.924, p=0.0094; main effect of stress:
F125 =12.32, p=0.0017; interaction effect: F; 55 =9.785, p = 0.0044;
two-way ANOVA). ANA-12-treated mice with RSDS did not have the
lower sucrose preference that was observed in ringer-treated mice
(Fig. 3f) (main effect of virus: F; 5 = 16.86, p = 0.0004; main effect of
stress: F; 55 = 13.98, p = 0.0010; interaction effect: F; ;5 =9.540, p =
0.0049; two-way ANOVA). The increases of immobility time by RSDS
in the tail suspension and forced swimming tests were both
suppressed by microinfusion of ANA-12 into the dorsal striatum
(Fig. 3g, h) [(tail suspension test: main effect of virus: F; 54 =1.959,
p=0.1744; main effect of stress: F;,4=4.771, p=0.0389; interac-
tion effect: F;,4=28.684, p=0.0070) (forced swimming test: main
effect of virus: F; 55 = 8.339, p = 0.0079; main effect of stress: F; 55 =

SPRINGERNATURE

1.936, p = 0.1763; interaction effect: F; ;5 =12.60, p = 0.0016; two-
way ANOVA)L. Microinfusion of ANA-12 and/or social defeat stress
did not affect locomotor activity (Fig. 3i). These results suggest that
BDNF-TrkB signaling in the dorsal striatum upregulated by social
stress induces stress vulnerability.

Striatal BDNF is a downstream protein of Shati/Nat8l|

We investigated the functional relationship of stress sensitivity
between BDNF and Shati/Nat8l in the dorsal striatum since both
striatal Shati/Nat8l and BDNF regulate stress sensitivity. Notably,
BDNF mRNA levels displayed a positive correlation to Shati/Nat8/
MRNA levels after social defeat stress (Fig. 4a) (r=0.753, p<
0.0001; Pearson’s r). In the mPFC and hippocampus, however, no
correlations were observed between BDNF mRNA levels and Shati/
Nat8/ mRNA levels (mPFC: r=0.175, p = 0.434, hippocampus r =
0.210, p = 0.346; Pearson’s r) (Fig. 4b, c). These results indicate that
BDNF regulation by RSDS-induced elevation of Shati/Nat8| occurs
specifically in the dorsal striatum.

BDNF levels in Shati cKD mice were examined to determine
whether BDNF is a downstream protein of Shati/Nat8l. The
increase of BDNF mRNA by RSDS was suppressed in Shati cKD
mice (Fig. 4d) (main effect of virus: F; 15 =3.871, p = 0.0679; main
effect of stress: F 15 = 10.86, p = 0.0049; interaction effect: F 15 =
6.267, p = 0.0243; two-way ANOVA). The protein levels of BDNF in
the dorsal striatum also did not increase after RSDS in the Shati
cKD mice (Fig. 4e). BDNF protein levels were decreased in Shati
cKD mice, even without RSDS (Figs. 4e and S5) (main effect of

Neuropsychopharmacology (2021) 46:1594 — 1605
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Fig. 5 Striatal BDNF is regulated through Histone H3K9ac. a Epigenetic modification levels, including H3K9 acetylation, total histone
acetylation, H3K9 methylation and DNA methylation in the BDNF promoter regions in the dorsal striatum were detected by electrophoresis.
Quantification of histone H3K9 acetylation (b), total histone H3 acetylation (c), histone H3K9 methylation (d) or DNA methylation (e). Histone
H3K9 acetylation in the BDNF IV promoter region in the dorsal striatum of susceptible mice was changed compared with naive mice and
resilient mice (F,50 = 22.78, p < 0.0001). Total histone acetylation, H3K9 methylation, and DNA methylation in the BDNF IV promoter regions in
the dorsal striatum were not changed compared with naive mice and resilient mice. H3K9 acetylation: naive, n = 7; resilient, n = 8; susceptible,
n = 8, total histone acetylation: naive, n = 8; resilient, n = 8; susceptible, n = 8, H3K9 methylation: naive, n = §; resilient, n = 8; susceptible, n =
8, DNA methylation: naive, n = 8; resilient, n = 8; susceptible, n = 8; ***p < 0.005 vs. susceptible mice (one-way ANOVA with Bonferroni post
hoc tests). f Epigenetic modification levels, including H3K9 acetylation and total histone acetylation in the BDNF IV promoter regions in the
dorsal striatum were detected by electrophoresis. Quantification of histone H3K9 acetylation (g) or total histone H3 acetylation (h). Histone
H3K9 acetylation in the BDNF IV promoter region in the dorsal striatum of mock mice increased after S-RSDS compared with naive-mock mice.
Shati cKD mice after S-RSDS showed a decrease in histone H3K9 acetylation in the BDNF promoter region in the dorsal striatum compared
with S-RSDS-mock mice (main effect of virus: F; 1, =9.036, p=0.0109; main effect of stress: F;,,=56.73, p <0.0001; interaction effect:
F112=10.58, p = 0.0069). Total histone H3 acetylation were not affected by knockdown of Shati/Nat8l in the dorsal striatum or S-RSDS. H3K9
acetylation: naive-mock, n = 8; naive-Shati cKD, n = 8; S-RSDS-Mock, n = 8; S-RSDS-Shati cKD, n =8, total histone acetylation: naive-mock,
n = 8; naive-Shati ckD, n = 8; S-RSDS-Mock, n = 8; S-RSDS-Shati cKD, n = 8; **p < 0.01 vs. naive-mock mice; *#p < 0.005 vs. S-RSDS-Shati ckKD

mice (two-way ANOVA with Bonferroni post hoc tests).

virus: Fq 50 =35.48, p <0.0001; main effect of stress: F; 5,0 =137.6,
p <0.0001; interaction effect: Fj,0=29.41, p<0.0001; two-way
ANOVA). Therefore, BDNF in the dorsal striatum is suggested to be
regulated by Shati/Nat8| under exposure to social stress.

Shati/Nat8l epigenetically regulates striatal BDNF expression via
histone H3K9 acetylation

Possible epigenetic mechanisms, including acetylation and
methylation of histones and DNA methylation, were assessed by
ChIP analysis to investigate the mechanisms of elevation of BDNF
mRNA by RSDS in the dorsal striatum of susceptible mice. The
levels of modifications in the BDNF IV promoter region were
caused by altered expression of BDNF IV, but not other variants,
under social defeat stress [24]. Five markers of epigenetic
modifications were selected: acetylated H3K4 (H3K4ac), acetylated
H3K9 (H3K9ac), total acetylated H3 (total H3ac), methylated H3K9
(H3K9me), and methylated DNA (5-mC) in BDNF IV promoter
regions. H3K4ac levels were too low to be detected in the mouse
brains. H3K9ac levels in the susceptible mice were significantly
increased compared with stress-naive mice and resilient mice
(Figs. 5a, b and S6a, b) (F;,0 = 22.78, p < 0.0001; one-way ANOVA).
This finding is consistent with the increased BDNF levels in the
dorsal striatum of susceptible mice after RSDS because histone
acetylation generally enhances gene transcription. On the other

Neuropsychopharmacology (2021) 46:1594 - 1605

hand, total H3 acetylation, H3K9me, and 5-mC levels were not
changed in any of the three groups (Figs. 5c—e and S6c-e). There
were no changes in the mPFC and hippocampus in H3K9ac levels
after social defeat stress, unlike in the dorsal striatum (Fig. S7a, b).

We next measured H3K9ac levels in Shati cKD mice to
investigate whether Shati/Nat8l epigenetically modulates BDNF
mRNA through acetylation of histone H3K9. Elevation of H3K9ac
levels after RSDS was abolished by striatal knockdown of Shati/
Nat8l (Figs. 5f, g and S8a, b) (main effect of virus: Fy 1, =9.036, p =
0.0109; main effect of stress: F; 1, =56.73, p <0.0001; interaction
effect: F;,,=10.58, p=0.0069; two-way ANOVA). Total H3
acetylation levels were not changed (Figs. 5h and S8c). Our
results indicate that BDNF levels after social defeat stress in the
dorsal striatum were controlled by Shati/Nat8| via histone H3K9
acetylation.

DISCUSSION

The elucidation of the mechanisms regulating stress sensitivity is
expected to facilitate the development of therapeutic strategies
for depression. However, the underlying molecular mechanisms
that contribute to resilience against chronic stress have remained
poorly understood. In this study, we identified the elevation of
striatal Shati/Nat8] and BDNF expression in mice susceptible to
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social stress and that knockdown of Shati/Nat8l or blockade of
BDNF signaling in the dorsal striatum strongly induces stress
resilience. BDNF expression and related histone acetylation were
decreased in Shati cKD mice. These results demonstrate that the
Shati/Nat8I-BDNF pathway in the dorsal striatum contributes to
social stress sensitivity.

Although the protocol of social defeat stress in female mice has
been established [44, 45], male mice were used in this study
because this protocol is complex and the aggressivity of ICR mice
against female mice was not sufficient to expose S-RSDS.
Furthermore, we aimed to investigate the Shati/Nat8l-BDNF
pathway in stress sensitivity without the possible effects of the
estrous cycle. Therefore, male mice were used to expose the
validated social stress by ICR mice and prevent the estrous
cycle effects in depression pathogenesis. However, our study does
not deny the necessity of an experiment in female mice. A future
study in female mice with appropriate procedures to target striatal
Shati/Nat8|-BDNF pathway is warranted.

RSDS is a well-established method for generating a mouse
model for depression in terms of expression, construction, and
predictive validity. It has been reported that depression model
mice subjected to social defeat stress show reduction in social
interaction ability, anhedonia [46], and helplessness [47] under the
stressor environment, which are reflective of the symptoms of
human depression and were rescued by antidepressant treatment
using like selective serotonin reuptake inhibitors (SSRI) [48, 49].
Herein, we demonstrated that Shati/Nat8] mRNA levels were
increased by RSDS only in the dorsal striatum of susceptible mice.
Importantly, the dispersion in the expression of striatal Shati/Nat8I
in the stress-naive group was not confirmed, suggesting that the
increase of Shati/Nat8l was induced in response to social defeat
stress. In addition, we showed that striatal knockdown of Shati/
Nat8l, which was increased by RSDS only in the dorsal striatum of
susceptible mice, induced resilience to social stress in behavioral
tests. These results are consistent with the findings of our previous
study in which overexpression of Shati/Nat8l in the dorsal striatum
resulted in vulnerability to RSDS and even subthreshold social
stress [31]. Our findings indicate that the strong involvement of
striatal Shati/Nat8| in stress sensitivity. Shati/Nat8l has been
investigated as the molecule related to addiction [50, 51] and
cognitive function [52, 53]. The evidence from this study affords a
deep understanding of the crucial role of Shati/Nat8l in sensitivity
to social stress.

BDNF is involved in the pathogenesis of many psychiatric
diseases such as schizophrenia, autism, and depression [54-56].
BDNF is a well-known neurotrophic factor that plays important
roles in learning and memory as well as neuronal survival [57-59].
BDNF in the hippocampus and mPFC have significant functions in
antidepressant effects [18], and its expression is reduced in those
regions in depressive patients and mice [60, 61]. In contrast, BDNF
is upregulated in NAc of depressive subjects and exerts pro-
depressant effects [62, 63]. These results suggest that BDNF has
brain region-specific functions related to stress response and
disease development. In this study, enhanced BDNF production in
the dorsal striatum by RSDS was observed in susceptible mice but
not resilient mice. In addition, blocking of BDNF signaling in the
dorsal striatum induced a strong resilience to RSDS. This is the first
report on the action of BDNF in the dorsal striatum in an animal
model of depression.

There had been no reports of the dorsal striatal function in
stress sensitivity prior to our previous study [31]. The present
study provides proof that the dorsal striatum plays an important
role in stress sensitivity. Recently, the number of reports that
demonstrated the involvement of the dorsal striatum in emotional
behaviors, motivation, and negative-decision making have been
increasing [64, 65]. Networks regulate such functions with other
brain regions [66, 67]. The involvement of mPFC as a modulator of
stress sensitivity among networks within the dorsal striatum is
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possible. Dendritic atrophy in the mPFC by chronic stress is
reportedly correlated with dorsolateral striatum hypertrophy, thus
affecting decision making [68]. mPFC atrophy was confirmed in
depressive patients exposed to stress [69], whereas the dendritic
shortening and reduced spine density in mPFC neurons by RSDS
was observed only in the stress-susceptible group [70]. Further-
more, the hypertrophy of the dorsolateral striatum by chronic
stress is consistent with our results showing striatal BDNF
upregulation by RSDS because BDNF is known to be essential
for neurogenesis. We also focused on the dorsal raphe nucleus.
Neurons in the dorsal raphe nucleus are rich in serotonin, whose
shortage is strongly related to depression, and SSRI supplementa-
tion is the first-line treatment. Indeed, the hereditary reduction of
serotonin in the brain induces social defeat stress in vulnerable
mice [71]. In our previous study, overexpression of Shati/Nat8l in
the dorsal striatum caused stress susceptibility accompanied by a
decrease in serotonin [14]. Such impairment of stress sensitivity
was recovered by activation of the dorsal raphe nucleus or
systemic administration of SSRI [31]. These reports strongly
suggest that overexpression of Shati/Nat8l in the dorsal striatum
inactivates serotonergic systems from the dorsal raphe nucleus,
followed by suppression of serotonin release. In this context,
resilience to RSDS in Shati cKD mice is probably caused by
activation of the serotonergic system from the dorsal raphe
nucleus. We showed that Shati/Nat81-BDNF pathways regulate
stress sensitivity. This result indicates that the serotonergic system
from the dorsal raphe nucleus could be downstream of the Shati/
Nat8l-BDNF pathways in the dorsal striatum, and the controlled
serotonin release in the brain by striatal Shati/Nat8|-BDNF
pathways determines sensitivity to stress.

However, note that our results do not exclude the possibility
that other brain regions are also related to depression pathogen-
esis. In fact, we reported decreased BDNF in the mPFC and
hippocampus of susceptible mice after social defeat stress. The
involvement of BDNF in the mPFC and hippocampus in
depression were established [42, 72], and consistent results
regarding these regions were obtained here. In addition, the
mesolimbic system, including VTA-NAc circuits, might be involved
in depression pathogenesis. Our results showed pro-depressant
function of striatal BDNF similar to that of BDNF/TrkB signaling in
the VTA-NAc dopaminergic circuit in socially defeated mice [73].
Although our previous study could not confirm Shati/Nat8l
alteration in the NAc in certain depression model mice, including
social defeated mice [14, 31], considering the interaction between
the dorsal striatum and NAg, striatal BDNF signaling might interact
with neuronal circuits in the NAc. The detailed mechanisms
underlying this negative regulation of stress sensitivity by striatal
BDNF must be clarified in the future.

Previous studies reported that epigenetic regulation is greatly
involved in altering BDNF expression [74, 75]. Our study showed
that histone acetylation was enhanced in stress-susceptible mice,
whereas histone and DNA methylation were not affected. We
strongly suggest that histone acetylation regulates the elevation
of striatal BDNF expression by RSDS. We selected the BDNF IV
promoter because it is the most well-characterized BDNF
promoter; epigenetic modifications at this site are altered in
patients with depression and stress-induced depression model
mice, and these alterations were reversed by antidepressant
treatments [25, 76]. The increase of H3K9ac levels in the BDNF IV
promoter region in the dorsal striatum in susceptible mice is
consistent with the increase of BDNF in those mice, as histone
acetylation loosens chromatin structures to facilitate the gene
transcription. In addition, Shati/Nat8| exists upstream of BDNF.
Shati/Nat8l dominantly produces NAA [11], which is finally
converted to acetyl-CoA [12]. One possibility of enhanced
acetylation of H3K9 in susceptible mice is that NAA production
elevated by upregulated Shati/Nat8l, followed by an increase of
acetyl-CoA, a substrate of histone acetylation. In fact, we
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confirmed that the NAA levels in the dorsal striatum are increased
in Shati/Nat8l-overexpression mice, which exhibit vulnerability to
social stress [31]. Another possibility is that Shati/Nat8l affects
histone deacetylase (HDAQ). It is reported that social defeat stress
decreases HDACs levels [77]. Decreased HDACs could be mediated
by Shati/Nat8l, which might be an underlying mechanism of
enhanced histone acetylation. All of these possibilities should be
considered when elucidating the pathogenesis of depression.

In this study, we showed that BDNF mRNA and H3K9 acetylation
levels are regulated by Shati/Nat8l in the dorsal striatum, and
striatal BDNF-TrkB signaling plays an important role in stress
sensitivity. However, whether BDNF regulated by histone acetyla-
tion and synthesized in the dorsal striatum is directly involved in
stress sensitivity remains unclear. VTA-dorsal medial striatal
dopaminergic neuronal projections could release BDNF [73].
Therefore, TrkB activation in VTA-dorsal medial striatal dopami-
nergic neuron projections, followed by upregulation of BDNF
release, might also be involved in stress sensitivity.

Finally, we discussed the reinforcement of resilience for stress
suppresses the progression of depression from a clinical
standpoint. Reduction of damage from stress would synergize
therapeutics for depression and accelerate the recovery of its
pathology. In this study, we clarified the contribution of BDNF in
the striatum to stress sensitivity. Thus, the decrease of striatal
BDNF is an appealing therapeutic strategy for depression.
However, it is difficult to directly target BDNF itself for treatment
in depression because BDNF also has antidepressant effects in
other brain regions, including the mPFC and hippocampus.
Considering that the Shati/Nat8|-BDNF pathway specifically works
to the dorsal striatum in response to stress, modulation of Shati/
Nat8l would allow BDNF to be striatum specifically reduced. Our
series of studies provide evidence to suggest that the striatal
Shati/Nat8I-BDNF pathway regulates the dorsal raphe nucleus,
which controls the serotonergic system in the brain. Recently, R-
ketamine has received focus as an effective approach to treating
depression, and a single treatment of ketamine showed rapid and
sustained antidepressant effects even in patients with treatment
resistance [78]. This effect of R-ketamine is reported to be
mediated by the activation of serotoninergic systems in the dorsal
raphe nucleus through the projection from mPFC via AMPA
receptor stimulation in the mPFC [79], although other circuits have
been reported. However, safety in long-term treatment must be
taken into consideration because ketamine has psychological side
effects such as dissociation and as a psychotomimetic and has
abuse potential [80]. Targeting the dorsal raphe nucleus, which
regulates serotonin in the whole brain, by Shati/Nat8l indicates a
potent antidepressant efficacy similar to ketamine. Therefore,
Shati/Nat8l is a promising candidate as a novel target of treatment
for depression by modulating stress sensitivity.

Our results demonstrate that the Shati/Nat8I-BDNF pathways in
the dorsal striatum determine sensitivity to stress in the
pathogenesis of depression via epigenetic regulation. We have
provided the first evidence supporting the role of striatal BDNF in
depression pathology. The present results further indicate that
Shati/Nat8I-BDNF signaling in the dorsal striatum should be
considered a potential new target for treating depression and
might establish therapeutic strategies for all patients, including
those with treatment resistance.
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