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Depressive-Like Behaviors Are Regulated by NOX1/NADPH
Oxidase by Redox Modification of NMDA Receptor 1
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Involvement of reactive oxygen species (ROS) has been suggested in the development of psychiatric disorders. NOX1 is a nonphagocytic
form of NADPH oxidase whose expression in the nervous system is negligible compared with other NOX isoforms. However, NOX1-
derived ROS increase inflammatory pain and tolerance to opioid analgesia. To clarify the role of NOX1 in the brain, we examined
depressive-like behaviors in mice deficient in NoxI (Nox1 ). Depressive-like behaviors induced by chronic social defeat stress or
administration of corticosterone (CORT) were significantly ameliorated in NoxI Y. Generation of ROS was significantly elevated in the
prefrontal cortex (PFC) of mice administrated with CORT, while NOX1 mRNA was upregulated only in the ventral tegmental area (VTA)
among brain areas responsible for emotional behaviors. Delivery of miRNA against NOX1 to VTA restored CORT-induced depressive-like
behaviors in wild-type (WT) littermates. Administration of CORT to WT, but not to NoxI"", significantly reduced transcript levels of
brain-derived neurotrophic factor (bdnf), with a concomitant increase in DNA methylation of the promoter regions in bdnf. Delivery of
miRNA against NOX1 to VTA restored the level of BDNF mRNA in WT PFC. Redox proteome analyses demonstrated that NMDA receptor
1 (NR1) was among the molecules redox regulated by NOX1. In cultured cortical neurons, hydrogen peroxide significantly suppressed
NMDA-induced upregulation of BDNF transcripts in NR1-expressing cells but not in cells harboring mutant NR1 (C744A). Together,
these findings suggest a key role of NOX1 in depressive-like behaviors through NR1-mediated epigenetic modification of bdnf in the
mesoprefrontal projection.
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NADPH oxidase is a source of reactive oxygen species (ROS) that have been implicated in the pathogenesis of various neurological
disorders. We presently showed the involvement of a nonphagocytic type of NADPH oxidase, NOX1, in major depressive disor-
ders, including behavioral, biochemical, and anatomical changes in mice. The oxidation of NR1 by NOX1-derived ROS was
demonstrated in prefrontal cortex (PFC), which may be causally linked to the downregulation of BDNF, promoting depressive-like
behaviors. Given that NOX1 is upregulated only in VTA but not in PFC, mesocortical projections appear to play a crucial role in
NOX1-dependent depressive-like behaviors. Our study is the first to present the potential molecular mechanism underlying the
development of major depression through the NOX1-induced oxidation of NR1 and epigenetic modification of bdnf. j
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Introduction
Chronic stress precipitates the development of major depressive
disorder (MDD), but underlying molecular mechanisms remain
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(PFC) and the hippocampus (Price and Drevets, 2010, 2012). In
rodents, chronic stress decreases dendrite branching and the spine
density in PFC and hippocampus (Radley et al., 2004, 2006), and
these alterations are associated with depressive-like behaviors
(Duman and Duman, 2015; McEwen et al., 2016).

In MDD, brain-derived neurotrophic factor (BDNF) has been
shown to play an important role in adaptation to stress or anti-
depressants (Shimizu et al., 2003). The structural and behavioral
changes observed in animal models exposed to chronic stress are
currently attributed to the altered expression of BDNF. The
structure of the bdnf gene is complex, in that there are several 5’
noncoding exons, each of which has its own promoter giving rise
to several transcripts, all coding the same BDNF protein. A spe-
cific downregulation of bdnf exons through epigenetic modifica-
tions of their respective promoters is observed in MDD patients
as well as in the hippocampus and PFC of rodents subjected to
stress (Tsankova et al., 2006; Januar et al., 2015). Oxidative stress
has been implicated in the pathology of depression in humans
and animal models (Maes et al., 2011; Zlatkovi¢ et al., 2014).
Several studies documented that chronic stress-induced oxida-
tive stress is attributed to a deranged antioxidant system with the
increased production of reactive oxygen species (ROS; Maes et
al., 2011). NADPH oxidase is a superoxide-generating flavoen-
zyme comprising the membrane-bound catalytic subunit NOX,
p22P"°* and several cytosolic regulatory subunits including
p47P"°* and p67P"°*, Among several NOX homologs, a phago-
cytic isoform, NOX2, was shown to be involved in the pathogen-
esis of neurodegenerative and psychiatric disorders (Sorce and
Krause, 2009). During the course of this study, the involvement
of NADPH oxidase in depression was reported in mice subjected
to restraint stress. Repeated immobilization in restraints upregu-
lated the expression of p47P"*, a cytosolic subunit of NADPH
oxidase in the hippocampus, and heterozygous deletion of
p47"} "% ameliorated depressive behaviors (Seo et al., 2012).

NOX1 is a nonphagocytic form of NADPH oxidase whose
expression in the nervous system is less abundant compared with
other NOX isoforms. However, NOX1-derived ROS increase in-
flammatory pain and tolerance to opioid analgesia (Ibi et al., 2008,
2011). To clarify the significance of NOX1 expressed in brain re-
gions, we set out to examine the role of NOXI1 in depressive-like
behaviors induced by chronic stress or by the administration of
corticosteroid, which is elevated in the plasma of MDD patients.
The characteristic hallmarks of MDD demonstrated in wild-type
littermates were significantly abrogated in mice deficient in NoxI
(Nox1~"Y). With a mechanistic link between depressive-like be-
haviors and the NMDA receptor 1 (NR1)-BDNF signaling axis in
the mesoprefrontal projection, the present study reveals a novel
role for NOX1 in psychiatric disorders.

Materials and Methods

Animals. Nox1~"Y mice on a C57BL/6] genetic background and control
littermates [wild type (WT)] were generated in our laboratory (Matsuno
et al., 2005) and housed in a temperature-controlled room (21-23°C)
with a 12 h light/dark cycle under specific pathogen-free conditions with
free access to tap water and normal chow. For behavioral studies, 8-week-old
mice were used. All procedures were conducted in accordance with the pol-
icies and recommendations of the International Association for the Study of
Pain and were approved by the Committee for Animal Research at Kyoto
Prefectural University of Medicine.

Chronic social defeat stress was applied as described previously
(Berton et al., 2006) with minor modifications. Briefly, each mouse was
exposed to an unfamiliar aggressive male CD1 mouse once a day for 10
min. After interaction, mice were placed in an adjacent compartment of
the same cage for 24 h with sensory, but not physical, contact. Mice were
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subjected to the social defeat stress for 11 consecutive days. The control
mice were housed in an equivalent cage without interaction with CD1
mice. The experiments were performed in animal facility usually starting
at 9:00 A.M.

Chronic stress elicits dysregulation of the hypothalamic—pituitary—
adrenal axis and the resultant increase in blood cortisol levels are in-
volved in the pathogenesis of depression (Johnson et al., 2006). To
generate a rodent model of MDD, corticosterone (CORT; Wako) was
dissolved in drinking water (35 pg/ml) and supplied to mice for 21-24 d
(Dwivedi et al., 2006; Gourley et al., 2013). An inhibitor of NADPH
oxidase and an antioxidant, apocynin (Apo), was administered to WT
mice for 21 d in tap water (2 mg/ml), as described previously (Ibi et al.,
2011).

Behavioral analyses. For the forced swim test (FST), mice were indi-
vidually placed in a glass container (diameter, 13.5 cm; height, 19 cm)
containing tap water at 23°C. The water depth was 14 cm, which pre-
vented the mice from touching the bottom with their paws or tail. Each
mouse was tested for 5 min, and the period of immobility during the time
was measured by a trained observer. For the tail suspension test (TST),
each mouse was suspended by its tail with tape, and the period of immo-
bility during 5 min was measured by a trained observer. The experiments
were performed in an animal facility usually starting at 9:00 A.M.

Social interaction was evaluated as previously reported (Berton et al.,
2006) with minor modifications. Experiments were performed at 24 h
after the final day of exposure to CD1 mice or at 3weeks after the start of
administration of CORT. A gray plastic open field apparatus (35 X 35
cm) maintained at 10 lux was used. A social interaction test was per-
formed in two consecutive sessions of 3 min. During the first session (no
target), the open field contained an empty clear plastic container with
holes (at 3 cm from the ground) located in the wall of the apparatus.
During the second session (target), the conditions were identical except
that a social target animal (CD1) was introduced into the cage. Between
the two sessions, the experimental mouse was removed from the appa-
ratus and was placed back in its home cage for ~1 min. The time spent in
the interaction zone (a 5-cm-wide area surrounding the container) was
measured.

To evaluate anhedonia caused by long-term exposure to CORT, the
sucrose preference test was performed on the next day after the evalua-
tion of social interaction. For 48 h, each mouse placed in one cage, was
given a choice between two bottles, one with 1% sucrose solution and the
other with tap water. To prevent the possible effects of side preference in
drinking behavior, the position of the bottle was switched every 12 h. The
preference for sucrose was calculated using the following formula: su-
crose preference = 100 X volume (consumption of sucrose)/[volume
(consumption of sucrose) + volume (consumption of water)].

A range of 4-29 animals was studied per experimental group. Animals
were randomly assigned to treatment in each experimental analysis. The
order in which the animals in the experimental group were treated was
randomly determined. For behavioral studies, experimenters were masked
to the group assignment.

Measurement of corticosterone levels. The level of corticosterone in
plasma was measured using the Corticosterone EIA kit (Enzo Life Sci-
ences) according to the instructions of the manufacturer. The blood was
collected during the diurnal surge, 60 min before lights off.

Detection of superoxide. Superoxide production was measured with the
L012 Chemiluminescence Assay using Luminescensor (Atto), as previ-
ously described (Ibi et al., 2011).

Imaging of dihydroethidium oxidation. ROS production was assessed
using dihydroethidium (DHE) as previously described (Hall et al., 2012)
with minor modifications. Mice were perfused with 4% paraformalde-
hyde (PFA) at 24 h after the administration of DHE (25 mg/kg, i.p.).
Dissected brain tissue placed in chilled 2% PFA for 48 h was processed in
70 um floating sections and was maintained in 2% PFA for an additional
48 h. Fluorescence images of DHE oxidation were captured using a con-
focal laser microscope (FV1000, Olympus). Evaluation of DHE oxida-
tion was performed as previously described (Quick et al., 2008) with
minor modifications. More than 30 neurons in the PFC region were
determined, and mean fluorescence intensity was obtained from four
mice.
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Quantitative PCR. Total RNA was extracted using Sepasol (Nacalai
Tesque) or NucleoSpin RNA (Macherey-Nagel). Reverse transcription
was performed with the PrimeScript RT reagent Kit (TAKARA) accord-
ing to the instructions. Real-time PCR was performed using StepOnePlus
(Applied Biosystems) with SYBR Premix EX Taq II (TAKARA). The
primer sequences used for the determination of NOX transcripts were
the same as previously described (Cui et al., 2011; Ibi et al., 2011). For
p22phox, 5'-GCC ATT GCC AGT GTG ATC TA-3', 5'-ACC CTC ACT
CGG CTT CTT TC-3'; p47phox, 5'-CCA ACT ACG CAG GTG AAC
CGT A-3',5'-CAG CCT TCT GCA GAT ACA TGG ATG-3'; p67phox,
5'-GCT GAT AGA CTA CAA GAT CCT GG-3',5'-TGT CCATTG AAC
ATG ACT GTG GC-3'5racl, 5'-TAT GGG ACA CAG CTG GAC AA-3,
5'-ACA GTG GTG TCG CAC TTC AG-3’; total BDNF mRNA, 5'-GAG
GGC TCC TGC TTC TCA A-3’, 5'-GCC TTC ATG CAA CCG AAG
T-3'; exon IV of the bdnf gene, 5'-CTT CCT TGA GCC CAG TTC C-3,
5-CCC GTG GAC GTT TACTTC TTT C-3’; NR1, 5'-CTG CAA CCC
TCA CTT TTG AG-3', 5'-TGC AAA AGC CAG CTG CAT CT-3';
NMDA receptor 2B (NR2B), 5'-GTG AGA GCT CCT TTG CCA AC-3,
5'-GTC AGG GTA GAG CGA CTT GC-3'; and N-ethylmaleimide-
sensitive fusion (NSF), 5'-GCA TTT GCT TCT CGG GTG TTC-3', 5'-
CTC CTC TTC GGC ATC AGC AA-3'. Expression was performed by a
relative ratio of each transcript to that of hypoxanthine-guanine phos-
phoribosyltransferase used as the endogenous internal control.

Silencing of NOX1 with miRNA. To knock down endogenous NOX1 in
ventral tegmental area (VTA) and prefrontal cortex (PFC), the
BLOCK-IT Poll II miR RNAi Expression Vector kit (Invitrogen) was
applied. The sequence of miRNA to target the coding region of NOX1
was determined by RNAi Designer (Invitrogen), as follows: top_ NOX1,
5-TGC TGT GAA GTA GAACTGAACCTT CCGTTT TGG CCACTG
ACT GAC GGA AGG TTG TTC TAC TTC A-3', and bottom_NOX1,
5'-CCT GTGAAGTAG AACAACCTT CCG TCA GTCAGT GGC CAA
AAC GGA AGG TTC AGT TCT ACT TCA C-3'; or top_NOXI, 5'-TGC
TGT TAG ATG GGT GCA TGA CAA CCG TTT TGG CCA CTG ACT
GAC GGT TGT CAC ACC CAT CTA A-3', and bottom_NOX1, 5’-CCT
GTT AGA TGG GTG TGA CAA CCG TCA GTC AGT GGC CAA AAC
GGT TGT CAT GCA CCC ATC TAA C-3'. The annealed double-strand
oligo was cloned into the pcDNA6.2-GW/EmGFP-miR vector. The con-
trol plasmid (pcDNA6.2-GW/EmGFP-miR-neg) containing an insert
that forms a hairpin structure as the pre-miRNA, but is predicted not to
target any known vertebrate genes, was used as a negative control. The
miRNA expression constructs were subcloned into pAAV-EF1a-DIO-
EYFP for stable miRNA delivery. Following triple transfection of HEK-
adeno-associated virus (AAV) cells with pAAV-miRNA/NOXI1 or
PAAV-miRNA/NC, a pHelper plasmid, and pAAV2/rh10 expressing the
rep gene of AAV2 and cap genes of AAV2/rh10 (provided by Dr. Julie
Johnston, University of Pennsylvania, Philadelphia, PA), AAV2/rh10 vi-
rus expressing miRNA targeting NOX1 (miRNA/NOX1) or neg-miRNA
(miRNA/NC) was produced. Mice were mounted in a stereotaxic appa-
ratus, and virus was injected into VTA or PFC (Chaudhury et al., 2013).
AAV2/rh10 was delivered to VTA or PFC by two midline injections:
anteroposterior (AP), —3.3 mm; mediolateral (ML), =0.5 mm; dorso-
ventral (DV), —4.5 mm from the bregma; or at AP, +1.9 mm; ML, 0.5
mm; DV, —2.6 mm from the bregma. The needle was left in the place for
8 min before removal, and the scalp incision was sutured. At 3 weeks after
viral injection, CORT was administered to the mice.

Construction of lentiviruses harboring NR1 or mutant NRI. A cDNA
clone encoding NR1 was isolated from the mouse brain. Substitution of
Cys”** with Ala (C744A) in NR1 was performed by site-directed mu-
tagenesis using the PCR overlap-extension method and was confirmed
by DNA sequencing. To create lentiviruses encoding wild-type or mutant
NR1, cDNA clones were inserted into pCDH-CMV-MCS-EF1-GreenPuro
(System Biosciences). Following the transfection of Lenti-X cells with
pCDH-NRI1 or pPCDH-NR1(C744A) in the presence of a pNHP plasmid,
pVSV-G, and pCEP4-tat, lentiviruses expressing NR1 or NR1(C744A)
were generated. The preparation of lentivirus was performed as previ-
ously described (Tiscornia et al., 2006).

Immunohistochemistry. Cryosections were incubated with 1% rabbit
serum for 1 h followed by reaction with an anti-GFP antibody (1:3000;
catalog #04404-26, Nacalai Tesque; RRID:AB_2313652) overnight at
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4°C. After reaction, sections were incubated with biotinylated anti-rat
IgG (1:1000), and the expression of GFP was detected by the avidin—
biotin complex—diaminobenzidine methods, as previously described
(Ibi et al., 2011).

Primary culture. The forebrain of the fetal mouse at 1415 d of gesta-
tion was dissected, minced, and treated with 0.25% trypsin-EDTA for 10
min at 37°C. Cell suspensions plated on 0.1% poly-L-lysine-coated dishes
were maintained in Neurobasal Medium containing B27 supplement
(NB/B27) and 1% FBS. On the next day [day in vitro 2 (DIV2)], neuronal
cultures were supplied for transduction with AAV2/rh10 or a lentivirus
for 24 hin NB/B27. To confirm the efficacy of miRNA to suppress NOX1
mRNA, cultured neurons were transduced with AAV2/rh10 expressing
miRNA [multiplicity of infection (MOI), 10°], and total RNA was iso-
lated at DIV21. To generate cortical neurons expressing wild-type or
mutant NR1, cultured cells were infected with lentiviruses encoding NR1
or NR1 (C744A; MOI, 10). At DIV 10, cells were exposed to NMDA in the
presence or absence of hydrogen peroxide (H,0,) for 6 h, after which
BDNF mRNA levels were determined (Tian et al., 2009). Because anti-
oxidants present in B27 may scavenge the H,O,, cells were treated in NB
without B27 supplementation.

Golgi-Cox staining. Coronal brain sections (200 wm) cut on a cryostat
(Leica) were mounted on a slide glass. Golgi-Cox staining was performed
using the FD Rapid GolgiStain kit (FD NeuroTechnologies), according
to the instructions of the manufacturer. Spines were counted along den-
drites starting from their point of origin from the primary dendrites
(Zhang et al., 2014). Images captured using a microscope (BZ-X710,
Keyence) were superimposed.

DNA methylation study. The purification of genomic DNA and so-
dium bisulfite conversion were performed as described previously (Mori
etal., 2010). The converted DNA was purified and used as a template for
PCR using epiTaq polymerase (TAKARA). Bisulfite-treated DNA was
amplified for the sequence within promoter 4 of the bdnf gene with
specific primers (forward, 5'-TTT GTG TGT GTG AAT TTG TTA GGA
TTG GAA GTG-3'; reverse, 5'-AGG GGA AAT ATA TAG TAA GAG
TTT AGA ATT TTG G-3'), which were designed to cover the areas of
interest with cytosine-phosphate-guanine (CpG) sites. Amplification
was performed under the following conditions: 2 min at 95°C, 45 s at
95°C, 1.5 min at 54°C, and 1.5 min at 72°C X 35. PCR products were
purified and cloned with the Mighty-TA Cloning Kit (TAKARA) for
sequencing. Unmethylated cytosines appear as thymines, while methyl-
ated cytosines appear as cytosines. The efficiency of bisulfite conversion
was confirmed by the rare presence of unconverted C residues in non-
CpG regions.

Redox proteome analysis. After being perfused with HBSS containing
10 mm N-ethylmaleimide, PFCs were extracted and homogenized in 50
mM Tris buffer, pH 8.5, containing 8 M urea and 4% CHAPS. Following
the precipitation of proteins with acetone, protein aliquots of 100 ug
were reduced with TCEP [Tris(2-carboxyethyl)phosphine] at 37°C for
60 min and reacted with ICAT reagents (AB Sciex) according to the
instructions of the manufacturer. Purified ICAT-labeled proteins were
digested with trypsin. ICAT-labeled peptides separated by nano-HPLC
were identified and quantified using the Orbitrap mass spectrometer.

Assessment of the redox state of NR1. Homogenates of PFC were reacted
with EZ-Link Maleimide-PEG2-Biotin (ThermoFisher Scientific) to la-
bel the cysteine sulthydryl groups of proteins. Following the extraction of
biotinylated proteins with Zeba Spin Desalting Column (ThermoFisher
Scientific), they were affinity purified with NeutrAvidin-agarose
(ThermoFisher Scientific). Biotinylated proteins or cell lysates were
separated by SDS-PAGE and transferred to PVDF membranes. The
membranes were incubated overnight at 4°C with an anti-NR1 (1:
1000; catalog #D65B7, Cell Signaling Technology; RRID:AB_
1904067). After being washed, the membrane was incubated with
HRP-conjugated secondary antibodies for 1 h at room temperature
and subsequently with ImmunoStar LD (Wako). The density of the
band was analyzed using Image] software.

Statistic analyses. Data are shown as the mean = SEM. Comparison of
the two groups was performed using the unpaired Student’s ¢ test. For
comparison of more than two groups with comparable variances, one-
way or two-way ANOVA was performed followed by Bonferroni’s test to
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Figure 1.
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Nox1 deficiency abrogated depressive-like behaviors. A, Immobility time in the FST and TST. WT and KO mice represent control littermates (WT mice) and Nox7 /" mice, respectively

(FST: 5 = 0.087,p = 0.931; TST: 1, = 0.801, p = 0.432, unpaired ¢ test). B, Time spent in social interaction with the target mouse following chronic social defeat stress. **p << 0.01 compared
with stress(—)/target(+); ##p << 0.01. C, Immobility time following chronic social defeat stress in the FST and in TST. **p << 0.01, *p << 0.05 compared with stress(—)/WT and ##p << 0.01.
D, Plasma CORT levels following chronic social defeat stress (WT: ;4 = 3.212,p << 0.01;NOX1-KO0: 1,4, = 2.159, p < 0.05, unpairedt test). E, CORT-induced changes in body weight (left) and water
intake (right). F, Alterations in plasma CORT levels (left) and the weight of adrenal glands (right) following CORT administration. *p << 0.05 compared with Day 0. G, Time spent in social interaction
with the target mouse following the long-term administration of CORT. **p << 0.01 compared with stress(—)/target(+) and #p < 0.05. H, Time dependency of sucrose preference following CORT.
*¥p <0.01 compared with WT/CORT(14D) and ##p << 0.01. /, Immobility time following long-term administration of CORT in FST and TST. **p << 0.01, *p << 0.05 compared with CORT(—) and
##p << 0.01. J, Effects of an antioxidant, Apo, on the preference for sucrose in mice administered CORT. **p << 0.01 compared with Apo(—)/CORT(—) and ##p << 0.01. K, Effects of Apo on
CORT-induced changes in body weight (left) and water intake (right). L, Effects of apocynin on CORT-induced changes in the weight of adrenal glands. Adrenal glands were dissected from mice

administered apocynin.

evaluate pairwise group differences. A repeated-measures ANOVA with
two factors was used for analysis of the body weight and water intake.
ANOVA with three factors was used for the analysis of time dependency
on sucrose preference. The correlation between two values was statisti-
cally analyzed using Pearson’s correlation coefficient.

Results

Nox1 deficiency abrogated depressive-like behavior induced
by chronic social defeat stress

Between naive WT and NoxI~'" mice, there was no difference in
the immobility time in the FST and TST (Fig. 1A). Simultane-
ously, the time spent in social interaction with the target mouse
was equivalent between naive WT and NoxI 'Y mice. When mice
were subjected to chronic social defeat stress for 11 consecutive
days, WT mice showed social avoidance, which was reflected by a
decrease in the time spent interacting with the target mouse. In
contrast, such depressive-like behavior was absent in NoxI ’¥
mice (Fig. 1B; genotype F(, 10,y = 3.71, p = 0.057; treatment
F5.102) = 40.44, p < 0.01; interaction F; ;4,) = 3.12, p < 0.05).
Similarly, WT mice subjected to chronic stress demonstrated in-
creased immobility in FST and TST, while no change was ob-
served in NoxI ™" mice (Fig. 1C; FST: genotype F(, 4,) = 2.537,
p = 0.119; stress F 4 15.58, p < 0.01; interaction

F 4y = 12.13, p < 0.01; TST: genotype F(; 4,y = 5.64, p < 0.05;
stress F(; 45, = 1.05, p = 0.312; interaction F, 4,, = 5.85, p <
0.05). As shown in Figure 1D, chronic stress increased the levels
of plasma CORT in both genotypes, as reported previously
(Lehmann et al., 2013).

Nox1 deficiency abrogated depressive-like behaviors induced

by long-term administration of CORT

The long-term administration of CORT (35 pg/ml in drinking
water) disrupts the hypothalamus—pituitary—adrenal system in
mice, leading to continuously high levels of plasma CORT at 7 d,
and the levels are maintained at 21 d after administration (John-
son et al., 2006). During the long-term administration of CORT,
there was no difference between the genotypes in body weight
gain (Fig. 1E; genotype: F(; ;) = 0.01, p = 0.928; CORT level:
Fuiy = 1.64, p = 0.226; day: F; 53y = 77.90, p < 0.01; geno-
type X CORT: F, ;,, = 0.73, p = 0.413; CORT X day: F5 35, =
14.12, p < 0.01; genotype X day: F5 53, = 0.62, p = 0.606),
volume of water intake (Fig. 1E; genotype: F,5) = 0.15, p =
0.715; CORT: F(, 5y = 1.07, p = 0.350; day: F; ;) = 4.53, p <
0.05; genotype X CORT: F(, 5y = 0.64, p = 0.459; CORT X day:
Fi10) = 19.70, p < 0.01; genotype X day: F, 5, = 2.13, p = 0.169),
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and the level of plasma CORT or a compensatory decline in the
weight of adrenal glands (Fig. 1LF; CORT level: genotype: F, 55, =
0.09, p = 0.764; day: F, .y = 9.17, p < 0.01; interaction: F(2 2) =
0.06, p = 0.944; weight of adrenal gland: genotype: F(, 45, = 2.30,
p =0.137; CORT: F 43, = 163.53, p < 0.01; interaction: F, 43) =
2.30, p = 0.1371). On the other hand, the administration of
CORT markedly attenuated the time spent for social interaction
in WT mice, but not in NoxI ™" mice (Fig. 1 G; genotype: F,; g5, =
1.23, p = 0.270; treatment: F; g5, = 44.30, p < 0.05; interaction:
F3.88) = 3.65, p < 0.05). Concomitantly, a decreased preference
for sucrose, which is indicative of anhedonia, was observed in WT
mice administered CORT for 21 d but not in NoxI /¥ mice (Fig.
1Hj genotype: F(, 40y = 0.70, p = 0.408; CORT: F(, 4, = 0.65,p =
0.424; day: F(, 49, = 0.07, p = 0.800; genotype X CORT: F, 45, =
3.35,p = 0.074; CORT X day: F,, 4o, = 3.02, p = 0.089; genotype X
day: F(, 49y = 6.72, p < 0.05). As shown in Figure 11, WT mice
administered CORT demonstrated increased immobility in FST
and TST, while no change was observed in NoxI Y mice (FST:
genotype: F(, 59 = 4.63, p < 0.05; CORT: F(, 59y = 0.54, p =
0.465; interaction: F; 5oy = 19.51, p < 0.01; TST: genotype: F, 3o,
=12.39, p <0.01; CORT: F, 35, = 1.05, p = 0.313; interaction:
F 390 = 9.96, p < 0.01). Coadministration of the antioxidant
apocynin with CORT prevented the decrease in the preference for
sucrose (Fig. 1J; Apo: F(; 1,y = 3.97, p = 0.070; CORT: F(, ;,, =
2.97, p = 0.110; interaction: F, ;,, = 13.38, p < 0.01), While
administration of apocynin affected the pattern of body weight
gain (Fig. 1K; Apo F(; ,, = 6.15,p < 0.05;CORT F, ;) = 1.40,p =
0.276; day F3 51, = 83.12, p < 0.01; Apo X CORT: F,, ,, = 0.00,
p = 0.975; CORT X day: F5,,) = 5.80, p < 0.01; Apo X day:
Fi51 = 8.99, p < 0.01) and of water intake during the time
course (Fig. 1K; Apo: F(, 5y = 1.52,p = 0.31; CORT: F, 5, = 0.00,
p = 0.984; day: Fp) = 2.17, p = 0.196; Apo X CORT: F,, 5 =
6.11, p = 0.090; CORT X day: F(, ) = 0.37, p = 0.708; Apo X
day: F(, 5y = 10.19, p < 0.05), it did not affect the weight of the
adrenal glands (Fig. 1L; Apo: F(, ,,) = 1.12, p = 0.300; CORT:
F, 57 = 246.19, p < 0.01; interaction: F(, ,,) = 0.34, p = 0.565).
CORT increased ROS production and upregulated NOX1 in
different brain regions

Next, we investigated ROS production and the expression of
NOXI1 in brain areas responsible for emotional behaviors. When
we measured ROS levels in cell homogenate of the amygdala,
hippocampus, hypothalamus, nucleus accumbens (NAcc) and
PFC by L-012 chemiluminescence, the administration of CORT
significantly increased ROS production in PFC of WT mice but
not of NoxI 'Y mice (data not shown). When ROS production in
the PFC was examined by DHE staining, the fluorescence in
Nox1 'Y mice was less intense compared with that in WT mice
(Fig. 2A; genotype: F(; 1,y = 5.81, p < 0.05; CORT: F, ;5 =
23.19, p < 0.01; interaction: F(, ;,) = 8.34, p < 0.05). On the
other hand, CORT did not affect the expression of NOX1 mRNA
in PEC (Fig. 2B). The expression of NOX2, NOX4, or any of the
regulatory subunits of NADPH oxidase was not upregulated in
PFCby CORT administration. Indeed, CORT administration de-
creased the expression of p22P** and p47P"°* (Fig. 2C,D; NOX2:
genotype: F(, 45y = 0.03, p = 0.873; CORT: F(, 45y = 1.78, p =
0.189; interaction: F(, 45, = 0.66, p = 0.421; NOX4: genotype:
Fii47) = 0.19, p = 0.667; CORT: F,, ,, = 0.17, p = 0.683; inter-
action: F(, 47y = 0.19, p = 0.189; racl: genotype: F, ,,, = 0.98,
p = 0.327; CORT: F, 4, = 2.25, p = 0.141; interaction: F, 4, =
0.05, p = 0.823; p22P": genotype: F, 4 = 4.27, p < 0.05;
CORT: F(; 45y = 6.99, p < 0.05; interaction: F(, 4,y = 1.04,p =
0.314; p47P"%; genotype: Fy 1, = 0.07, p = 0.786; CORT: F,, 4, =
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7.88, p < 0.01; interaction: F(; 4,, = 0.02, p = 0.887; p67°"™:
genotype: F(, 4,y = 1.32, p = 0.258; CORT: F(; 4,y = 1.17,p =
0.285; interaction: F(, 4,, = 0.04, p = 0.851). PFC receives pro-
jections from areas such as the dorsal raphe, thalamus, and VTA.
Among these regions, the expression of NOX1 mRNA, but not of
NOX2 or NOX4, was significantly increased only in VTA (Fig.
2E,F; NOX2: genotype: F; 45y = 1.71,p = 0.198; CORT: F( 45, =
0.00, p = 0.953; interaction: F, 4,, = 0.35, p = 0.555; NOX4:
genotype: F(, 35y = 1.17, p = 0.287; CORT: F, 35y = 3.25,p =
0.08; interaction: F, 55y = 0.51, p = 0.481). The induction of
NOX1 mRNA was identified at 14 d after CORT administration,
which preceded the appearance of depressive-like behaviors (Fig.
2G; day: F(, 57) = 0.45,p = 0.637; CORT: F(, 3, = 6.10, p < 0.05;
interaction: F; 57y = 3.20, p < 0.05).

To clarify the link between the level of NOX1 mRNA in VTA
and depressive-like behaviors, gene silencing of NOX1 was per-
formed using AAV2/rh10 expressing miRNA targeting NOX1
mRNA (Fig. 3A). As shown in Figure 3B, in WT mice injected
with AAV2/rh10 to VTA, there were inverse correlations between
(1) the level of NOX1 mRNA in VTA and sucrose preference as
wellas (2) ROS production in PFC and sucrose preference. In line
with these findings, a positive correlation between the level of
NOXI mRNA in VTA and ROS production in PFC was demon-
strated (Fig. 3B). On the other hand, no correlation was observed
between the level of NOX1 mRNA in PFC and sucrose preference
in WT mice injected with AAV2/rh10 to PFC (Fig. 3C). These
findings support a causal link between NOX1 in VTA and
depressive-like behaviors.

CORT-induced downregulation of BDNF was

NOX1 dependent

Decreased expression of BDNF in the limbic area has been impli-
cated in the etiology of MDD as well as in depressive-like behav-
iors in animals exposed to chronic stress (Tsankova et al., 2006;
Thompson Ray et al., 2011). The expression of BDNF mRNA in
PEC of WT mice, but not of NoxI~'Y mice, was significantly
decreased in mice administered CORT (Fig. 4A; genotype: F; 50, =
2.17, p = 0.147; CORT: F(, 55y = 16.54, p < 0.01; interaction:
F(150) = 4.70, p < 0.05). Among several transcripts containing
different 5" noncoding exons, the transcript containing exon IV
of the bdnf gene was similarly decreased in WT mice administered
CORT but not in NoxI " mice (Fig. 44; genotype: F,; 59, = 7.18,
p < 0.05; CORT: F(, 50, = 13.14, p < 0.01; interaction: F(, 55y =
5.18, p < 0.05). On the other hand, the expression of BDNF
mRNA in NAcc innervated by dopaminergic neurons from VTA
did not alter in mice administered CORT (Fig. 4A; genotype:
Fi1.43) = 0.82, p = 0.371; CORT: F, 45, = 0.10, p = 0.755; inter-
action: F(; 4,y = 0.81, p = 0.373).

As shown in Figure 4, Band C, the levels of BDNF mRNA were
negatively correlated with the levels of NOX1 mRNA in VTA
injected with AAV2/rh10, but not in PFC injected with AAV2/
rh10. Previous studies documented that prolonged stress or cor-
ticosterone administration alters the dendritic morphology of
neurons in PFC (Cook and Wellman, 2004; Radley et al., 2006).
Consistent with the downregulation of BDNF by the administra-
tion of CORT, the number of spines of apical dendrites of layer V
pyramidal neurons was significantly reduced in PFC of WT mice
but not of NoxI~"" mice (Fig. 4D, left; genotype: F, 5, = 5.64,
p < 0.05; CORT: F(, 5,, = 6.34, p < 0.05; interaction: F, 5,, =
4.24, p < 0.05). Although more apparent in WT mice, the de-
crease in spines of layer II/III was observed in both genotypes
(Fig. 4D, middle; genotype: F, 55y = 0.65, p = 0.424; CORT:

F(1,50) = 26.10, p < 0.01; interaction: F; 5oy = 4.92, p < 0.05).
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Figure3.

NOX1/HPRT in PFC

Increased NOX1 expression in VTA correlates with depressive-like behavior. A, Schematic diagram of gene silencing of NOX1 in primary cortical neurons using AAV2/rh10 coding miRNA

against NOX1. The top demonstrates the structure of AAV-expressing cassettes harboring the artificial miRNA sequence and EmGFP. To verify the effects of miRNA on NOX1 expression, cultured
embryonic neurons were infected with AAV2/rh10 expressing miRNA against NOX1 at DIV2. The total RNA in cultures was isolated at DIV21 when the fluorescence of GFP could be detected. Right
panels indicate levels of NOX1, NOX2, and NOX4 mRNAs in cultured neurons transduced with AAV2/rh10 expressing the negative control (NC) or miRNAs against NOX1 (NOX1: £ 55) = 37.66,p <

0.01, Bonferroni’s post hoc test following one-way ANOVA; **p << 0.01 compared with NC; NOX2

Fozm = 0.02,p = 0.978; NOX4: F, 55, = 0.31, p = 0.736). B, Correlations between sucrose

preference and the level of NOXT mRNA in VTA (left) or superoxide production in PFC (middle) of mice transduced on injection of AAV2/rh10 into VTA. Schematic diagram and a representative
photomicrograph of GFPs expressed in VTA are shown. The right panel represents the correlation between superoxide production in PFCand the level of NOX1 mRNA in VTA. Mice were administered
CORTfor21d starting 3 weeks after viral injection. Values were obtained from 15 animals. Inmunohistochemistry was performed at 6 weeks after virus injection. Scale bar, 500 pem. €, No correlation
between sucrose preference and the level of NOX1 mRNA in PFC of mice transduced with AAV2/rh101into PFC. Values were obtained from 16 animals. Scale bar, 500 pem. PrL, Prelimbic; IL, infralimbic.

While CORT significantly decreased the number of spines in
NAcc as reported previously (Morales-Medina et al., 2009), there
was no difference between genotypes (Fig. 4D, right; genotype:
Fii4p = 0.01, p = 0.928; CORT: F, ,,, = 16.70, p < 0.01; inter-
action: F(, 44y = 0.94, p = 0.339). These findings suggest that
NOXI1-mediated morphological changes in layer V of PFC may
primarily contribute to depressive-like behaviors.

CORT-induced DNA methylation in the bdnf gene was

NOX1 dependent

Previously, DNA methylation in the promoter of bdnf exon IV
was reported to affect the neuronal activity-dependent BDNF
expression in mice (Martinowich et al., 2003). We therefore as-
sessed the relevance of NOX1 in DNA methylation of the pro-
moter region (P4) of exon IV in the bdnf gene. Sequencing
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analyses of the PCR products of bisulfite-converted DNA dem-
onstrated that the methylation of specific CpG sites was signifi-
cantly increased in WT mice administered CORT for 21 d. In
contrast, methylation of these sites in NoxI Y remained un-
changed following CORT administration (Fig. 4E; CpG at —11
bp: genotype: F(; 5 = 1.92, p 0.177; CORT: F(; 54y = 3.39,p =
0.076; interaction: F, 54y = 1.61, p = 0.216; CpG at —24 bp:
genotype: F(; ,5) = 4.77,p < 0.05; CORT: F, ,5, = 5.86, p < 0.05;
interaction: F; 4 = 3.60, p = 0.068; CpG at —35 bp: genotype:
Fiias) = 2.12,p = 0.157; CORT: F, 55, = 4.37, p < 0.05; interac-
tion: F, 55y = 5.31, p < 0.05; CpG at —66 bp: genotype: F, »5) =
6.00, p < 0.05; CORT: F(; 55y = 9.10, p < 0.01; interaction:
F 4 = 8.42,p < 0.01; CpG at —87 bp: genotype: F(, 55, = 3.30,
P = 0.080; CORT: F; 54y = 1.13, p = 0.298; interaction: F, »4) =
0.22, p = 0.643; CpG at —109 bp: genotype: F(, ,5) = 3.72,p =
0.064; CORT: F(; 54 = 0.19, p = 0.665; interaction: F(, ,5) = 0.02,
p = 0.890; CpG at —111 bp: genotype: F(; 54) = 1.69, p = 0.205;
CORT: F(, 55) = 0.90, p = 0.350; interaction: F(, ,5) = 0.00, p =
0.946). These findings further support a causal link between
NOX1 and the downregulation of BDNF induced by CORT.

NR1 was the target molecule of NOX1-derived ROS in PFC

Next, we investigated the target molecules of NOX1-derived ROS
associated with the downregulation of BDNF and depressive-like
behaviors. A redox proteomics approach was used to identify
proteins in PFC that underwent oxidative modification of cys-
teine residues following CORT treatment. In total, 313 proteins
containing oxidized cysteine residues were detected in PFC of
control mice without CORT treatment. Upon the administration
of CORT, 225 proteins with oxidized cysteine residues were de-
tected in both genotypes, among which 42 proteins in WT mice
underwent increased oxidative modification compared with Nox1 ¥
mice. By compiling the data from the animal groups with or
without CORT treatment, 16 proteins were noted to contain
NOXI-sensitive cysteine residues (Table 1). NR1, NR2B, and
NSF were among these proteins. When we examined mRNA lev-
els of these three molecules, no alteration was demonstrated in
mice treated with CORT (Fig. 5A4; NR1: genotype: F; 55 = 0.11,
p= 0.738; CORT: F, 3¢, = 2.09, p= 0.157; interaction: F(, 35y =
0.03, p= 0.853; NR2B: genotype: F( 55, = 0.01, p= 0.933; CORT:
= 0.41, p= 0.524; interaction: F(, 55y = 0.01, p= 0.942;
1.96, p= 0.170; CORT: F,, 55, = 0.00,

F(l 36)
NSF: genotype: F(, 35) =
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Table 1. Identity of peptides showing a genotype-specific increase in oxidized cysteine following CORT treatment

Site of WT/CORT(—) vs WT/CORT(+) vs

Accession No. Protein name Peptide sequence oxidation KO/CORT(—) KO/CORT(+)

P17563 Selenium binding protein 1 FLHDPSATQGFVGCALSSNIQR 78(ys 091 1.56

P35438 Glutamate receptor, ionotropic, NMDAT1 (zeta 1) (DLVTTGELFFR eys 0.80 1.52

P39053 Dynamin 1 CVDMVISELISTVR “27(ys 0.87 1.54

P40142 Transketolase TVPFCSTFAAFFTR 386(ys 0.78 1.90

P46460 N-ethylmaleimide sensitive fusion protein THPSVVPGCIAFSLPQR 9ys 0.78 1.60

P60487 Pyridoxal (pyridoxine, vitamin B6) phosphatase CGMTTVLTLTGVSSLEEAQAYLTAGQR 26(ys 0.81 421

P97300 Neuroplastin LTLEDSGTYECR 6¢ys 0.94 1.49

Q01097 Glutamate receptor, ionotropic, NMDA2B (epsilon 2) ICDLMSDR 8(ys 0.80 1.43

Q02053 Ubiquitin-like modifier activating enzyme 1 VGEFCHSR 78ys 1.00 1.57

061699 Heat shock 105 kDa/110 kDa protein 1 SVLDAAQIVGLNCLR 7(ys 0.75 1.51

Q8R5H6 WASP family 1 HLCHTALPR eys 1.05 151

Q99PJ0 Neurotrimin EQSGEYECSASNDVAAPVVR 27(ys 1.13 142

09(z13 Ubiquinol-cytochrome ¢ reductase core protein 1 NALVSHLDGTTPVCEDIGR A10¢ys 1.00 137
LCTSATESEVTR 380¢ys 0.95 1.50

Q9R111 Guanine deaminase FTLSCTETLMSELGNIAK 218(ys 1.16 1.67
GASIAHCPNSNLSLSSGLLNVLEVLK 30¢ys 0.92 1.84

Q9R1V6 Disintegrin and metallopeptidase domain 22 SGAAYIGGICSLLR (ys 0.90 1.36

Q92051 Bisphosphate 3’-nucleotidase 1 SHSNQLVTDCISAMNPDTVLR 206(ys 0.98 1.40

Peptides with an ion score of >20 were retrieved. These peptides are listed on the basis of a difference of >1.30 in the ratio between WT/CORT(-+) and KO/CORT(+) and within 0.75-1.25 in the ratio between WT/CORT(—) and

KO/CORT(—). Underlining indicates Cys.

p= 0.998; interaction: F, 5y = 0.01, p= 0.930). These findings
indicated that the increased oxidization of these proteins was not
due to the upregulation of proteins induced by CORT.

We then focused our study on NR1 because redox proteome
analyses revealed the NOX1-dependent oxidization of Cys744 of
NRI, which was reported to play a critical role in the redox-
sensitive modulation of NMDA receptor activity (Sullivan et al.,
1994). When the redox state of NR1 was examined by the biotin
pull-down assay, lower levels of free sulthydryl (—SH) groups in
NRI1 were demonstrated in PFC of CORT-treated WT mice com-
pared with NoxI~"¥ mice (Fig. 5B; genotype: F(; 5, = 11.21, p <
0.01; CORT: F, 3,y = 1.01, p= 0.323; interaction: F; 5,y = 10.51,
p<0.01).

To verify the importance of the oxidation of Cys744 in NR1,
isolated cortical neurons were infected with lentivirus encoding
NR1 or mutant NRI replacing Cys744 with Ala. As shown in
Figure 5C, a significant increase in exon IV-containing BDNF
transcripts was demonstrated in NR1-infected neurons exposed
to NMDA. In the presence of H,0,, the NMDA-induced upregu-
lation of BDNF mRNA was significantly suppressed. In neurons
harboring mutant NR1 (C744A), however, the levels of BDNF
mRNA were well maintained (construct: F, 44, = 5.45, p << 0.05;
treatment: F, 44) = 35.67, p < 0.01; interaction: F, 45, = 4.96,
p < 0.05). Accordingly, NR1 was depicted as a target molecule
modified by ROS to regulate the expression of BDNF mRNA in
cortical neurons.

Discussion

The present findings clearly indicated a causal link between
NOXI1 in the mesocortical pathway and depressive-like behav-
iors. Ina CORT-treated mouse model, reduced BDNF expression
was attributed to NOX1-dependent DNA methylation in PFC.
Subsequent redox proteome analyses revealed NR1 as one of the
target molecules of NOX1-derived ROS. In fact, the NMDA-
induced increase in BDNF mRNA was unaffected by ROS in
cortical neurons expressing mutant NR1 (C744A) insensitive to
oxidative modification. These findings support the idea that
NOX1-derived ROS oxidize NR1 and attenuate NMDA receptor
activity, leading to the downregulation of BDNF expression to
elicit depressive-like behaviors.

A significant decrease in the number of spines in PFC was
suppressed in mice deficient in NoxI. Repeated stress is known to
alter the dendritic morphology in the medial PFC (Radley et al.,
2006), and such anatomical abnormalities were associated with
concomitant behavioral deficits (Liston et al., 2006; Dias-Ferreira
et al., 2009). In patients experiencing depression, the neuronal
activity in PFC is reduced (Kang et al., 2012), which is consistent
with the atrophy of PFC neurons reported in the animal model.
The present findings provide evidence that prefrontal dendritic
remodeling is mediated by NOX1 and takes part in stress-related
impairments symptomatic of depressive disorders.

Oxidative stress has been implicated in the pathogenesis of
MDD (Nget al., 2008). The increased production of ROS in PFC
has been demonstrated in an animal model of depression in-
duced by the long-term administration of CORT (Gupta et al.,
2015). In the hippocampus of mice following restraint stress, on
the other hand, an increased level of ROS was reported, which
was accompanied by the upregulation of regulatory subunits of
NADPH oxidase, p47ph°x, and p67[’h°X (Seo et al., 2012). Yet, in
our study, the generation of ROS in the hippocampus was un-
changed, and there was a decrease in the level of p47""** mRNA
in PFC. This discrepancy may be due to the different stress mod-
els applied in the experiments. In our models, a sustained in-
crease in plasma CORT levels was demonstrated in mice that had
been subjected to social defeat stress or had received CORT. On
the other hand, an increase in plasma CORT levels following
restraint stress was reported to be transient (Kim and Han, 2006).

Given that CORT increases ROS in PFC and upregulates
NOX1 mRNA in VTA, the mesocortical projection appears to
mediate NOX1-dependent depressive-like behaviors. In fact,
the selective knockdown of NOX1 in VTA ameliorated CORT-
induced depressive-like behaviors. VTA is made up of a mixture
of dopaminergic, GABAergic, and glutamatergic neurons, which
project to other brain regions such as PFC, NAcc, hypothalamus,
and amygdala. In this study, ROS production was increased only
in PFC among these brain regions of mice treated with CORT.
Although there is no assurance that changes in NOX1 mRNA
expression in VTA correspond to changes in NOX1 enzyme ac-
tivity, a significant difference in ROS production in PFC was



Ibi et al. @ NOX1-Mediated ROS Promotes Depression J. Neurosci., April 12,2017 - 37(15):4200—- 4212 « 4209

15 15 17 Owr WT()  WT() KO()  KO(+)
e Wko NR1-SH r;-n-‘—“-q
= = —— - e
oo Ty o
& I & NR1 (total) 1w ay 08 @ @0 e <0 @p b o
- E J 05
e g )
Zos5 £ 05 2 =15
S
10} 10 - 1
CORT  CORT CORT  CORT CORT  CORT s
Q] (+) ) (+) ) (+) I oF
5o
o
Z o0
C CORT(-) CORT (+)
%
J/,\m H [CINR1
NR1 (C744A)
E 155 [ nr1 (c7448)
U
DIV1 £
) o
o T
Lentivirus ~
<k (Rt s
srp T r (=
DIV2 2 NR1(C744A) g
()
w
= NMDA 8
=
DIV10 " HeOe AN 1
@ Cont NMDA NMDA
= + H202
Harvest total RNA
<=

@, .
............. oA v “.... ;)\ BDNF mRNAY Depll'faksswe
L spine v SHIS
b i B B ¢ ? * (? behavior

Figure5. NR1was a target molecule of NOX1-derived ROS in PFC. A, Levels of NR1, NR2B, and NSF mRNAs in PFC of mice treated with CORT. B, Assessment of the redox state of NR1 by the biotin
pull-down assay. Top, NRT bound to maleimide-(PEG),-biotin, which corresponds to the protein containing reduced cysteine residues. Bottom, Total NR1in the lysate. The graph demonstrates the
ratio of NRT containing reduced cysteine residues to total NR1 following quantitative densitometric analyses. *p << 0.05 compared with WT/CORT(—) and ##p << 0.01. C, Levels of exon
IV-containing BDNF transcript in cortical neurons infected with lentivirus encoding NRT or mutant NR1. **p << 0.01 compared with control and ##p << 0.01, #p << 0.05 compared with NMDA alone.
ttp < 0.01. D, A hypothetical model of NOX1-mediated depressive-like behaviors. CORT-induced upregulation of NOXT mRNA in VTA elicits increased ROS generation in PFC. Oxidation of cysteine
residues of NR1 attenuates NMDA receptor activity, leading to increased DNA methylation in the promoter region of the bdnf gene, downregulation of BDNF, and the subsequent development of
depressive-like behaviors.
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demonstrated between the two genotypes. Because increased
NOX1 mRNA was sustained until 21 d of CORT treatment, con-
stant upregulation of NOX1 may lead to augmented superoxide
production in PFC. Previously, a pivotal role for VTA in suscep-
tibility to chronic social defeat stress and antidepressant action
was documented (Cao et al., 2010). Analyses of c-Fos expression
of VTA dopamine neurons and dopamine turnover in PFC revealed
a reduced mesocortical dopaminergic pathway in mice under re-
peated social defeat stress (Tanaka et al., 2012). Our data are there-
fore in line with the concept that the VTA-PFC projection plays a
significant role in the regulation of depressive disorders.

The long-term administration of CORT significantly upregu-
lated NOX1 mRNA in VTA but not in other brain areas. The
reason why NOX1 was induced only in VTA was not clarified in
this study. The induction of NOX1 by CORT took place after 14 d
of treatment. Because no glucocorticoid response element was
depicted in the mouse Nox! promoter, it is likely that CORT
treatment indirectly affected NOX1 expression. Between the two
dopaminergic projections originating from the VTA, the meso-
cortical and mesolimbic pathways, glucocorticoids were reported
to selectively affect the mesocortical pathway (Niwa et al., 2013).
VTA is strongly innervated by GABAergic, glutamatergic, and
dopaminergic inputs from several brain regions (Polter and
Kauer, 2014). The glucocorticoid receptor is located on glutama-
tergic neurons in PFC as well as on dopaminergic neuron in VTA.
Under stress, the activation of glucocorticoid receptor induces
the potentiation of glutamatergic synapses on VI'A dopaminer-
gic neuron, leading to dopamine efflux in PFC (Daftary et al,,
2009; Butts and Phillips, 2013). These findings suggest that the
effect of glucocorticoid is restricted to the mesocortical pathway.
The restricted upregulation of NOX1 in VTA may therefore be
associated with the projection-specific effects of glucocorticoids
and downstream signaling cascades in dopamine neurons.

The administration of CORT significantly reduced transcript
levels of the bdnf gene with increased DNA methylation in the
promoter region of exon IV. These changes were abolished in
mice deficient in NoxI. The bdnf gene contains multiple promot-
ers that generate transcripts containing different 5'-noncoding
exons, all of which are coding the same protein (Pruunsild et al.,
2007). Previous studies indicated that expression of the bdnf gene
is regulated by epigenetic modification (Tsankova et al., 2006;
Roth et al., 2009). Among bdnf exons, exon IV encompasses the
transcription start site and cAMP response element (CRE). When
we investigated the DNA methylation in the promoter region of
exon IV, increased methylation in several CpGs located upstream
of the transcriptional start site of exon IV was demonstrated in
WT mice treated with CORT. Of particular interest was the find-
ing that the methylation of CpG at —35 bp harboring CRE was
almost completely absent in mice deficient in NoxI. Our findings
thus suggest a role for NOX1-dependent DNA methylation in
decreased expression of the exon IV mRNA induced by CORT.

Among candidate target molecules of NOX1-derived ROS de-
picted by redox proteome analyses, NR1 and NR2B constitute
NMDA receptors, while NSF is involved in vesicle fusion events
and neurotransmitter release from the presynaptic terminal (S6llner
and Rothman, 1994). Some cysteine residues in NR1, including
Cys744, are known to be redox sensitive, and oxidation of these
residues reduces NMDA-gated currents (Sullivan et al., 1994;
Choi et al.,, 2001). In the present proteome analyses, NOX1-
dependent oxidation of Cys744 of NR1 was demonstrated. The
biotin pull-down assay indicated that reduced forms of cysteine
in NR1 were indeed decreased in CORT-treated WT mice but not
in Nox1~". Earlier findings that oxidization of NSF inhibits ex-
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ocytosis (Sullivan et al., 1994; Matsushita et al., 2005) further
support the view that NMDA receptor-mediated synaptic trans-
mission may be attenuated in CORT-treated WT mice. Impor-
tantly, neural activity-dependent BDNF gene expression is linked
to the epigenetic regulation of bdnf exon IV. Transcription initi-
ated from the promoter region of BDNF exon IV was markedly
activated in neurons treated with KCIl (Chen et al., 2003; Marti-
nowich et al., 2003), which was attributed to decreased methyl-
ation in the region corresponding to the CpG sites depicted in the
present study. Because repeated stress or in vitro treatment of
CORT depresses NMDA receptor-mediated synaptic transmis-
sion in PFC (Yuen et al., 2012), the NOX1-mediated attenuation
of glutamatergic neurotransmission may lead to the increased
DNA methylation and subsequent downregulation of BDNF
(Fig. 5D).

The redox modification of NMDA receptor in PFC has been
proposed for attention and cognition deficits during aging
(Kumar and Foster, 2013; Guidi et al., 2015). NMDA receptor
signaling is also implicated in the pathophysiology of schizophre-
nia (Coyle, 2012). Intriguingly, involvement of NADPH oxidase
in psychosis induced by ketamine, an antagonist of NMDA re-
ceptor, was documented (Behrens et al., 2007). A disturbance of
the NMDA receptor function by NADPH oxidase may therefore
be a common mechanism underlying these neurological disor-
ders. While the present findings highlight a causal link between
NOXI1 in the mesocortical pathway and depressive-like behav-
iors, other NOX isoforms in the neuronal circuitry that regulate
emotional behaviors or cognition could play a role in different
animal models. Further investigation is required to provide a
comprehensive picture of the functional role of NADPH oxidase
expressed in the brain. In any case, the present study provides the
first evidence that NOX1/NADPH oxidase is the source of ROS
leading to the depressive-like behaviors in animal models of
MDD. The NOXI1 isoform of the enzyme may thus become a
potential target in pharmacological intervention for psychiatric
disorders.
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