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Abstract

Background—Our previous studies indicated that NMDA receptor (NMDAR) deletion from a
subset of corticolimbic interneurons in the mouse brain during early postnatal development is
sufficient to trigger several behavioral and pathophysiological features resembling the symptoms
of human schizophrenia. Interestingly, many of these behavioral phenotypes are exacerbated by
social isolation stress. However, the mechanisms underlying the exacerbating effects of social
isolation are unclear.

Methods—Using GABAergic interneuron-specific NMDAR hypofunction mouse model
(Ppplr2-cre/fGluN1 KO mice), we investigated whether oxidative stress is implicated in the social
isolation-induced exacerbation of schizophrenia-like phenotypes and further explored the
underlying mechanism of elevated oxidative stress in KO mice.

Results—The reactive oxygen species (ROS) level in the cortex of group-housed KO mice was
normal at eight weeks although increased at 16 weeks old. Post-weaning social isolation (PWSI)
augmented the ROS levels in KO mice at both ages, which was accompanied by the onset of
behavioral phenotype. Chronic treatment with apocynin, an ROS scavenger, abolished markers of
oxidative stress and partially alleviated schizophrenia-like behavioral phenotypes in KO mice.
Markers of oxidative stress following PWSI were especially prominent in cortical parvalbumin
(PV)-positive interneurons. The vulnerability of PV interneurons to oxidative stress was
associated with down-regulation of peroxisome proliferator-activated receptor a coactivator-13
(PGC-1a), a master regulator of mitochondrial energy metabolism and antioxidation.

Conclusions—These results suggest that a PWSI-mediated impairment in antioxidant defense
mechanisms, presumably mediated by PGC-1a downregulation in the NMDAR-deleted PV-
positive interneurons, results in oxidative stress, which, in turn, may contribute to exacerbation of
schizophrenia-like behavioral phenotypes.
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While the etiology of schizophrenia is not fully elucidated, genetic and environmental
factors appear to interact in its onset and/or course (1). For example, the 41-65%
monozygotic twin concordance rate (2) suggests that environmental triggers play a
significant role. Epidemiological studies show that these triggers include social
disadvantage, such as compromised family structures and restricted social networks (3).
However, the exact molecular mechanisms linking environmental or social factors to the
precipitation of schizophrenia psychosis still remain unclear.

In rodents, the social isolation paradigm models the impact of environmental insults on brain
function at the cellular and molecular levels, which is thought to be mediated by cellular
oxidative stress (4,5). Oxidative stress occurs when antioxidant defense mechanisms fail to
counterbalance and control endogenous reactive oxygen species (ROS) or reactive nitrogen
species (RNS), which are generated from normal oxidative metabolism or from pro-oxidant
environmental exposure. Overproduction of ROS and RNS can cause oxidative damage of
lipids, proteins and DNA.

Schizophrenia patients exhibit increased lipid peroxidation and protein modification and
reduced antioxidant enzyme levels, suggesting that oxidative stress plays a role in the
pathogenesis of schizophrenia (6—10). Oxidative stress has also been implicated in animal
models of psychiatric disorders (11). Chronic perinatal administration of the NMDA
receptor (NMDAR) antagonist phencyclidine reduced glutathione levels and produced long-
term alteration of antioxidant defense in the corticolimbic areas of the rat brain (12).
Similarly, repetitive exposure to ketamine, another NMDAR antagonist, activated the
superoxide-producing enzyme NADPH oxidase Nox2, accompanied by schizophrenia-like
pathophysiology including decreased expression of glutamic acid decarboxylase-67
(GADG67) and parvalbumin (PV) and reduced inhibitory tone in the medial prefrontal cortex
(mPFC) (13,14).

Previously we generated Ppplr2-cre/floxed-GluN1 (NR1) knockout mice with early
postnatal deletion of NMDARs from 40-50% of corticolimbic interneurons, >70% of which
are PV-positive, and these mutants displayed schizophrenia-like behavioral and
pathophysiological features (15). Social isolation exacerbated many of these symptoms,
such as deficits in nest building, mating, anhedonia, and anxiety-like behaviors. In the
present study, we used Ppplr2-cre/fGIuN1 KO mice to investigate whether and through
what mechanisms social isolation-induced oxidative stress contributes to schizophrenia-like
phenotypes in these mice.

Materials and Methods

Animals

All experimental procedures were carried out in accordance with guidelines published in the
National Research Council Guide for the Care and Use of Laboratory Animals, and were
approved by the National Institute of Mental Health Animal Care and Use Committee. For
detailed experimental procedures, see Methods and Materials in Supplement 1.

Ppplr2-cre/fGIuN1 knockout mice or simply KO mice was generated as previously
described (15). Briefly, the protein phosphatase 1, regulatory subunit 2 (Pop1r2)-cre line
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was bred to a /oxP-flanked GIuN1 line (16) to elicit the GIuN1 deletion from the postnatal
second week in a subset of cortical and hippocampal Ppplr2-positive interneurons, a
majority of which are parvalbumin-containing. Double /n situ hybridization
immunocytochemistry showed that, at postnatal day 14, no GIluN1 mRNA was detected in
~30% of Cre-targeted interneurons in the S1 cortex of Pppl1r2-Cre/homozygously-floxed-
GIuN1 knockout mice (Zhang S., BS, unpublished, 2012). GIuN1 deletion appeared to be
completed by postnatal day 21. In contrast, there was no GIuN1 deletion in the
homozygously-floxed GIuN1 (fGIuN1 or flox) or Ppplr2-cre littermate control mice. All
mice were maintained after backcrossing to C57BL/6NTac (B6) strain six times. Female KO
mice were crossed with homozygously-floxed GluN1 male mice. Wild-type B6 mice were
also used for PGC-1a /n situ hybridization.

Post weaning social isolation (PWSI)

Both male and female mice were used for immuno-histological and biochemical studies, and
only male mice for behavioral studies. At weaning (postnatal day 21), pups were separated
from their mothers and reared either in social isolation (two mice were separated by a
median barrier in one mouse cage) or in social groups (2 to 5 mice per cage). Mice were
given access to food and water ad /ibitum. This experimental protocol lasted until animals
were used for behavioral, biochemical, or histological analysis. No obvious differences were
detected between sex in histological and biochemical studies.

In vivo detection of reactive oxygen species level

In vivo detection of reactive oxygen species (ROS) in mouse brains was performed as
previously described (13). Briefly, two serial 7.p. injections of freshly prepared
dihydroethidium (DHE, 27 mg/kg, Invitrogen) were given at 30 min intervals. Eighteen hr
later, mice were perfused with 4% paraformaldehyde in PBS. Brains were coronally
sectioned on a vibratome with 35-pum thickness and counterstained with DAPI (4”,6-
diamidino-2-phenylindole). Six coronal sections from each animal were observed under a
confocal microscope (MPFC - bregma —2.10 mm and —1.54 mm; S1 cortex —1.10 mm, 0.02
mm, 0.82 mm, and 1.82 mm). Red fluorescence intensity of oxidized DHE by ROS was
quantified with NIH Image-J after converting confocal images to gray scale. Relative
fluorescence intensity from mPFC or S1 area (covering through layer I-V1) was normalized
by the average value from age-matched group-housed fGIuN1 controls.

Chronic treatment with apocynin and behavioral analysis

From the age of 2 weeks, male KO mice and their littermate fGIuN1 control mice received
apocynin (APO, 1-(4-Hydroxy-3-methoxyphenyl) ethanone, Sigma-Aldrich, St. Louis, MO)
in drinking water (7.5pg/ml) until behavioral evaluation (Figure 2A). Given that mice with
body weight of 20 g drink 13 ml of water per day (13), APO was orally administered at 5
mg/kg per day. Since studies showed no detectable decay of apocynin at room temperature
in 7 days (17), freshly prepared APO water bottles were replaced weekly. Apocynin is an
antioxidant and scavenger of ROS (18) although it may act as an NADPH oxidase inhibitor
in the presence of myeloperoxidase activity (19). Group-housed or PWSI animals underwent
the following behavioral tests, the protocol of which were previously described (15; see
Supplement 1): 1) the elevated plus maze and open field tasks at 8 weeks of age; 2) the
spontaneous alternation Y-maze test and pre-pulse inhibition at 8 and 12 weeks of age; 3)
acoustic startle reflex at 12 weeks of age; 4) the saccharine preference test at 14 weeks of
age; 5) the nest building behavioral test at 8, 12, and 16 weeks of age.
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Non-radioisotopic double in situ hybridization

DNA fragments corresponding to murine PV cDNA (GenBank accession number:
NM_013645) and PGC-1a cDNA (GenBank accession number: NM_008904.2) were
amplified by reverse transcription polymerase chain reaction (RT-PCR) using the following
primers: 5° GGGCCTGAAGAAAAAGAACC 3’ and 5’ AGTACCAAGCAGGCAGGAGA
3’ for PV (20), and 5" GACAGTGTGTGTGTGTGTGTCC 3" and 5’
TATCAGAGGCCATGCTAGTGAA 3’ for PGC-1a (exon 13). To detect mouse PV and
PGC-1a mRNAsS, the complementary RNA probe for PV was labeled with 2, 4-
dinitrophenyl (DNP), and the complementary RNA (cRNA) probe for PGC-1a was labeled
with digoxygenin (DIG). Double non-radioisotopic /n situ hybridization was performed as
previously described (15).

Measurement of superoxide dismutase activity

Statistics

Results

Medial PFC tissue was dissected and homogenized in cold PBS (10% wi/v) with a tissue
sonicator. The supernatant was assayed for superoxide dismutase (SOD) using a
determination kit (Sigma-Aldrich) after centrifugation at 21,000 g for 10 min at 4°C as per
the manufacturer’s instructions.

Differences between groups were assessed for normally distributed data using a Student’s &
test (two groups), one- or two-way ANOVA, or repeated measures ANOVA followed by
post-hoc tests for group comparisons. Data were presented as mean + s.e.m. Statistical
analyses were conducted using Statistica 7.0 (StatSoft Inc., Tulsa, OK).

Post-weaning social isolation (PWSI) augmented cortical ROS levels in KO mice

To investigate the involvement of oxidative stress in Ppplr2-cre/fGIuUN1 KO mice, cortical
ROS levels in brain sections from KO animals (8- and 16-week-old) were examined after
£.p. injection of dihydroethidium (DHE). DHE has been used to monitor cortical ROS
production in vivo (13), because DHE is oxidized by ROS, forming ethidium bromide,
which emits red fluorescence once it intercalates with DNA (21). A prominent increase of
cortical ROS level was observed in group-housed KO animals compared with fGIUN1 or
Ppplr2-cre (Figure S1A, B) controls at 16 but not at 8 weeks old (Figure 1). However,
PWSI sharply augmented ROS levels in mPFC and S1 cortex of KO mice both at 8 and 16
weeks of age. Overall, the oxidized DHE signals were neither excitatory nor inhibitory
neuron-specific, as assessed by excitatory neuronal marker neurogranin and various
interneuron markers, such as parvalbumin, calretinin, and calbindin (Figure S1C in
Supplement 1).

Next we tested whether apocynin (APQ), an antioxidant and ROS scavenger, alleviated the
elevation of cortical ROS levels in KO mice after PWSI. Animals were treated with APO
from P14 and subjected to PWSI from P21 (Figure 2A). Cortical ROS levels in PWSI KO
mice were largely abolished by chronic APO treatment (Figures 1C & D, decrease to 35.4 +
11.1% in mPFC and decrease to 28.7 £ 5.0% in S1 cortex).

Oxidative stress exacerbated schizophrenia-like behavioral phenotypes

Behavioral tasks were conducted after chronic treatment with APO (Figure 2A) to
investigate whether a reduction in PWSI-induced oxidative stress was associated with
behavioral improvement. APO treatment significantly improved performance on tests of
anxiety (Figure 2B), spatial memory (Figure 2D), prepulse inhibition (Figure 2E),
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saccharine preference (Figure 2G), and nest building (Figure 2F), while having no effect on
overall activity (Figure 2C) or startle responses (Figure 2F). Considering the actions of
APO, these findings suggest that PWSI mediates its effects on behavior by enhancing
oxidative stress.

Concordant with the emergence of oxidative stress by PWSI, the time spent in unprotected
open arms of the PWSI KO mice in the elevated plus maze was significantly reduced
compared to that of fGIUN1 controls, an impairment absent in group-housed KO mice of the
same age (Figure 2B). Chronic APO treatment alleviated this PWSI-induced anxiety-like
behavior in the KO mice (Figure 2B).

Spatial working memory deficits were evaluated using the spontaneous Y-maze alternation
task, which relies on the natural tendency of mice to alternate the choice of maze arms. At 8
weeks of age this natural tendency was not as pronounced or working memory ability was
not fully matured, because the group-housed fGIuUN1 controls alternated less at 8 weeks old
than at 12 weeks old (Figure S2A in Supplement 1). Thus we tested KO animals at 12 weeks
old. At this age, group-housed KO mice displayed a reduction in alternation which was
exacerbated by PWSI (Figure 2D), suggesting a spatial working memory deficit and echoing
the results of our previous study (15). Notably, chronic oral APO administration for 10
weeks increased the alternation index of PWSI KO mice to a similar level as the PWSI
control (Figure 2D).

Prepulse inhibition (PPI) of the acoustic startle reflex is a measure of sensorimotor gating. In
this task, as in the spatial Y-maze, the control mice performance was not fully mature at 8
weeks old, performance significantly increased at 12 weeks of age (Figure S2B in
Supplement 1). Therefore, we tested at 12 weeks old, where KO mice were significantly
impaired in PP1 (Figure 2E) albeit with normal startle reflex amplitudes (Figure 2F). APO
treatment only partially rescued PPI deficits; KO mice showed normal PPI at 74 dB and 78
dB (Figure 2E). This was presumably because the genotype effect on PPI deficits is more
robust than the social isolation environmental effect. Indeed, we found no effect of PWSI or
adolescent social isolation on the extent of PPI deficits of KO mice (Figure S2C in
Supplement 1).

The KO mice regardless of housing conditions showed novelty-induced hyperlocomotion at
8 weeks of age in the first three minutes of spontaneous exploration in the open field test
(Figure 2C). Like PPI, this effect was not rescued by APO treatment.

A two-bottle saccharine preference tested the hedonic-like/reward-seeking behavior. While
KO mice at 14 weeks old show no deficit under group-housed condition, they displayed a
reduced preference for sweet solutions following PWSI (Figure 2G) with no change in total
fluid intake (Figure S2D in Supplement 1). Chronic treatment of APO increased their
preference for saccharine to the control level.

Nest building behavior assessed social behavior. Without drug treatment, fGIuN1 control
mice consistently formed an identifiable nest in a new cage from all of the provided cotton
nestlet. In contrast, KO mice showed a robust deficit at both 12 and 16 weeks, and PWSI
exacerbated their impairment (Figure 2F). Interestingly, APO reduced the amount of unused
nestlet to a similar level as the group-housed KO mice.

PWSI exacerbated oxidative stress in cortical PV interneurons in KO mice

The consequences of oxidative stress were examined by DNA oxidation and lipid
peroxidation. Immunostaining with anti-8-hydroxy-2’-deoxyguanosine (8-OH-dG) (Figure
3A) and anti-4- Hydroxy-2-nonenal (4-HNE) (Figure 3B), which are markers for DNA

Biol Psychiatry. Author manuscript; available in PMC 2014 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al.

Page 6

oxidative damage and lipid peroxidation, respectively, revealed significantly increased
immunoreactivity of 8-OH-dG and 4-HNE in the cortex of 8-week-old KO mice after PWSI
compared with age-matched fGIuN1 controls. Interestingly, cortical PV interneurons in
PWSI-exposed KO animals showed prominent staining with anti-8-OH-dG (Figure 3A) and
anti-4-HNE (Figure 3B), suggesting that PV interneurons in KO animals are highly
vulnerable to oxidative stress. Moreover, consistent with non-specific staining of DHE
(Figure S1C in Supplement 1), weak 8-OH-dG and 4-HNE immunostaining was present in
non-PV neurons in the KO animals after PWSI, presumably in the excitatory neurons.

To further evaluate the impact of oxidative stress on PV interneurons, we quantified
parvalbumin-IR (PV-IR). Overall PV-IR intensity was significantly reduced in mPFC and
S1 cortex of KO mice after 5 weeks of PWSI, but not in fGIuN1 controls (Figure 4). Unlike
PV, fluorescence immunoreactivity intensity for calretinin (Figure S3A, C in Supplement 1)
and calbindin (Figure S3B, C in Supplement 1), another calcium binding proteins, did not
differ between experimental groups. Interestingly, reduction of PV-IR upon PWSI in KO
mice was prevented by chronic treatment of apocynin (Figure 4), suggesting that reduced
PV expression in PWSI KO mice was associated with elevated oxidative stress in PV
neurons.

PWSI downregulated cortical PGC-1a in KO mice

To investigate possible causes of increases in oxidative stress and concomitant PV-IR
decrease in the PV-positive interneurons, we evaluated the expression levels of the
transcriptional coactivator PGC-1a (peroxisome proliferator-activated receptor y
coactivator a). PGC-1a, a master regulator of mitochondrial energy metabolism and anti-
oxidation (22), is activated by ROS overproduction and stimulates the transcription of ROS-
detoxifying enzyme genes (23). Previous study has also suggested that PGC-1a appears to
be necessary and sufficient for neuronal PV expression (24). First, to verify the PV
interneuron-predominant expression of PGC-1a., we performed double /n situ hybridization
using DIG-labeled PGC-1a. mRNA antisense probe and DNP-labeled PV mRNA antisense
probes (Figure 5A, B). In wild-type control brains, almost all the PV-containing cells were
PGC-1la-positive in S1 cortex (97.5% of PV cells in layer 11/111 and 100% in layer 1\V-VI),
while of the total population of PGC-1a positive cells the majority were PV positive
(88.5%, 22.5%, and 64.4% in layer 11/111, layer I\V/V, and layer VI, respectively in Figure
5B). Interestingly, PGC-1a mRNA signals were dramatically reduced following PWSI in
the cortex of KO mice (Figure 5C). Quantitative RT-PCR using mPFC total RNA confirmed
that PWSI elicits down-regulation of PGC-1a expression only in KO mice at 8 weeks old
(Figure 5D). Reduced PGC-1a in KO mice following PWSI was also detectable at the
protein level, as assessed by Western blots (Figure 5E). Interestingly, while PGC-1a mRNA
levels were reduced at 16 weeks old regardless of housing conditions, APO treatment
encompassing the entire PWSI period in KO mice alleviated the reduction (Figure 5F). As
over 80% of cortical PV-positive cells in the KO mice are cre-targeted (15) and most of PV
cells are PGC-1a positive, this suggested that the down regulation of PGC-1a in the KO
mice are mostly in the GluN1-deleted neurons. While 24% of cre-targeted cells are Reelin
positive, there was no PGC-1a expression in these Reelin-positive cre cells (Figure S4 in
Supplement 1).

KO mice were impaired in the cortical antioxidant defense system

Several key ROS-detoxifying enzymes, such as superoxide dismutase 1 (SOD1), SOD2,
catalase 1 (CAT1), and glutathione peroxidase 1 (GPX1), function as downstream gene
targets of PGC-1a (23). We therefore examined the basal transcription level of these
antioxidant defense system genes in brain using quantitative RT-PCR. The mRNA
expression levels of SOD1, SOD2, CAT1, and GPX1 were considerably reduced in mPFC
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of KO mice after PWSI compared with group-housed fGIuN1 controls (Figure 6A). In
contrast, no significant reduction in the mRNAs of these ROS-detoxifying enzymes was
observed in either group-housed KO or PWSI-treated fGIuN1 controls. Down-regulation of
the antioxidant defense system was also confirmed by the evaluation of SOD enzyme
activity (Figure 6B). These results suggested that the antioxidant defense system in the
cortex is defective in KO mice following PWSI.

Discussion

The present study had several salient findings suggesting that a failure of the antioxidant
mechanism may be critical to the environmental effect on schizophrenia onset. Specifically,
(i) PWSI augmented cortical ROS production in Ppplr2-cre/fGIuN1 KO mice; (ii)
scavenging ROS from the early postnatal period via chronic administration of APO
alleviated some of behavioral deficits observed in the KO mice; (iii) oxidative stress was
prominent in cortical PV-positive interneurons, a majority of which have genetically
eliminated NMDARS; (iv) down-regulation of PGC-1a was associated with a
downregulation of PV and increased ROS production. Taken together, these results suggest
that failure of antioxidant defense mechanisms in fast-spiking PV interneurons led to
excessive ROS production in the cortex, which exacerbates schizophrenia-like behavior in
this animal model.

Vulnerability of PV interneurons to oxidative stress

Cortical PV interneurons have unique fast-spiking properties involved in driving
synchronous oscillatory activity (25-28). To maintain high frequency firing, PV neurons
contain high concentrations of cytochrome oxidase ¢ and a greater number of mitochondria
than pyramidal cells (29). Mitochondria in these fast-spiking neurons produce much more
ROS and ATP compared to other cell types. Thus, fast-spiking neurons are equipped with
potent anti-oxidation mechanisms to counterbalance increased ROS production. In the
present study, cortical PV interneurons in Ppplr2-cre/fGIluN1 KO mice that underwent
PWSI showed prominent staining in response to 8-OH-dG and 4-HNE, markers of DNA
oxidation and lipid peroxidation, respectively. Cortical PV immunoreactivity, but not
calretinin or calbindin immunoreactivity, was also reduced following PWSI in KO mice,
which is consistent with recent findings indicating that PV neurons are vulnerable to chronic
stress (4,30,31). These results suggest that PV interneurons in KO animals are highly
vulnerable to oxidative stress.

PGC-1a is a master regulator of mitochondrial energy metabolism and anti-oxidation (22)
and is known to work in concert with other proteins to drive the expression of ROS-
detoxifying enzymes in response to ROS elevations (23). PGC-1a-mediated anti-oxidation
is thus one possible anti-oxidation mechanism in PV neurons because it’s most highly
concentrated in PV-positive neurons (32; Figure 5). Indeed, in KO mice after PWSI, we
demonstrated down-regulation of cortical PGC-1a and several of its downstream targets
important for antioxidant function. PGC-1a is also required for the normal expression of the
calcium buffer PV (24); thus, as expected, decreases in PV expression accompanied
decreases in PGC-1a in PWSI-exposed KO mice. Taken together, the data suggest that a
decrease in PGC-1a abundance compromises multiple transcriptional pathways, augmenting
oxidative stress in PV-containing fast-spiking neurons.

One important question concerns how PGC-1a expression is down-regulated in the cortex
of KO mice following social isolation. Accumulating evidence suggests that neural
expression of PGC-1a is activity-dependent and requires intracellular calcium influx. For
example, depolarization of neurons by NMDAR activation or high-potassium solution
increases PGC-1a expression (33), and NMDA antagonists or calcium channel blockade
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prevent such increases (34,35). Conversely, blockade of neuronal activity by tetrodotoxin or
sensory deprivation decreases PGC-1a expression in the visual cortex (36). In the present
study, it is possible that protracted maturation of the NMDAR-deleted PV neurons (Zsiros
V., PhD, unpublished, 2012) might impair the activity-dependent expression of PGC-1a
after social isolation. Additional studies are necessary to delineate the mechanisms involved.

to other animal models of psychiatric disorders

It was proposed by maternal immune activation (MIA) theory of schizophrenia that MIA
stimulates microglia and enhances oxidative stress, which in turn diminishes neural
functioning (6,37,38). Indeed, both post-mortem studies (39-42) and positron emission
tomography (PET) study on recent-onset schizophrenia patients (43) has implicated the
involvement of microglia in the pathophysiology of schizophrenia. Interestingly,
involvement of microglial cells seems to be negligible in our NMDAR hypofunction mouse
model. Neither proliferation of microglial cells (by anti-1bal staining, Figure S5C, D in
Supplement 1), or microglial activation (by anti-CD68 staining, Figure S5E in Supplement
1), was observed in the cortex of Ppplr2-cre/fGIuN1 KO animals. Lack of microglial
activation/proliferation in our mouse model may be due to the reason that the manipulation
is targeted downstream of MIA in the developmental process of schizophrenia pathogenesis.

Behrens and colleagues elegantly demonstrated that Nox2 contributes to oxidative stress and
dysfunction of GABAergic interneurons after subchronic ketamine exposure in mice
(13,44). Furthermore, Sorce and colleagues (45) suggested that Nox2 is a major source of
ROS production in mPFC following acute ketamine exposure. Neuronal production of
interleukin-6 (IL-6) appears to be necessary and sufficient for ketamine-mediated activation
of NADPH oxidase in mouse brains (44). However, Nox2 seems not to play a major role in
ROS production in our KO mice, because PWSI-induced exacerbation of oxidative stress
was still robustly observed in mPFC and S1 cortex of the Nox2-deleted Ppplr2-cre/fGIuN1
KO animals (Figure S5A, B in Supplement 1). Our preliminary result using quantitative
real-time RT-PCR also showed no detectable increase in IL-6 or Nox2 mRNA level in
cortical tissues of KO mice compared to the fGIuN1 controls (Figure S5F in Supplement 1),
suggesting that NADPH oxidase Nox2 is not the main source of the elevated ROS in our
animal model. We postulate that the impaired antioxidant capacity of PV interneurons is due
to PGC-1a down-regulation enhanced ROS levels in response to social isolation.
Alternatively, albeit not mutually exclusive, we do not exclude the possible contribution of
other Nox family proteins to the ROS increase in PWSI KO mice. For example, NADPH
oxidase Nox4 mRNA level appeared to be elevated in 16-week-old KO mice; otherwise at
the level near the detection limit in the fGIuN1 controls (Figure S5F in Supplement 1). Nox4
is known to produce hydrogen peroxide (46), cell membrane-permeable ROS (47), which
might cause ROS elevation in many cell-types (Figure 1). Further study is necessary to
clarify the cellular mechanisms of the ROS level elevation in the PWSI KO mice.

The interaction of genes and environment in schizophrenia-like NMDAR hypofunction

An interaction between genes and environment that impacts both early and late brain
development may be necessary to trigger the onset of schizophrenia, which typically
emerges in early adulthood (48). The present study demonstrated that PWSI-induced stress
augmented cortical ROS levels in Ppp1r2-cre/GluN1 KO mice, and that ROS elevation is
associated with the onset of schizophrenia-like symptoms. We further found that impaired
antioxidant capacity due to PGC-1a down-regulation correlates with oxidative stress in PV
interneurons in these KO mice. It is notable that no significant change in PGC-1a
expression in the KO animals was observed until post-adolescent period (i.e., 8-week-old).
Moreover, PWSI exacerbated the reduction of PGC-1a only in KO mice, which is consistent
with a notion of gene x environment interaction. Interestingly, genetic association studies on
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chromosome 4p (49-51) implicated the PPARGCI1A (gene for PGC-1a) locus in
schizophrenia and bipolar disorder. Based on these findings, we postulate that PGC-1a is a
possible candidate for the underlying mechanism of interplay between genetic predisposition
and environmental insults in schizophrenia. In future experiments, it will be interesting to
investigate whether overexpressing PGC-1a in Cre-targeted interneurons can alleviate
oxidative stress and thereby rescue social isolation-exacerbated behavioral deficits.

It is notable that PWSI had little impact on the behavior of the fGIuN1 control mice, except
partial impairment of PPI (Figure 2E). PWSI was also unable to induce a robust oxidative
stress response, measured by DHE (Figure 1), anti-8-OH-dG or 4-HNE staining (Figure 3).
These signs of murine resilience to PWSI stress, as recently reported in wild-type mice (52),
appear to be in contrast to the recent reports in rats (4,53); however, underlying mechanisms
explaining species’ differences are unclear since few such studies have been published with
mice (54).

Taken together, the results of the present study suggest that high vulnerability of
corticolimbic fast-spiking interneurons to oxidative stress may provide a potential
explanation for the key mechanism in the diathesis-stress (55) or “two hit” model (56) for
the etiology of schizophrenia.
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Figure 1.

Elevated cortical reactive oxygen species (ROS) production in Ppplr2-cre/fGIuN1 KO mice
following post-weaning social isolation (PWSI). (A & B) PWSI exacerbated cortical ROS
production in KO animals and chronic treatment with apocynin (+APO), an ROS scavenger,
diminished cortical ROS production. Floxed-GluN1 (flox) or KO animals that underwent
group-housing (group) or PWSI until 8 or 16 weeks old were injected with dihydroethidium
(DHE) (4~5 animals per group). ROS levels in mPFC (A) and S1 cortex (B) were visualized
by oxidized DHE (in red) in sections counterstained with DAPI (blue). For drug treatment,
animals were subjected to apocynin treatment (+APO) from postnatal 2 weeks (4~5 animals
per group) until injected with DHE at the age of 8 weeks or 16 weeks. (C & D) Relative
ROS levels in mPFC (C) and S1 cortex (D) were quantified and normalized to the levels of
8 week-old group-housed fGIUN1 controls. Without APO pretreatment, regardless of brain
areas, PWSI ROS levels were elevated only in 8-week-old KO mice. PWSI also exacerbated
the ROS elevation in the KO mice at 16 weeks old. Two-way ANOVA, F(1,12)=6.36, p=.
027 for genotype x housing condition interaction at 8 week-old in mPFC. F(1,14)=14.01,
p=.002 for genotype at 16 week-old in mPFC. F(1,12)=7.75, p=.017 for genotype x
housing condition interaction at 8 week-old in S1 cortex. F(1,13)=5.39, p=.037 for genotype
at 16 week-old in S1 cortex. Chronic APO treatment reversed the PWSI-induced ROS
elevation at both ages in both brain regions. Post-hoc Fisher least significant difference test,
*p<.05, #p< .01. Scale bar in (B): 50 pm.
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Oxidative stress exacerbated schizophrenia-like behavioral phenotypes in KO mice. (A)
Diagram of the ages of the animals used for apocynin treatment, social isolation and
behavioral tests. (B) Chronic treatment with APO rescued the anxiety-like behavior of KO
animals at 8 weeks of age following PWSI. Group-housed KO mice did not show anxiety-
like behavioral; however, PWSI reduced a time spent in open arms by KO mice, but not by
fGIuN1 controls. A1, 40) = 6.25, p=.0166. Post-hoc Fisher’s LSD test, flox vs KO, *p< .02
for PWSI). APO treatment increased KO’s stay time in open arms to the control level after
PWSI (A1, 51) = 6.20, p=.016 for genotype x drug treatment interaction, post-hoc Fisher
LSD test, *p< .01
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(C) Novelty-induced hyperlocomotion of KO animals was unaffected by APO. Repeated
measures ANOVA showed significant genotype effect, 10, 33) = 2.36, p=.031; but no
drug effect, A10, 33) = .70, p=.715, post-hoc Fisher’s LSD test, *p < .05, KO vs flox.

(D) Chronic APO treatment rescued Y-maze spontaneous alternation deficits of KO mice at
12 weeks old. Before drug treatment, KO animals had significant reductions in alternation
compared to flox controls regardless of housing conditions, and PWSI exacerbated the
deficit (A1,54) = 16.67, p=.00015 for genotype effect, A1,54) = 8.47, p=.0052 for
housing condition effect. This deficit in KO mice was reversed by APO treatment (F(1,
51)=4.49, p=.039 for drug effect, F(1, 51)=6.02, p=.018 for genotype effect. Post-hoc
Fisher LSD, *p< .05, #p< .01.

(E) Impaired PPI in KO animals at 12 weeks of age was partially rescued by APQO treatment.
Without APO treatment, KO mice showed PPI deficits, in particular at 72 and 74 dB
prepulse intensities, irrespective of PWSI. Two-way repeated measure of ANOVA, F(4,
62)=4.88, p=.0017 for genotype effect, F(4.62)=0.32, p= .86 for genotype x housing
condition interaction. Interestingly, PWSI impaired PPI of fGIuN1 (flox) controls at 72 dB.
APO treatment reversed the impairment of PPI at 74 dB~78 dB for PWSI KO mice, but not
at 72 dB. PPI deficits at 72dB for PWSI flox controls were also alleviated by APO
treatment. Post-hoc Fisher LSD test, *p< .05, #p< .01.

(F) APO did not affect auditory startle reflex of the mice at the age of 12 weeks, regardless
of genotype, housing condition, or drug treatment.

(G) PWSI impaired hedonic-like/reward-seeking behavior of KO mice, but not fGIuN1
controls, in saccharine preference test and APO treatment alleviated this deficit. Before drug
treatment, F(1, 42)=4.30, p=.044 for genotype x housing condition interaction in the 0.03%
saccharine solution test. After chronic treatment with APO, F(1, 43)=7.44, p=.0092 for drug
effect in 0.03% saccharine solution test. Post-hoc Fisher LSD test, *p < .05, #p< .01 vs other
groups.

(H) Nest building deficits precipitated by PWSI were partially reversed by APO treatment.
Before drug treatment, F(1, 198)=38.54, p< .00001 for genotype effect and F(1, 198)=9.35,
p=.0025 for genotype x housing condition interaction. Post-hoc Fisher’s LSD test, *p< .05,
compared with flox controls; § p< .001, PWSI KO vs group-housed KO. APO partially
alleviated nesting deficits at 12 or 16 week-old (F(1, 191)=47.25, p< .00001 for genotype
effect, and F(1, 191)=5.31, p=.022 for APO effect. #p < .05, KO (+APO) vs KO (-APO);
*p< .05, KO (+APO) vs flox (+APO)). Number of animals is indicated in parentheses or
inside plot bars. ns, no significant difference; other abbreviations as in Figure 1.
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Figure 3.

Post-weaning social isolation (PWSI) increased DNA and lipid oxidative stress in KO mice,
particularly in cortical PV interneurons. Brain sections containing S1 cortex from group-
housed or PWSI-treated flox control and KO animals at 8 weeks old were double-stained
with PV antibody (red) and DNA oxidative stress marker 8-OH-dG (green in A), or lipid
peroxidation marker 4-HNE (green in B). Scale bar: 50 um (A) and 200 im (B).
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Figure4.

Cortical PV expression in KO mice was down-regulated by post-weaning social isolation
(PWSI) and was reversed by chronic treatment of apocynin (+APO). (A, B) Brain sections
from group-housed or PWSI animals or PWSI animals under APO treatment (4~6 animals
for each group, 8 week-old) were immunostained with parvalbumin (PV)antibody and
visualized by Alexa488 (green fluorescence). (C) PV expression was significantly decreased
in the mPFC and S1 cortex of KO animals after PWSI, but not in fGIuN1 (flox) controls.
However, PV IR reduction in KO animals can be alleviated by chronic treatment of
apocynin. Post-hoc Tukey’s HSD test following two-way ANOVA, #p< .01, *p < .05. Scale
bar: 100 wm. ns: no significant difference; other abbreviations as in Figure 1 and 3.
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Figureb.

PGC-1a in KO mice was down-regulated by post-weaning social isolation (PWSI). (A, B)
DIG-labeled PGC-1a mRNA antisense probe was used to detect PGC-1a mRNA
(visualized by NBT-BCIP, blue precipitate) (A) or together with DNP-labeled PV mRNA
antisense probe (visualized by AEC, red precipitate) to detect PGC-1a expression in PV-
positive interneurons (B). Purple arrows in B-1 and B-2 indicate neurons with both PGC-la
and PV expression. Blue arrows indicate neurons with PGC-1a expression only. No red
cells were detected, suggesting that PGC-1a. is expressed in all the PV neurons.

(C—E) Cortical expression of PGC-1a was significantly reduced in KO animals at 8 weeks
old after PWSI. PGC-1a mRNA levels were examined by /n situhybridization using DIG-
labeled PGC-1a mRNA antisense probe (C) and quantitative RT-PCR (5~6 animals for
each group) with RNA from mPFC (D). Post-hoc Tukey’s HSD test following two-way
ANOVA revealed no difference between group-housed GIuN1 (flox) controls and KO
animals, p=.958; however, PWSI exacerbated the reduction of PGC-1a mRNA in KO
mice, but not in fGIuN1 (flox) controls, *p < .02). PGC-1a protein levels in mPFC (5~8
animals for each group) were examined by Western blot (E). Post-foc Tukey’s HSD test
following two-way ANOVA revealed no difference between group-housed fGIuN1 (flox)
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and KO animals at 8 week-old (p = .254); however, PWSI exacerbated the reduction of
PGC-1a protein in KO mice, but not in fGIuN1 (flox) controls, #p < .003. (F) A reduction
in PGC-1a protein levels was observed in both group-housed and PWSI KO mice at the age
of 16 weeks, F(1, 17)=34.90, p< .0001 for genotype effect, #p< .01, post-hoc Tukey’s HSD
test. Chronic treatment with APO reversed the PGC-1a protein reduction in PWSI KO mice.
Post-hoc Fisher LSD test, *p< .05. Scale bar: 200 wm. ns: no significant difference; other
abbreviations as Figure 1.
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Figure®6.

Cortical ROS defense system was down-regulated by post-weaning social isolation (PWSI)
in KO mice. (A) ROS-detoxifying enzymes GPX1, CAT1, SOD1, and SOD2 were down-
regulated in the cortex of KO mice at 8 week-old after PWSI, as examined by quantitative
RT-PCR using RNA from the medial prefrontal cortex (mPFC) (5~8 animals for each
group). Post-hoc Fisher’s LSD test after two-way ANOVA indicated that expression of these
enzymes in fGIuN1 (flox) controls were not significant decreased after PWSI (p = .987 for
GPX1, p=.750 for CAT1, p=.251 for SOD1, p=.146 for SOD2). However, the reduction
was observed in KO mice. Post-hoc Fisher’s LSD test after two-way ANOVA, *p < .05, #p
<.01. (B) PWSI exacerbated SOD activity (U/mg protein) in the mPFC of KO mice, not
fGIuN1 (flox) controls (animal number is indicated inside bars). Post-hoc Fisher’s LSD test
after two-way ANOVA, *p < .05. ns: no significant difference; other abbreviations as Figure
1and 5.
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