
NADPH oxidase elevations in pyramidal neurons
drive psychosocial stress-induced neuropathology
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Oxidative stress is thought to be involved in the development of behavioral and histopathological alterations in animal models of
psychosis. Here we investigate the causal contribution of reactive oxygen species generation by the phagocyte NADPH oxidase
NOX2 to neuropathological alterations in a rat model of chronic psychosocial stress. In rats exposed to social isolation, the
earliest neuropathological alterations were signs of oxidative stress and appearance of NOX2. Alterations in behavior, increase
in glutamate levels and loss of parvalbumin were detectable after 4 weeks of social isolation. The expression of the NOX2 subunit
p47phox was markedly increased in pyramidal neurons of isolated rats, but below detection threshold in GABAergic neurons,
astrocytes and microglia. Rats with a loss of function mutation in the NOX2 subunit p47phox were protected from behavioral and
neuropathological alterations induced by social isolation. To test reversibility, we applied the antioxidant/NOX inhibitor apocynin
after initiation of social isolation for a time period of 3 weeks. Apocynin reversed behavioral alterations fully when applied after
4 weeks of social isolation, but only partially after 7 weeks. Our results demonstrate that social isolation induces rapid elevations
of the NOX2 complex in the brain. Expression of the enzyme complex was strongest in pyramidal neurons and a loss of function
mutation prevented neuropathology induced by social isolation. Finally, at least at early stages, pharmacological targeting of
NOX2 activity might reverse behavioral alterations.
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Introduction

There is increasing evidence that psychosocial stress leads to
oxidative stress in the brain, thereby contributing to the
development of mental disorders such as anxiety and
psychosis.1 Data from psychotic patients have shown a key
role of oxidative stress in the pathogenesis of mental
disorders (reviewed in Yao and Ravinder2).
NOX enzymes are proteins that transfer electrons across

biological membranes to catalyze the reduction of molecular
oxygen and generate the superoxide anion O2

�.3 In the central
nervous system,NOX isoforms are heterogeneously distributed
in different regions and cell types,4 and thought to be involved in
redox regulation of cell fate and neuronal activity.5 From a
pathological point of view, NOX enzymes have been implicated
in the generation of oxidative stress seen in a variety of brain
disorders, from psychiatric to neurodegenerative diseases.4

Some progress in the understanding of the mechanistic link
between oxidative stress and psychiatric diseases has come
from animal models. In the ketamine-induced model of
psychosis,6 we and others have previously shown that
NOX2 is a major source of reactive oxygen species (ROS)
in the brain, controlling glutamate release and behavioral
alterations,7,8 and that decrease of parvalbumin in GABAergic
neurons is prevented by NOX2 deficiency and by the
treatment with the antioxidant/NOX inhibitor compound
apocynin.8–10

The social isolation rearing of young adult rats is defined as

a model of chronic psychosocial stress11,12 and provides a

non-pharmacological tool to study long-term alterations

reminiscent of several symptoms seen in schizophrenic

patients.13 These include hyper-reactivity to novel environ-

ments,14 cognitive impairment15 as well as decrease in

parvalbumin-positive neurons.16 We previously described a

possible involvement of NOX2 in isolation-induced neuro-

pathology.17 However, in the absence of NOX2 knockout rats

and specific NOX2 inhibitors, causal relationships have not

yet been established and the possibility that NOX2 activation

is a late epiphenomenon could not be excluded.
A natural polymorphism of theNcf1 gene controlling NOX2-

dependent ROS has recently been reported in wild rats and in

inbred laboratory strains.18,19 Importantly, a one nucleotide

difference determines the functional effects. Indeed, DA.

Ncf1DA rats with lower capacity for ROS production18,20 differ

only at the Ncf1 locus from the congenic strain DA.Ncf1E3

coding for the p47phox protein, which is an essential com-

ponent of the NOX2/NADPH oxidase complex, and a

methionine instead of a threonine at position 153 reduces

the capacity of oxidative burst by 40%.20 For simplicity we will

refer to this polymorphism throughout the text as ‘loss-of-

function mutation’.
Dysfunctions of cortical glutamatergic neurotransmission

are observed in schizophrenic patients and in animal models
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of schizophrenia,21 and thought to be involved in the
development of behavioral alterations.22 These dysfunctions
are reflected by an increased cortical release of glutamate
with consequent alterations in the N-methyl-D-aspartate
(NMDA) receptor.23 More specifically, the subunit 2A of the
receptor is the most affected.24

Here, we have investigated the role of NOX2 in the
development of the neuropathology induced by social isolation.
Using time-course analysis, animals with NOX2 loss of function
mutation as well as pharmacological tools, we demonstrate a
crucial role of NOX2 in this experimental model of psychosis.

Materials and methods

Note that for space reasons, details are provided in Supple-
mentary Materials and methods. Also, behavioral tests and
immunohistochemical/western blot assays were performed on
the same sets of animals.

Animals. A total number of 30 wistar (Harlan, S Pietro al
Natisone, Udine, Italy), 10 DA (with the ROS low-responder
Ncf1DA allele) and 10 DA.Pia4 (with the ROS high-responder
Ncf1E3 allele) dams provided offspring for inclusion in
the study. For simplicity, DA.Pia4 rats and DA rats will
be indicated as Ncf1E3 and Ncf1DA, respectively. The
Ncf1E3 and Ncf1DA rats were from the Medical Inflamma-
tion Research animal house, Karolinska Institute (Stockholm,
Sweden).
Animals were housed as described previously.17 This study

was performed in conformity with ethical guidelines, and
national and international laws.7,17

Details regarding genotyping of animals are provided in
Supplementary Materials and methods.

Social isolation protocol. The social isolation procedure
was performed on male rats, as described previously.17

The experimental protocol lasted 2, 4 or 7 weeks for wistar
rats and 7 weeks for Ncf1E3 and Ncf1DA rats.
Details are provided in Supplementary Materials and

methods.

Apocynin treatment. Animals were firstly exposed to
behavioral tests after 4 or 7 weeks of social isolation. Then,
control and isolated rats received approximately 5mg/kg per
day of apocynin (Sigma-Aldrich, Buchs, Switzerland)8,17,25 in
drinking water from week 4 to week 7 (protocol 1, n¼ 6
controls and 6 isolated) or from week 7 to week 10 (protocol
2, n¼ 6 controls and 6 isolated). Behavioral tests were
repeated at the end of each protocol.

Behavioral tests
Open field test. The open field test was performed as
described previously.17,26,27

Details are provided in Supplementary Materials and
methods.

Novel object recognition test. The novel object recognition
test was performed as described previously.17,28–30 The
discrimination index was calculated using the following
formula: (N�F)/(NþF) (N¼ time spent in exploration of the

novel object during the choice trial; F¼ time spent in
exploration of the familiar object in the choice trial).31

Details are provided in Supplementary Materials and
methods.

Microdialysis. Intracerebral microdialysis in awake freely
moving rats was performed as described previously.7,30 A
vertical probe was positioned in the medial prefrontal cortex
of rats: AP þ 3.7mm from bregma, L ±0.7mm from midline
and DV �2.8 from dura.32,33 Three baseline samples were
collected to evaluate cortical basal levels of glutamate.
Details are provided in Supplementary Materials and

methods.

Quantification of glutamate in the dialysate. Glutamate
concentrations were determined by high-performance liquid
chromatography as described previously.8,34 Details are
provided in Supplementary Materials and methods.

Immunohistochemistry. Immunohistochemical analysis were
performed as described previously,7,17 using monoclonal or
polyclonal antibodies against 8-hydroxy-2-deoxyguanosine
(8-OHdG; 1:10; JaICA, Shizuoka, Japan), parvalbumin
(1:1000; Calbiochem, Zug, Switzerland), p47phox (1:250;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), GAD67
(1:2000; Chemicon, Zug, Switzerland) glial fibrillary acidic
protein (1:4000; Chemicon), ionized calcium binding adapter
molecule 1 (IBA-1) (1:500; Wako, Neuss, Germany) and CD68
(1:100; AbD Serotec, Dusseldorf, Germany). Fluorescence
images were obtained using an epifluorescence system.
Merged images of single fluorescence channels were obtained
using the AxioVision Rel. 4.5 software (Carl Zeiss, Jena,
Germany). Specificity of the antibody against p47phox was
tested comparing the staining obtained on the spleen
and brain tissues of wild-type and p47phox knockout mice
(kindly provided by Prof. Ralph Brandes, Faculty of Medicine,
Goethe-University, Frankfurt, Germany) (Supplementary
Figure 1).
Quantifications of immunohistochemistry have been per-

formed using the Metamorph software (Molecular Devices,
Biberach an der Riss, Germany).

Western blotting. Western blotting was performed as
described previously,18 using polyclonal or monoclonal
antibodies against c-fos (1:500; Santa Cruz Biotechnology),
hypoxia-inducible factor-1a (HIF-1a; 1:500; Santa Cruz
Biotechnology), phospho-JNK (1:200; Cell Signaling, Allschwil,
Switzerland), JNK (1:200; Santa Cruz Biotechnology),
phospho-ERK (1:200; Cell Signaling), ERK (1:200; Cell
Signaling), phospho-p38 (1:1000; Cell Signaling) and p38
(1:1000; Santa Cruz Biotechnology), IBA-1 (1:1000; Dako,
Glostrup, Denmark), NOX2 (1:1000; Biosciences Phar-
mingen, Erembodegem, Belgium), parvalbumin (1:4000;
kindly provided by Professor Do Kim, Centre Hospitalier
Universitaire Vaudois, Lausanne, Switzerland), calretinin
(1:1000; Abcam, Cambridge, UK), NMDA receptor subunit
2A (1:500; Abcam), NMDA receptor subunit 2B (1:500;
Abcam), p47phox (1:250; Santa Cruz Biotechnology),
GAD67 (1:1000; Chemicon) and a-actin (1:4000; Sigma-
Aldrich). Optical densities of the bands were measured using
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the ImageJ software (http://rsb.info.nih.gov/ij/) and norma-
lized with a-actin.

Reverse transcriptase-polymerase chain reaction. Reverse
transcriptase-polymerase chain reaction methods, and primer
and product size have been described previously.17,35

Data analysis. Data were analyzed using the Sigma Stat 3.1
software (Systat Software Inc., San Jose, CA, USA). The
statistical tests are indicated in the figure legends. For all tests,
a P-value o0.05 was considered statistically significant.
Results are expressed as means±standard error (s.e.m.).

Results

Time dependence of behavioral alterations and
glutamate elevations in response to social isolation. To
define the time course of behavioral alterations induced by
social isolation, we isolated rats for 2, 4 or 7 weeks. At the end
of the isolation period, we performed the open field test and
the novel object recognition test. We focused on behavioral
functions that are regulated by nucleus accumbens and
prefrontal cortex, such as spontaneous locomotor activity and
novel object discrimination.23 These two brain regions appear
to be most affected by social isolation, in terms of
neurochemistry, neuronal organization and stress-induced
injury.34,36 Results from the open field test showed no
significant difference in locomotor activity between control
and isolated rats after 2 weeks of social isolation (Figure 1a).
Increased locomotor activity in isolated rats was detected
after 4 weeks of social isolation with respect to control animals
(Figure 1a) and became more significant after 7 weeks of
social isolation (Figure 1a). Similar results were obtained in
the novel object recognition test. Thus, decrease in
discrimination index started around 4 weeks after the beginn-
ing of social isolation, and worsened after 7 weeks
(Figure 1b). To correlate these behavioral alterations with
disorders in neurotransmission and alterations in NMDA
receptors, we evaluated cortical basal levels of glutamate
by intracerebral microdialysis and NMDA receptors subunit
2A and 2B levels by western blotting in control and isolated
rats (n¼ 6 for each time point). Glutamate levels were stable
in control animals over the 7-week period. In contrast, in
isolated animals, glutamate levels progressively increased
after 4 and 7 weeks of social isolation (Figure 1c). Western
blotting results showed a physiological time-dependent
increase in the subunit 2A of the NMDA receptor in the
prefrontal cortex and nucleus accumbens from week 2 to
week 7, whereas no increase in this subunit was observed in
isolated animals during the same period of the brain
development (Figure 1d and Supplementary Figure 2A and
B). The levels of the subunit 2B of the NMDA receptor
remained stable over the considered time points in control
and isolated animals (Figure 1d).

Impact of social isolation on DNA oxidation in specific
brain regions. Alterations in behavior induced by social
isolation and impairment in extracellular release of glutamate
in rodent model of schizophrenia depend on oxidative

stress.7,17 Therefore, to correlate the profile of behavior
and neurotransmission alterations with oxidative stress, we
performed immunohistochemistry in the nucleus accumbens
and prefrontal cortex of control and isolated rats (n¼ 4,
controls n¼ 4, isolated for each time point), using an antibody
raised against 8-OHdG, a readily detectable marker of
oxidative stress to DNA.37 Both in the nucleus accumbens
and in the prefrontal cortex of control rats, no signs of
oxidative stress were detected at 2, 4 or 7 weeks of social
isolation (Supplementary Figure 3A, B, E, F, I, J, M, N, Q, R
and U, V). The nucleus accumbens, but not the prefrontal
cortex, of isolated rats already showed an increase in
8-OHdG after 2 weeks of social isolation (Supplementary
Figure 3C, D and O, P). After 4 weeks of social isolation, both
the nucleus accumbens (Supplementary Figure 3G, H) and
the prefrontal cortex (Supplementary Figure 3S, T) stained
positively for 8-OHdG. This staining was further enhanced by
7 weeks of social isolation (Supplementary Figure 3K, L and
W, X). Quantitative analysis, obtained through a count of
8-OHdG-positive cells in the nucleus accumbens and in the
prefrontal cortex (Metamorph software), confirmed the visual
impression (Figures 2a and b).
We next investigated possible isolation-induced changes in

the levels of some indirect markers of oxidative stress, such
as the immediate-early gene and redox-sensitive transcription
factor c-fos, the HIF-1a protein, as well as the phosphorylated
form of the MAP kinase JNK (p-JNK) (Figures 2c and d). In
control animals, only weak levels of these indirect markers of
oxidative stress were found. In contrast, in isolated animals
there was a strong and time-dependent increase of these
markers in the nucleus accumbens and the prefrontal cortex
(Figures 2c and d). We also detected an increase of the
phosphorylated form of the MAP kinase ERK and a weak
increase of the phosphorylated form of p38 MAP kinase in
isolated rats compared with controls. However, the expres-
sion of these two proteins did not seem to follow the time
dependence of the increase observed for the other proteins
(Figures 2c and d). Neither in the nucleus accumbens nor in
the prefrontal cortex there were social isolation-induced
differences in the expression of the total form of JNK, ERK
and p38 (Figures 2c and d).

Loss of parvalbumin immunoreactivity. We next investi-
gated the time dependence of the loss of parvalbumin protein
in specific brain regions of isolated rats. This decrease
reflects a loss of inhibitor phenotype of GABAergic neurons.8

In the prefrontal cortex and in the nucleus accumbens of
control rats, parvalbumin protein amount (evaluated by
immunohistochemistry and western blotting) was stable
(Supplementary Figure 4A, B, E, F, I, J and M). In contrast,
a statistically significant loss of parvalbumin content was
detected starting from 2 weeks of social isolation in the
nucleus accumbens (Supplementary Figure 4M) and from 4
weeks of social isolation in the prefrontal cortex
(Supplementary Figure 4G, H). The loss of parvalbumin
became even more marked after 7 weeks (Supplementary
Figure 4K, L and M). Quantification of western blotting
results in the nucleus accumbens (Supplementary Figure
4N) and quantitative analysis of immunohistochemistry in
the prefrontal cortex (Figure 3), obtained through a count
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of parvalbumin-positive neurons (Metamorph software),
confirmed these results.

Social isolation induces early NOX2 elevations in the
nucleus accumbens and the prefrontal cortex. The
NOX2 complex is an important source of oxidative stress in
the brain.7–9,17 We have previously shown that after 7 weeks

of social isolation, there are marked elevations of NOX2 in
critical brain regions.17 To evaluate whether these NOX2
elevations are early or late events in the brain pathology
induced by social isolation, we investigated the time course
of NOX2 elevations. In the nucleus accumbens and the
prefrontal cortex of control rats, expression levels of NOX2
were below detection threshold as assessed by reverse
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Figure 1 Alterations in behavior and cortical basal levels of glutamate appear after 4 weeks of social isolation. (a) Locomotor activity in the open field test in control (CTRL)
and isolated (ISO) rats after 2, 4 and 7 weeks of social isolation (n¼ 6 for each group in each time point). HD¼ horizontal displacements (number of crossings of the black
lines); VD¼ vertical displacements (number of rearings). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test; r¼ rearing condition; t¼ time of
social isolation. Fr(1,30)¼ 61.022, Po0.001; Ft(2,30)¼ 14.589, Po0.001; Ftxr(2,30)¼ 11.280, Po0.001. *Po0.05, **Po0.01; ***Po0.001; NS¼ not significant, P¼ 0.259.
(b) Discrimination index in the novel object recognition test in CTRL and ISO rats after 2, 4 and 7 weeks of social isolation (n¼ 6 for each group in each time point). Statistical
analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,30)¼ 43.073, Po0.001; Ft(2,30)¼ 6.921,
Po0.01; Ftxr(2,30)¼ 7.284, Po0.01. *Po0.05, **Po0.01; ***Po0.001; NS¼ not significant, P¼ 0.252. (c) Basal levels of glutamate in the prefrontal cortex of CTRL and
ISO rats after 2, 4 and 7 weeks of social isolation (n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance for repeated measures, followed
by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,30)¼ 76.842, Po0.001; Ft(2,30)¼ 24.338, Po0.001; Ftxr(2,30)¼ 21.953, Po0.001. **Po0.01;
***Po0.001; NS¼ not significant, P¼ 0.714. (d) Representative images of western blotting for N-methyl-D-aspartate (NMDA) receptor subunit 2A (NMDA-R 2A), subunit 2B
(NMDA-R 2B) and actin in the prefrontal cortex of CTRL and ISO rats for a period of 2, 4 and 7 weeks, with optical density (OD) protein bands normalized to the actin protein
values (n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance for repeated measures, followed by Tukey’s post-hoc test. r¼ rearing
condition; t¼ time of social isolation. For NMDA receptor subunit 2A: Fr(1,30)¼ 173.020, Po0.001; Ft(2,30)¼ 32.237, Po0.001; Ftxr(2,30)¼ 89.073, Po0.001. *Po0.05;
**Po0.01; ***Po0.001; NS¼ not significant, P¼ 0.997. For NMDA receptor subunit 2B: Fr(1,30)¼ 5.025, P¼ 0.033; Ft(2,30)¼ 0.507, P¼ 0.607; Ftxr(2,30)¼ 0.738,
P¼ 0.487; NS¼ not significant; rearing within 2 weeks, P¼ 0.061; rearing within 4 weeks, P¼ 0.677; rearing within 7 weeks, P¼ 0.195; CTRL 2 weeks vs CTRL 4 weeks,
P¼ 0.278; CTRL 4 weeks vs CTRL 7 weeks, P¼ 0.762.
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transcriptase-polymerase chain reaction (30 cycles)
(Figure 4a). In contrast, in isolated rats, a marked
expression of NOX2 mRNA was observed already after 2
weeks in the nucleus accumbens and after 4 weeks in the
prefrontal cortex (Figure 4a). To verify whether there were
indeed elevations in NOX2 protein levels, we analyzed the
expression of NOX2 by western blotting. No or only faint
bands corresponding to the NOX2 protein were detected in
control rats (Figure 4b). In contrast, the NOX2 protein was
readily detectable in the nucleus accumbens after 2 weeks
and after 4 weeks in the prefrontal cortex (Figure 4b).
Quantification of NOX2 protein (ImageJ software; normalized
with actin control) revealed that the expression of NOX2 in
the nucleus accumbens progressively increased from week 2
to week 7 of social isolation (Figure 4c), whereas in the
prefrontal cortex, NOX2 protein began to be expressed at 4
weeks and increased up to 7 weeks (Figure 4c).

Social isolation induces an increase in the expression of
p47phox subunit in pyramidal neurons. To determine
which cell subpopulation of the brain was responsible of
the NOX2 complex-derived increase of oxidative stress, we
performed a double staining for the NOX2 subunits p47phox

GAD67, a marker of GABAergic neurons, glial fibrillary acidic
protein, a marker of astrocytes, and IBA-1, a marker of
microglia in the prefrontal cortex of control and isolated
animals. A weak red staining, corresponding to p47phox, was
detected in controls (Figure 4d). Social isolation (7 weeks)
induced a significant increase of the p47phox staining
(Figure 4g and Supplementary Figure 5A, D and G). This
was also confirmed by the analysis of the p47phox protein

levels by western blotting in control and isolated animals
(Supplementary Figure 6A and B). Merged images of
the red and green staining GAD67 showed that the staining
for p47phox was distinct from the GAD67 staining
(Figures 4f–i and Supplementary Figure 5C, F and I). More
specifically, the p47phox staining was located in cells
whose density, distribution, anatomical connections with

Figure 2 Increase of oxidative stress in the nucleus accumbens after 2 weeks of social isolation and in the prefrontal cortex after 4 weeks of social isolation. (a)
Quantification of 8-hydroxy-2-deoxyguanosine (8-OHdG)-positive cells in the nucleus accumbens of control (CTRL) and of isolated rats (ISO) during a period of 2 weeks (2W),
4 weeks (4W) and 7 weeks (7W) (n¼ 4 for each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test.
Fr(1,18)¼ 477.096, Po0.001; Ft(2,18)¼ 85.071, Po0.001; Ftxr(2,18) ¼ 87.630, Po0.001. *Po0.05; ***Po0.001. (b) Quantification of 8-OHdG-positive cells in the prefrontal
cortex of control and of isolated rats during a period of 2 weeks (2W), 4 weeks (4W) and 7 weeks (7W) (n¼ 4 for each group in each time point). Statistical analysis: two-way
analysis of variance, followed by Tukey’s post-hoc test. Fr(1,18)¼ 343.261, Po0.001; Ft(2,18) ¼ 116.700, Po0.001; Ftxr(2,18)¼ 117.575, Po0.001. ***Po0.001;
NS.¼ 0.831. (c) Representative images of western blotting for c-fos, hypoxia-inducible factor-1a (HIF-1a), phospho-JNK (P-JNK), JNK, phospho-ERK (P-ERK), ERK,
phospho-p38 (P-p38), p38 and actin in the nucleus accumbens (NACC) and prefrontal cortex (PFC) of CTRL and ISO rats during a period of 2 weeks (2W), 4 weeks (4W) and
7 weeks (7W) (n¼ 6 for each group in each time point). (d) Optical density (OD) protein bands in the NACC normalized to the actin protein values of: c-fos (n¼ 6 for each
group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation.
Fr(1,30)¼ 485.998, Po0.001; Ft(2,30) ¼ 333.517, Po0.001; Ftxr(2,30)¼ 350.582. **Po0.01; ***Po0.001; HIF-1a (n¼ 6 for each group in each time point). Statistical
analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,30) ¼ 939.904, Po0.001; Ft(2,30)¼ 714.198,
Po0.001; Ftxr(2,30)¼ 719.777. **Po0.01; ***Po0.001. OD protein bands in the NACC normalized to the non-phosphorylated form of the protein: P-JNK (n¼ 6 for each
group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation.
Fr(1,30)¼ 164.382, Po0.001; Ft(2,30)¼ 183.754, Po0.001; Ftxr(2,30)¼ 161.450. **Po0.01; ***Po0.001; P-ERK (n¼ 6 for each group in each time point). Statistical
analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,30)¼ 345.543, Po0.001; Ft(2,30)¼ 0.417,
P¼ 0.662; Ftxr(2,30) ¼ 1.070, P¼ 0.356. ***Po0.001; NS ISO 2W vs ISO 4W, P¼ 0.984, ISO 4W vs ISO 7W, P¼ 0.365; P-p38 (n¼ 6 for each group in each time point).
Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,30)¼ 866.972, Po0.001;
Ft(2,30)¼ 0.0211, P¼ 0.979; Ftxr(2,30)¼ 0.0544, P¼ 0.947. ***Po0.001; NS ISO 2W vs ISO 4W, P¼ 0.998, ISO 4W vs ISO 7W, P¼ 0.955. OD protein bands in the PFC
normalized to the actin protein values of: c-fos (n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test.
r¼ rearing condition; t¼ time of social isolation. Fr(1,30) ¼ 850.086, Po0.001; Ft(2,30) ¼ 417.383, Po0.001; Ftxr(2,30)¼ 396.376. **Po0.01; ***Po0.001; HIF-1a (n¼ 6 for
each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation.
Fr(1,30)¼ 735.577, Po0.001; Ft(2,30)¼ 866.865, Po0.001; Ftxr(2,30)¼ 877.991, Po0.001. **Po0.01; ***Po0.001. OD protein bands in the PFC normalized to the non-
phosphorylated form of the protein: P-JNK (n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test.
r¼ rearing condition; t¼ time of social isolation. Fr(1,30) ¼ 267.683, Po0.001; Ft(2,30)¼ 209.161, Po0.001; Ftxr(2,30)¼ 182.040, Po0.001; **Po0.01, ***Po0.001; P-ERK
(n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social isolation.
Fr(1,30)¼ 321.018, Po0.001; Ft(2,30)¼ 0.258, P¼ 0.774; Ftxr(2,30) ¼ 0.701, P¼ 0.504; ***Po0.001; NS ISO 2W vs ISO 4W, P¼ 0.970; ISO 4W vs ISO 7W, P¼ 0.886; P-
p38 (n¼ 6 for each group in each time point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition; t¼ time of social
isolation. Fr(1,30)¼ 159.224, Po0.001; Ft(2,30)¼ 0.0332, P¼ 0.967; Ftxr(2,30) ¼ 0.179, P¼ 0.837; ***Po0.001; NS ISO 2W vs ISO 4W, P¼ 0.964; ISO 4W vs ISO 7W,
P¼ 0.977. The P-JNK, P-ERK and P-p38 were also normalized with a-actin. Virtually identical results were obtained (data not shown).
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Figure 3 Loss of parvalbumin immunoreactivity in the prefrontal cortex after 4
weeks of social isolation. Quantification of parvalbumin immunoreactive neurons in
the prefrontal cortex of control (CTRL) and of isolated (ISO) rats during a period of 2
weeks (2W), 4 weeks (4W) and 7 weeks (7W) (n¼ 3–4 for each group in each time
point). Statistical analysis: two-way analysis of variance, followed by Tukey’s post
hoc test. r¼ rearing condition; t¼ time of social isolation. Fr(1,16)¼ 20.459,
Po0.001; Ft(2,16)¼ 2.867, P¼ 0.086; Ftxr(2,16)¼ 3.492, P¼ 0.055; *Po0.05;
***Po0.001; NS¼ not significant, P¼ 0.360.
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Representative images of reverse transcriptase-polymerase chain reaction for NOX2 and actin mRNA in the NACC and PFC of control (CTRL) and isolated (ISO) rats for a
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Representative images of western blotting for NOX2 and actin in the NACC and PFC of CTRL and ISO rats for a period of 2, 4 and 7 weeks (b) with optical density (OD) protein
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(d–i) Representative images of immunohistochemistry for p47phox (d, g) and GAD67 (e, h) in the PFC of CTRL and ISO animals. Panels f and i are merged images of p47phox

and GAD67 staining. Red staining: p47phox; green staining: GAD67. Scale bar: 55mm.
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other neurons (in particular GABAergic neurons) and soma
shapes unequivocally identify the p47phox-positive cells as
pyramidal neurons.38,39 The small green dots surrounding
the cell body of the pyramidal neurons are dendrites from
GABAergic neurons. These results indicate that the large majority
of cells in which an increased p47phox subunit expression was
observed were pyramidal neurons. Neither astrocytes nor
microglia showed an increase of p47phox (data not shown).
To quantify the expression levels of GAD67 (green staining;

Figures 4e–h), we performed western blotting analysis.
Results showed a decrease in GAD67 expression in isolated
animals compared with controls (Supplementary Figure 7A
and B).

Impact of social isolation on microglial cells. Microglia is
strongly affected in individuals with social stress-induced
psychotic disorders40 and in animal models of chronic
psychosocial stress.17

To evaluate the effects of social isolation on microglia cell
number during brain development, we investigated possible
alterations in IBA-1 protein expression in the nucleus
accumbens and prefrontal cortex of controls and animals
isolated for 2, 4 or 7 weeks by western blotting. In control
animals, levels of IBA-1 protein were stable during the three
considered time points both in the nucleus accumbens and in
the prefrontal cortex (Figure 5). We could not observe any
differences in IBA-1 expression between controls and isolated

animals after 2 or 4 weeks of social isolation. Thus, only rats
exposed to 7 weeks of social isolation showed an increase in
the microglial cell number compared with controls (Figure 5).
Analysis of activation of microglia, performed by immuno-

histochemistry for CD68, revealed that social isolation did not
affect activation of microglia. Indeed, no staining for CD68
was observed in the nucleus accumbens and prefrontal cortex
of control and isolated animals after 2, 4 or 7 weeks (data not
shown for the absence of staining at week 2 and 4, absence of
staining at 7 weeks shown in Supplementary Figure 8A–H),
indicating that the increase of NOX2-derived oxidative stress
was not mainly due to microglia activation. Note that CD68-
positive microglial cells were found in other brain regions of
the same animals (such as the forceps minor and the anterior
commissure), indicating the validity of the antibody (Supple-
mentary Figure 8I–L).

Ncf1 polymorphism influence the development of
behavioral and neuropathological alterations induced
by social isolation. To investigate the functional role of
NOX2, we used DA rats that differed only in the Ncf1 locus:
Ncf1E3 that has a normal NOX2 activity and Ncf1DA that has a
strongly reduced NOX2 activity. After 7 weeks of social
isolation rearing, we investigated the effect of this polym-
orphism on locomotor activity. Under control conditions, we did
not observe any difference in locomotor activity, parvalbumin
expression and subunit 2A of the NMDA receptor in Ncf1E3

rats and in Ncf1DA rats (data not shown). Note also that we
did not observe any marked difference in the basal behavior,
levels of parvalbumin and NMDA receptor subunit 2A and the
social isolation response between Ncf1E3 and wistar rats
(Supplementary Figure 9A–C). As wistar rats may also have
the polymorphism, we genotyped all wistar rats used in our
experiments and found that all of them had at least one
Ncf1E3 allele, and therefore had normal NOX2 activity (data
not shown).
Similarly as described above for wistar rats, social isolation

led to increased motor activity as well as decreased central
nervous system expression of parvalbumin and subunit
2A of the NMDA receptor (Figures 6a–c). In contrast,
social isolation had no impact on motor activity of Ncf1DA rats
(Figure 6a). Similarly, there was no decrease in protein
expression of parvalbumin and subunit 2A of the NMDA
receptor in isolated Ncf1DA rats (Figures 6b and c). Im-
portantly, calretinin, a Ca2þ -binding protein found in another
subpopulation of GABAergic neurons, was stable for all
conditions (including social isolation of Ncf1E3 rats), showing
the specificity of the loss of parvalbumin (Figure 6b).

Treatment with the antioxidant/NOX inhibitor apocynin
is more efficient when started early during social
isolation. We have previously demonstrated that apocynin
treatment during 7 weeks of social isolation prevents the
development of behavioral and neuropathological alte-
rations.17 To determine if apocynin might also have
therapeutic effects, we treated isolated rats according to
two different protocols. A first set of control and isolated rats
was treated with apocynin during the second half of the
social isolation period (weeks 4–7). Another set of animals
was treated with apocynin 3 weeks starting from week 7,
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Figure 5 Effects of 2, 4 and 7 weeks of social isolation on the proliferation and
activation of microglia. Representative images of western blotting for the ionized
calcium binding adaptor molecule 1 (IBA-1) and actin in the nucleus accumbens
(NACC) and the prefrontal cortex (PFC) of controls (CTRL) and isolated (ISO) rats
for a period of 2, 4 and 7 weeks with optical density (OD) protein bands normalized
to the actin protein values (n¼ 6 for each group in each time point). Statistical
analysis for NACC: two-way analysis of variance, followed by Tukey’s post-hoc test.
r¼ rearing condition; t¼ time of social isolation. Fr(1,30)¼ 95.395, Po0.001;
Ft(2,30)¼ 62.384, Po0.001; Ftxr(2,30)¼ 43.345, Po0.001; ***Po0.001; NS¼ not
significant ISO vs CTRL within 2 weeks, P¼ 0.769, ISO vs CTRL within 4 weeks,
P¼ 0.069, time within ISO 4 weeks vs 2 weeks, P¼ 0.524; for PFC: two-way
analysis of variance, followed by Tukey’s post-hoc test. r¼ rearing condition;
t¼ time of social isolation. Fr(1,30)¼ 0.0136, P¼ 0.908; Ft(2,30)¼ 0.522, P¼ 0.599;
Ftxr(2,30)¼ 6.977, P¼ 0.003; *Po0.05; NS¼ not significant ISO vs CTRL within 2
weeks, P¼ 0.078, ISO vs CTRL within 4 weeks, P¼ 0.298, time within ISO 4
weeks vs 2 weeks, P¼ 0.998.

Social stress and neuronal NADPH oxidase increase
S Schiavone et al

8

Translational Psychiatry



and were kept under isolation conditions until week 10
(Figure 7a). For both protocols, we evaluated the increase of
locomotor activity and decrease in discrimination index in
isolated animals with respect to controls.
Results show that apocynin treatment fully reversed the

increase of locomotor activity and the decrease of discrimina-
tion index if the treatment started at 4 weeks of social isolation,

whereas only a partial reversal could be achieved if treatment
was started later (Figure 7b).

Discussion

In this study, we investigated the development of neuropathol-
ogy in a rat social isolation model and its causal relationship
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Figure 6 The Ncf1 mutation protects from the increase in locomotor activity, loss of parvalbumin protein and decrease in N-methyl-D-aspartate (NMDA) receptor subunit
2A induced by 7 weeks of social isolation. Rats carrying a loss of function mutation (Ncf1DA strain) and isogenic controls (Ncf1E3 strain) were compared with respect to their
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way analysis of variance, followed by Tukey’s post-hoc test. gen¼ genotype; r¼ rearing condition. Fgen(1,36)¼ 34.354, Po0.001; Fr(1,36)¼ 27.681, Po0.001;
Fgenxr(1,36) ¼ 26.718, Po0.001; ***Po0.001; NS¼ not significant. Ncf1E3 vs Ncf1DA, P¼ 0.628; Ncf1DA CTRL vs Ncf1DA ISO, P¼ 0.948. (b) Representative images of
western blotting for parvalbumin (PV), calretinin (CLRT) and actin in the prefrontal cortex (PFC) of Ncf1E3 and Ncf1DA control (CTRL) and isolated (ISO) for a period of 7 weeks
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with increased oxidative stress in specific brain areas.
We demonstrate that social isolation leads to early neuro-
pathology and increased expression of the NOX2 subunit
p47phox in cortical pyramidal neurons followed by altered
behavior. Both loss of function polymorphism in the NOX2
subunit p47phox or a treatment with the antioxidant/NOX
inhibitor apocynin after apparition of the symptoms largely
prevents behavioral and neuropathological alterations
induced by social isolation.
To our knowledge, the results shown here are the first time

course of behavioral changes in the rat model of social
isolation. Our study demonstrates that increased NOX2
expression, oxidative stress and neuropathological altera-
tions occur first in the nucleus accumbens and only at later
time points in the prefrontal cortex. Thus, behavioral altera-
tions correlate best with oxidative stress and neuropatholo-
gical alterations in the prefrontal cortex. This does however
not exclude a role of the nucleus accumbens.

The nucleus accumbens and the prefrontal cortex are
particularly sensitive to social stress in humans and
rodents.41–45 An early involvement of the nucleus accumbens
in response to social isolation was described previously:
already after 3 weeks of social isolation, expression of the
corticotropin-releasing factor in the nucleus accumbens is
increased46 and the monoaminergic innervation in areas
connecting to the nucleus accumbens are modified.47 In our
study, we have shown that important neuropathological
changes occur in the nucleus accumbens even before
behavioral alterations are detectable. This might reflect a
time delay in the response to oxidative stress; alternatively, it
may indicate that behavioral alterations are due to concomi-
tant neurochemical changes in the nucleus accumbens and in
the prefrontal cortex.48,49

Another novelty of this work is the demonstration of a causal
involvement of p47phox in the progression of the brain
pathology induced by social isolation. This conclusion is
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based on two observations: (i) the early neuronal elevations of
p47phox and oxidative stress in response to social isolation;
and (ii) the prevention of neuropathological alterations in rats
with a decrease of function polymorphism in the Ncf1 gene
coding for the NOX2 subunit p47phox.
The fact that NOX2 mRNA and protein are increased

in the early phase strongly suggests that NOX2 is a major
source of oxidative stress in the onset of psychosis. Early
oxidative stress during the maturation window of normal
brain development has been observed in perinatal pharma-
cological mouse model of psychosis induction, and has been
implicated in schizophrenia-like behavioral dysfunctions in
adulthood.10 Several observations suggest that oxidative
stress is an important feature of human psychosis. This
concept is mostly based on measurements of putative
biomarkers of oxidative stress, such as reduction of reduced
GSH in cerebrospinal fluid and brain tissue in schizophrenic
patients,50 increased levels of plasma thioredoxin-1 at the
onset of schizophrenia51 or low total plasma antioxidant
levels in first-episode drug-naive patients with schizophre-
nia.52 As NOX enzymes are major ROS generator, an
increased activity of NOX2 or possibly other NOX isoforms
may represent an important cause of redox modifications in
psychosis.
The social isolation model is an important tool in psychosis

research. Social isolation represents a profound psychologi-
cal stressor for rodents,53 leading to reproducible neuro-
pathology that mimics certain aspects of the response of the
human brain to stressful situations.54 Rats are the best suited
rodent model for this type of research, presumably because
they have evolved different behavioral attitudes to react to
external stimuli, such as alterations in its own social
organization and stress-induced emotionality.55 Thus, rat
behavioral responses to social deprivation are stronger than
those observed in mice, presumably because the develop-
ment of normal behavior in rats very strongly depends on
social interactions.15

Despite the usefulness of the rat model, the required genetic
proof of principle in rats is challenging, given the difficulties to
obtain knockout rats. However, recent work has demonstrated
the existence of a loss of function mutation in the Ncf1 gene
coding for the p47phox subunit of NOX2. Through gene
mapping experiments, it was found that an Ncf1 allele
exchanging a single amino acid, threonine to methionine at
position 153, leads to lower oxidative burst.18,20

Importantly, the locus is highly polymorphic in the wild rat
population, with a dominant effect of the fully functional E3
allele with threonine at position 153. It has been approximated
that 60% of wild rats in northern Europe are homozygous for
the Ncf1DA alleles and therefore have a low ROS
response.18,19 Rat laboratory strains, including wistar, are
also polymorphic for the Ncf1 locus.19 In our study, we have
used inbred DA rats that were polymorphic only with respect to
the Ncf1 locus. The effects observed in Figure 6, showing the
impact of homozygosis for the low oxidative burst alleleNcf1DA

on social isolation, are therefore due only to a single-nucleotide
polymorphism.20 Indeed, rats with low oxidative burst are
protected from behavioral and neuropathological alterations
induced by social isolation. As this polymorphism is wide-
spread in wild rats, it might have been selected by evolution.

Indeed, the polymorphism could confer resistance to stress to
a subpopulation of rats. The balancing selection could be that
rats with higher oxidative burst response might be protected
from infectious and autoimmune diseases. In humans, an
inverse correlation between schizophrenia and arthritis and
rheumatoid arthritis has indeed been described.56–58

Together with the above-described genetic proof of
concept, a pharmacological approach was performed. There
are presently no specific NOX2 inhibitors; however, the
anti-oxidant/NOX inhibitor apocynin shows neuroprotective
properties in several brain disorders, such as cerebral
ischemia59,60 or Alzheimer disease.61 We and others have
previously demonstrated that prophylaxis with apocynin
prevents brain neuropathology in models of psychosis.8,17

Here we demonstrate that apocynin is also efficacious when
started after induction of behavioral alterations. However,
complete curative effects, leading to normalization of altered
behavior in isolated animals, are only observed when
treatment is started relatively early. This is an important
finding of this study as it may open new therapeutic
approaches in human psychosis.
The data presented here provide the first investigation on

the localization of the NOX2 complex in specific neuronal
subpopulations. The large majority of GABAergic neurons did
not show an increase in the expression of the NOX2 subunit
p47phox induced by social isolation. Indeed, virtually all
p47phox-expressing cells were pyramidal neurons, which are
the predominant population of glutamatergic neurons in the
cerebral cortex.38,39 In control animals, the p47phox staining
was weak, but after social isolation, it was intense. Several
questions arise from this observation:

(i) Why does the increase in the NOX2 complex occur
selectively in glutamatergic pyramidal neurons, but the
GABAergic neurons appear mostly affected? Our work-
ing hypothesis at this point is a diffusion of hydrogen
peroxide from glutamatergic to GABAergic neurons.
Indeed, this neuronal subpopulation is particularly vulner-
able to oxidative stress.62–64 Such a paracrine action of
ROS has been previously suggested in neuron–glia
signaling in the hippocampus.65

(ii) What is the stimulus leading to increase of the NOX2
complex? At this point, the mechanisms leading to NOX2
upregulation in neurons are not understood. In the
ketamine mouse model, neuronal production of inter-
leukin-6 is necessary for the activation of NADPH oxidase
in the brain.9

(iii) How could the increase in the NOX2 complex be related
to glutamate levels? Basically we can consider two
options: a cell autonomous effect of NOX2-derived ROS
in glutamatergic neurons or a paracrine effect on
GABAergic neurons (see above) or glial cells. In
glutamatergic neurons, specific pathways leading to
glutamate release may be inhibited by redox mechan-
isms, including specific enzymes involved in glutamate
production, transport, exocytosis66 or redox-sensitive
kinases or phosphatases regulating molecular pathways
of glutamate release,67 or due to redox-sensitive ion
channels, such as ryanodine receptors.68 Alternatively, a
paracrine effect of NOX2-derived ROSmight be due to an
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acute inhibition of GABAergic neurons, thereby blocking

the inhibitory effect on glutamatergic neurons and

subsequently leading to overproduction of glutamate.

Social isolation induced a decrease in the expression levels
of GAD67, which is a marker for all GABAergic neurons and
not related to a specific subtype. These results are in line with
previous finding showing a consistent reduction of this global
GABAergic marker in post-mortem brain samples from
psychotic patients69–71 and other animal models of psycho-
sis.72–74 Note however that the extent of GAD67 decrease
(B45%) was markedly smaller than the parvalbumin de-
crease (B85%) after 7 weeks of social isolation. And we did
not observe any decrease in specific markers of other
GABAergic subtypes, namely calretinin (Figure 6b) and
calbindin (data not shown). Thus, our results suggest that
the main target cells in the social isolation model are
parvalbumin-positive neurons; however, we cannot exclude
some changes in gene expression also in other GABAergic
subtypes.
Contradictory evidence exists about the effects of social

isolation on the cortical expression of the subunit 2A of NMDA
receptor. Thus, either increase75 or decrease24 in this brain
region has been described previously. Our results are clearly
in favor of the latter. Indeed, as expected, in the cortex of
control animals, the expression of the NMDA receptor subunit
2A progressively increased from the second week to the
seventh week after weaning.76–78 In contrast, NMDA receptor
subunit 2A levels in the prefrontal cortex of isolated animals
did not increase during this critical age period of brain
development. Importantly, in rats with a decrease of function
Ncf1 allele, the NMDA receptor subunit 2A shows a normal
age-dependent increase after 7 weeks. These findings
suggest that NOX2-derived oxidative stress is responsible
for abnormal development of NMDA glutamate receptors.
Many reports describe the presence of NOX2 and its

subunit p47phox in cells other than neurons in the brain, in
particular microglia.4 Yet, there are also studies reporting the
presence of p47phox in neurons, but not in the glia.79,80 It is
thought that increased NOX2 occurs in inflammatory condi-
tions in microglia and regulates microglia activation.81,82

However, under our experimental conditions, in spite of
microglia proliferation at week 7, no or little activatedmicroglia
(as evidenced by the absence of CD68 staining) was
observed. This might explain why p47phox staining was below
detection level in the microglia.
In conclusion, this study provides strong evidence that

psychosocial stress leads to a rapid upregulation of the NOX2
complex in neurons with subsequent generation of oxidative
stress, ultimately leading to the development of neuropatho-
logical alterations. The NOX2-derived oxidative stress leads
to increased glutamate levels, interferes with normal brain
development and reduces the number of parvalbumin-
positive inhibitory neurons. Thus, our results provide new
elements for the understanding of the early neuropathological
processes leading to stress-induced psychosis. Our data
suggest that NOX2 is central in stress-induced central
nervous system signaling and that NOX2-related pathways
might provide new diagnostic and curative approaches for
psychosis-related mental disorders.
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