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Abstract

Aims: Psychosocial stress alters the hypothalamic-pituitary-adrenal axis (HPA-axis). Increasing evidence shows
a link between these alterations and oxidant elevation. Oxidative stress is implicated in the stress response and in
the pathogenesis of neurologic and psychiatric diseases. NADPH oxidases (NOXs) are a major source of reactive
oxygen species (ROS) in the central nervous system. Here, we investigated the contributory role of NOX2-derived
ROS to the development of neuroendocrine alterations in a rat model of chronic psychosocial stress, the social
isolation. Results: Significant elevations in the hypothalamic levels of corticotropin-releasing factor and plasmatic
adrenocorticotropic hormone were observed from 4 weeks of social isolation. Increased levels of peripheral
markers of the HPA-axis (plasmatic and salivary corticosterone) were observed at a later time point of social
isolation (7 weeks). Alteration in the exploratory activity of isolated rats followed the same time course. Increased
expression of markers of oxidative stress (8-hydroxy-2-deoxyguanosine [SOhdG] and nitrotyrosine) and NOX2
mRNA was early detectable in the hypothalamus of isolated rats (after 2 weeks), but later (after 7 weeks) in the
adrenal gland. A 3-week treatment with the antioxidant/NOX inhibitor apocynin stopped the progression of
isolation-induced alterations of the HPA-axis. Rats with a loss-of-function mutation in the NOX2 subunit p47P"
were totally protected from the alterations of the neuroendocrine profile, behavior, and increased NOX2 mRNA
expression induced by social isolation. Innovation: We demonstrate that psychosocial stress induces early ele-
vation of NOX2-derived oxidative stress in the hypothalamus and consequent alterations of the HPA-axis, leading
ultimately to an altered behavior. Conclusion: Pharmacological targeting of NOX2 might be of crucial importance
for the treatment of psychosocial stress-induced psychosis. Antioxid. Redox Signal. 18, 1385-1399.

Introduction corticotropin-releasing factor (CRF). These two hormones act

on the pituitary gland, stimulating the secretion of adreno-

PSYCHOSOCIAL STRESS IS KNOWN to determine the alterations
of the physiological functioning of the hypothalamic-
pituitary-adrenal axis (HPA-axis) (36) and to play a key
role in the development of psychiatric diseases, such as psy-
chosis (65). The HPA-axis represents the main neuroendo-
crine system for the regulation of the stress response (24). The
paraventricular nucleus of the hypothalamus is the central
element of this system, releasing mainly vasopressin and

corticotropic hormone (ACTH), which, in turn, induces the
production of glucocorticoid hormones (mainly cortisol in
humans and corticosterone in rodents) from the adrenal
gland. Alterations of the HPA-axis (mainly elevations in
stress-related hormones) have been observed in psychotic
patients (13, 21, 34) and in animal models of psychosis (8, 33).
Increasing evidence has shown a role of oxidative stress in the
control of the stress-response system, via several molecular
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Innovation

Oxidative stress is involved in the neuroendocrine re-
sponse to psychosocial stress and in the pathogenesis of psy-
chiatric diseases. We demonstrate for the first time that
psychosocial stress leads to early elevation of NADPH oxidase
2 (NOX2)-derived oxidative stress in the hypothalamus, de-
termining alterations of the hypothalamic-pituitary-adrenal
axis and leading ultimately to an altered behavior, reminiscent
of psychotic symptoms in humans. Thus, pharmacological
targeting of NOX2 might be of crucial importance for treat-
ment of psychosocial stress-induced psychosis.

mechanisms, including altered translocation of the glucocor-
ticoid receptors (9), elevation in the glutamate excitotoxicity
(5), and alterations of RNA synthesis and stability (52).
NADPH oxidase (NOX) enzymes are proteins that transfer
electrons across the biological membranes to catalyze the re-
duction of molecular oxygen and generate the superoxide
anion O, (10). In the central nervous system (CNS), NOX
isoforms are heterogeneously distributed in different regions
and cell types, and thought to be involved in the regulation of
cell fate and neuronal activity (55). From a pathologic point of
view, NOX enzymes have been implicated in the generation
of oxidative stress seen in a variety of brain disorders (55).

Animal models of mental disorders are essential tools to
understand the molecular link between oxidative stress, al-
terations of the HPA-axis, and the development of psychiatric
diseases. Recent evidence has shown that NOX2 is a major
source of oxidative stress in the CNS, controlling alterations in
neurotransmission and behavior (11, 53, 56) and the loss of
phenotype of GABAergic interneurons (11, 53).

The social isolation rearing of rats is a model of chronic
psychosocial stress that allows to study long-term alterations,
reminiscent of symptoms of schizophrenic patients (23). A
possible involvement of NOX2 in isolation-induced neuro-
pathology and altered behavior has been recently shown (53).

A natural polymorphism of the NcfI gene (referred in the text
as a loss-of-function mutation), controlling the production of
reactive oxygen species (ROS) by NOX2, is known in rats (46,
47). Importantly, a single-nucleotide polymorphism determines
the functional effects. Indeed DA.Ncf1°* rats with a lower ca-
pacity for ROS production (30, 46) differ only in the Ncfl gene
from the congenic strain DA.Ncf1*>. Ncfl, coding for the p47°"™
protein, is an essential component of the NOX2/NOX complex,
and a methionine instead of a threonine at position 153 reduces
the capacity of oxidative burst by 40% (30). Importantly, the
Ncfl polymorphism is widely occurring in wild rats and is
therefore likely to result from natural selection (34).

Here, we investigate the role of NOX2-derived oxidative
stress in the development of neuroendocrine alterations in-
duced by psychosocial stress. We demonstrate a crucial early
role of NOX2 in the disturbances of the HPA-axis, leading
ultimately to psychotic diseases.

Results

Neuroendocrine and behavioral alterations induced
by social isolation are time dependent

In control animals, hypothalamic levels of CRF, the plas-
matic amount of ACTH, and the levels of salivary and plas-
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matic corticosterone were stable over the 7-week period (Fig.
1A-D). In contrast, in isolated animals, a significant increase
of the hypothalamic CRF and plasmatic ACTH levels was
detected from 4 weeks of social isolation (Fig. 1A, B). While no
changes in the levels of plasmatic and salivary corticosterone
were found in control animals over the 7-week period, a sig-
nificant increase of these markers was found in isolated ani-
mals at a later time point (after 7 weeks of social isolation)
(Fig. 1C, D).

Pathological activation of the stress response in rodents is
associated to an altered exploratory behavior (41, 59). While
control animals were able to recognize the novel object from
the familiar one over the 7-week period, the exploratory ac-
tivity of isolated animals was compromised starting from 4
weeks of social isolation and worsened after 7 weeks (Fig. 1E).

Neuroendocrine and behavioral alterations induced
by social isolation are associated to an early increase
of oxidative stress in the hypothalamus

The presence of biomarkers of oxidative stress [e.g.,
8-OHdG, one of the most abundant markers of DNA oxidation
(14), and nitrotyrosine, an end product of NO-toxic species]
was evaluated in the hypothalamus and in the adrenal glands.
Thus, these two tissues have been associated with the central
and peripheral control of the HPA-axis, respectively (45).

No change in the number of 8-OHdG- and nitrotyrosine-
positive stained cells was detected in the hypothalamus and in
the adrenal glands of control animals (Figs. 2A, G, 3A, E, and
4A, G, M, N). A significant early increase (after 2 weeks) of
these two markers was detected in the hypothalamus of iso-
lated animals (Figs. 2B, G and 3B, E), whereas the adrenal
gland appeared to be affected only at later time points (from 7
weeks of social isolation) (Fig. 4B-F, H-L, M, N) both in the
cortical and medullary regions (Fig. 4E, F, K, L). Confocal
microscopy results for 8-OHdG and Neun, aneuronal-specific
nuclear protein (44), SOHAG and IBA-1, an ionized calcium-
binding protein specifically expressed in microglia cells (2),
80OHAG and GFAP (glial fibrillary acidic protein) as a marker
of astrocytes (22), nitrotyrosine and Neun, nitrotyrosine and
IBA-1, and nitrotyrosine and GFAP show that in the hypo-
thalamus of isolated rats, the large majority of 8OHAG-
expressing cells were costained with Neun (Fig. 3F-H). In
addition, the large majority of nitrotyrosine-expressing cells
were costained with Neun (Fig. 2P-R). The large majority of
both microglial cells and astrocytes were not involved in the
increase of SOHAG and nitrotyrosine (data not shown).

Social isolation induced no changes in the mRNA expres-
sion of NOX1, NOX3, and NOX4, both in the hypothalamus
(Supplementary Fig. SIA-C; Supplementary Data are avail-
able online at www liebertpub.com/ars) and in the adrenal
glands (Supplementary Fig. S2A-C). Interestingly, NOX2
mRNA expression showed the same time dependency ob-
served for the biomarkers of oxidative stress, being signifi-
cantly elevated at early time points in the hypothalamus (Fig.
3I) and at later time points in the adrenal glands (Fig. 40).

The antioxidant/NOX inhibitor apocynin stops
the progression of neuroendocrine alterations induced
by social isolation

Apocynin prevents the behavioral and neuropathological
alterations induced by 7 weeks of social isolation (53).
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FIG.1. Effects of social isolation on the HPA-axis functioning. (A) Hypothalamic levels of CRF (ng/ml) in GRP and ISO rats
after 2 weeks (2W), 4 weeks (4W), and 7 weeks (7W) of social isolation (n=>5 for each group in each time point). Statistical
analysis: Two-way analysis of variance followed by Tukey post hoc test, r=rearing, t=time F, »4)=27.463 p <0.001; Fy( 24)=2.480
p=0.105; Fie(z24)=2.213 p=0.131; **p<0.01; **p<0.001, not significant. p=0.126 ISO 2W versus GRP 2W; p=0.969, p=0.998,
p=0.982 within GRP. (B) Plasmatic levels of ACTH (pg/ml) in GRP and ISO rats after 2W, 4W, and 7W of social isolation (1=5
for each group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post hoc test, r=rearing,
t=time Fy( 4y=40.128 p <0.001; Fy,4y=10.147 p <0.001; Fiyr(2,24y=13.890 p <0.001; **p <0.01; ***p <0.001, not significant p=1ISO
2W versus GRP 2W; p=0.852, p=0.961, p=0.961 within GRP. (C) Plasmatic levels of corticosterone (nM) in GRP and ISO rats
after 2W, 4W, and 7W of social isolation (n=>5 for each group in each time point). Statistical analysis: Two-way analysis of
variance followed by Tukey post hoc test, r=rearing, t=time Fyq 4)=11.962 p=0.002; Fy24)=6.362 p=0.006; Fiyy(2,04)=6.543
p=0.005; ***p <0.001, not significant p=0.797 ISO 2W versus GRP 2W; p=0.153 ISO 4W versus GRP 4W, p=0.963, p=0.963, p=1;
within GRP. (D) Salivary levels of corticosterone (pg/ml) in GRP and ISO rats after 2W, 4W, and 7W of social isolation (n=5 for
each group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post hoc test, r=rearing,
t=time F,(124)=2.869 p=0.103; Fy(224)=3.574 p=0.044; Fixr(224)=4.618 p=0.02; **p <0.01, not significant p=0.580 ISO 2W wversus
GRP 2W; p=0.951 ISO 4W versus GRP 4W, p=0.966, p=0.998, p=0.981; within GRP. (E) Exploratory activity (sec) of the familiar
and novel object in the Novel Object Recognition test of GRP and ISO rats after 2W, 4W, and 7W of social isolation (1 =8-10 for
each group in each time point). Statistical analysis: Student’s t-test, *p <0.05 novel object versus familiar object within GRP 2W,
ISO 2W, GRP 4W, and GRP 7W. not significant p=0.896 novel object versus familiar object within ISO 4W; p =0.994 novel object
versus familiar object within ISO 7W. ACTH, adrenocorticotropic hormone; CRF, corticotropin-releasing factor; GRP, control rats
(reared in group); HPA-axis, hypothalamic-pituitary-adrenal axis.
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FIG. 2. Social isolation induces an early increase of oxidative stress (80hdG) in the rat hypothalamus. (A-F) Representative
images of DAB immunohistochemistry for 8OhdG in control (A) and isolated rats for a period of 2W (B), 4W (C, D), and 7W (E, F) of
social isolation, (n=6 for each group in each time point). (D, F) are magnified views of (C, E), respectively. Scale bar: 55 ym. (G-I)
Representative images of immunofluorescence (analyzed by confocal microscopy) for 80OhdG (red staining, G), NeuN (green
staining, H), and merged with DAPI staining (I) in isolated animals (12=6 for each group in each time point). Scale bar: 54 ym. (J)
Quantification of 8OhdG-immunoreactive cells in the hypothalamus of GRP and ISO rats after a period of 2W, 4W, and 7W (n=6 for
each group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post hoc test. Fy 30=663.015
p<0.001; Fyo30)=12.160 p<0.001; Fou(2,30=12.864 *p<0.05, *p<0.01, *p <0.001. 80hdG, 8-hydroxy-2-deoxyguanosine.
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FIG. 3. Social isolation induces an early increase of oxidative stress (nitrotyrosine and NOX2) in the rat hypothalamus.
(A-G) Representative images of DAB immunohistochemistry for nitrotyrosine in control (A) and isolated rats for a period of
2W (B), 4W (O), and 7W (D) of social isolation, (n=6 for each group in each time point). Scale bar: 50 um. (E-G) Re-
presentative images of immunofluorescence (analyzed by confocal microscopy) for nitrotyrosine (red staining, E), NeuN
(green staining, F), and a merged with DAPI (G) in isolated animals (n=6 for each group in each time point). (H) Quanti-
fication of nitrotyrosine immunoreactive cells in the hypothalamus of GRP and ISO rats after a period of 2W, 4W, and 7W
(n=6 for each group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post hoc test.
Fr(1,30)=586.675 p<0.001; Fy530)=199.945 p<0.001; Fiu(2,30)=211.987 p<0.001; **p<0.001. (I) Real-time PCR for NOX2
mRNA expression (fold change) in the hypothalamus of GRP and ISO rats after a period of 2W, 4W, and 7W (n=6 for each
group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post hoc test. F,( 30)=101, 428
p<0.001; Fyo,30)=4.116 p=0.026; Fyy(2,30)=4.079 p=0.027; **p <0.01; **p<0.001. NOX2, NADPH oxidase 2; PCR, polymerase
chain reaction.
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FIG. 4. Social isolation induces a late increase of oxidative stress in the rat adrenal gland. (A-F) Representative images of
DAB immunohistochemistry for 8OhdG in control (A) and isolated rats for a period of 2W (B), 4W (D), and 7W (E) of social
isolation, (n=6 for each group in each time point). (C, F) are magnified views of the dotted box in (B, E), respectively. (G-L)
Representative images of DAB immunohistochemistry for nitrotyrosine in control (G) and isolated rats for a period of 2W (H), 4W
(J), and 7W (K) of social isolation (n=6 for each group in each time point). (I, L) are magnified views of the dotted box in (H, K),
respectively. (M) Quantification of 8OhdG-immunoreactive cells in the adrenal glands of GRP and ISO rats after a period of 2W,
4W, and 7W (=6 for each group in each time point). Statistical analysis: Two-way analysis of variance followed by Tukey post
hoc test. Fy1,30)=105.918 p <0.001; Fy 30)=98.500 p < 0.001; Fixr(2,30)=99.244 p <0.001 ***p <0.001, not significant; rearing within 2W
p=0.996, rearing within 4W p=0.701. (N) Quantification of nitrotyrosine-immunoreactive cells in the adrenal glands of GRP and
ISO rats after a period of 2W, 4W, and 7W (n=6 for each group in each time point). Statistical analysis: Two-way analysis of
variance followed by Tukey post hoc test. Fyq30=149.028 p<0.001; Fy230=132.718 p<0.001; Fiuz0)=137.412 p<0.001;
**p<0.001. (O) Real-time PCR for NOX2 mRNA expression (fold change) in the adrenal glands of GRP and ISO rats after a
period of 2W, 4W, and 7W (1 =6 for each group in each time point). Statistical analysis: Two-way analysis of variance followed by
Tukey post hoc test. Fyq 30)=81.995 p<0.001; Fy2,30)=81.996 p <0.001; Fixe(2,30)=81.995p <0.001; ***p <0.001. Scale bar: 58 M.
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SOCIAL STRESS, NOX2 AND HPA-AXIS ALTERATIONS

Hypothalamic CRF, plasmatic ACTH, and plasmatic and
salivary corticosterone were analyzed in control and isolated
animals at the end of weeks 4 and 7 (Fig. 5A). While apocynin
had no effects on the HPA-axis of control animals, treatment
with this compound was able to stop the progression of the
neuroendocrine alterations. Indeed, (i) the biomarkers of the
HPA-axis of isolated animals treated with apocynin were
significantly decreased compared to the ones measured in the
7-week isolated animals not treated with apocynin (Fig. 5B-
E); (ii) the biomarkers of the HPA-axis of isolated animals
treated with apocynin did not differ from the ones measured
in the set of animals isolated for 4 weeks not treated with
apocynin (Fig. 5B-E).

Apocynin treatment was able to stop the progression of the
increase of the hypothalamic 80OhdG levels and nitrotyrosine
protein expression observed from week 4 to week 7 of the
social isolation period (Fig. 5F, G). Three weeks of apocynin
treatment also decreased the NOX2 mRNA expression levels
compared to the nontreated isolated rats (Fig. 5H).

Ncf1 polymorphism prevents neuroendocrine and
behavioral alterations induced by social isolation

No basal differences in the hypothalamic CRF, plasmatic
amount of ACTH, and plasmatic and salivary levels of corti-
costerone were observed between the Wistar strain and the
DA strain (data not shown). Under control conditions, we did
not detect any alteration in the markers of the HPA-axis be-
tween DA.Ncf1®? and DA.Ncf1P” rats (Fig. 6A-D). As de-
scribed above for Wistar rats, 7 weeks of social isolation led to
increased hypothalamic levels of CRF, plasmatic amount of
ACTH, and plasmatic and salivary levels of corticosterone in
the DA.Ncf1" strain. In contrast, social isolation had no im-
pact on these biomarkers in DA .Ncf1P? rats (Fig. 6A-D).

Ncfl loss-of-function mutation also prevented the increase
in the hypothalamic and adrenal 80OhdG levels (Fig. 6E-G)
and nitrotyrosine protein expression (Fig. 6F) induced by 7
weeks of social isolation.

Exploratory activity of isolated DA.Ncfl™ was strongly
affected by 7 weeks of social isolation, while we did not detect
the same negative impact of the social isolation on the ex-
ploratory activity of isolated DA.Ncf1”* (Fig. 6H).

Seven weeks of social isolation induced a significant in-
crease in the NOX2 mRNA expression in the hypothalamus
and adrenal glands of DA.Ncf1® rats, whereas this increase
did not occur in DA.Ncf1P* rats (Fig. 6I).

Increased HPA-axis functioning was observed in both
DA.Ncf1™- and DA.Ncf1”*-restrained rats (Supplementary
Table. S1). Thus, the NcfI polymorphism did not protect from
the neuroendocrine alterations induced by acute stress.

1E3

Discussion

In this study, we investigated the time dependency of the
HPA-axis alterations induced by psychosocial stress and its
causal relationship with increased oxidative stress. We dem-
onstrate that social isolation leads to an early elevation of
NOX2 expression and oxidative stress in the hypothalamus,
followed by increase of CRF levels, plasmatic amount of
ACTH, and an altered exploratory behavior. Elevations in the
plasmatic and salivary levels of corticosterone, together with
increased oxidative stress and NOX2 mRNA expression in the
adrenal gland, occur at later time points. A treatment with the
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antioxidant/NOX inhibitor apocynin stops the progression of
HPA-axis dysfunctions induced by social isolation, whereas a
loss-of-function polymorphism in the NOX2 subunit p47P"°*
completely prevents neuroendocrine and behavioral alter-
ations, as well as the increase of NOX2 expression in the hy-
pothalamus and adrenal glands induced by social isolation.

To our knowledge, this is the first study showing a time
course of the alterations of the HPA-axis and their relation to
oxidative stress in the rat model of social isolation. Physiolo-
gically, both in humans and in rodents, the HPA-axis is not
fully mature at birth. Indeed, there are several developmental
changes occurring from childhood until late adolescence/
early adultness in both basal HPA activity and cortisol release
(16, 26, 62). Referring specifically to the rat life, the three
considered time points (2, 4, and 7 weeks after weaning)
correspond to this critical period for the development of the
neuroendocrine system going from childhood (2 weeks after
weaning) toward adolescence (4 weeks after weaning) and
early adultness (7 weeks after weaning) (43, 54). Therefore, the
responses observed at weeks 2 and 4 after weaning could be
considered as an early response, because they involve the first
stages of the development of the neuroendocrine system,
while the responses observed at week 7 after the weaning
could be considered as the late response, because it occurs in
the last phase of this critical period of the HPA-axis devel-
opment. We demonstrate that elevation in oxidative stress
(NOX2 mRNA expression and biomarkers of oxidative stress)
is an early pathological event occurring in the hypothalamus,
preceding the increase of CRF and plasmatic levels of ACTH.
This finding is of crucial importance, given the central role of
the hypothalamus in the stress response (50) and in the de-
velopment of stress-related mental disorders (3). Thus, early
neuropathological alterations of the hypothalamus have been
shown in rodent models of chronic stress (7, 63) and in pa-
tients with mental disorders (19, 34). In this context, the early
increase of oxidative stress and NOX2 expression shown in
our study might represent a triggering event of the stress re-
sponse and HPA-axis activation.

Another novelty of the present work is the finding that the
social isolation-induced increase of NOX2 expression and
oxidative stress in the adrenal gland (the peripheral compo-
nent of the HPA-axis) is a late event. This might lead ulti-
mately to an excessive release of corticosterone in the plasma
(associated also with elevations in salivary corticosterone)
and consequent worsening of an altered behavior. As well as
the hypothalamus, the adrenal glands are also considered a
key anatomical and physiological player in the response to
psychosocial stress, given its crucial pathological role in ro-
dent models of chronic stress (57, 64) and in patients with
psychiatric disorders (17, 18, 38). However, to the best of our
knowledge, no studies exist investigating specifically the
temporal contribution of the increase of oxidative stress in the
adrenal glands to the neuropathological response induced by
chronic psychosocial stress. In this context, a possible, al-
though still speculative, outline of the temporal events linking
the increase of NOX2-derived oxidative stress to the HPA-axis
dysfunctions might be as follows: chronic psychosocial stress
might induce an early increase of NOX2 expression and oxi-
dative stress in the hypothalamus, leading first to increased
release of the central biomarkers of the HPA-axis functioning
(CRF and ACTH) and an altered exploratory behavior. The
long-lasting elevation in NOX2 expression and oxidative
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stress in the hypothalamus, together with the appearance of
elevations of NOX2 expression and oxidative stress in the
adrenal gland (at later time points), might determine the al-
terations in the peripheral biomarkers of the HPA-axis (plas-
matic and salivary corticosterone) and, consequently,

A Weeks of social isolation

COLAIANNA ET AL.

worsening of the altered behavior. This outline is supported
by recent evidence showing that increase in brain oxidative
stress and /or reduced antioxidant defense has been found in
the early phases of stress-induced mental disorders (39, 42,
48), and that both cerebral and peripheral long-lasting
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SOCIAL STRESS, NOX2 AND HPA-AXIS ALTERATIONS

oxidative stress is one of the main contributors to the wors-
ening of the psychosocial stress-induced altered behavior in
rodents (53, 56) and psychotic symptoms in humans (15, 35).

Mechanisms leading to NOX2 upregulation in neurons are
not yet understood. In the ketamine mouse model of psy-
chosis, neuronal production of interleukin-6 is necessary for
the activation of NADPH oxidase in brain (12). Thus, it could
be speculated that psychosocial stress leads to early activation
of neuroinflammatory in the hypothalamus, mediated by an
increase of interleukin production and activation of microglial
cells. Indeed, activated microglia after many different types of
stimuli have been associated with NOX2 expression (28, 66).
Release of mineralocorticoids, such as aldosterone, represents
an important pathophysiological response to the activation
the of HPA-axis, induced by psychosocial stress, and it is
thought to be associated to increased oxidative stress in the
adrenal glands (32, 49). Impairment in the aldosterone pro-
duction rates has been found in depressive manic-depressive
psychosis (29). Moreover, major depression has been found to
occur in patients with elevated plasma concentrations of both
cortisol and aldosterone after heart failure [reviewed in (25,
31)]. Treatment with spironolactone, an aldosterone antago-
nist, has been shown to attenuate this depression (1, 4). Thus,
a role for aldosterone increase after elevation of oxidative
stress induced by psychosocial stress could not be excluded
from the above-described scenario.

In this study, we demonstrate the involvement of
NOX2-derived oxidative stress in the development of neuro-
endocrine alterations and altered behavior by using a pharma-
cological approach. Although apocynin cannot be considered a
specific NOX2 inhibitor rather than an antioxidant com-
pound, its neuroprotective properties in neurodegenerative
diseases (40, 60, 61, 67) and its role in the prevention of cell
death after stroke have been recently shown (20). Apocynin
effects have also been previously tested in rodent models of
psychosis. Indeed, its prophylactic effect in the loss of phe-
notype of GABAergic neurons in the ketamine mouse model
of psychosis (11, 12) and in the development of neuropatho-
logical and behavioral alterations in the rat model of social
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isolation (53) has been reported. In the present study, we show
a therapeutic effect of apocynin. Thus, administration of this
compound (started when neuroendocrine alterations and al-
tered behaviour begin to be detectable) stops the progression
of the HPA-axis dysfunctions induced by social isolation. This
finding might open innovative therapeutic insights for the
treatment of the early phases of human psychosis. Treatment
with apocynin also prevents the increase of NOX2 expression,
induced by social isolation. This phenomenon could be ex-
plained by the fact that apocynin has not a direct effect on
NOX2 enzyme transcription (6, 58). Thus, the block of NOX2
activation by apocynin might result in a decrease of NOX2
expression at mRNA levels, as a consequence of a homeostatic
circuit.

The data presented here provide an important genetic
proof of principle of NOX2-derived oxidative stress involve-
ment in the alterations of the HPA-axis and behavior induced
by social isolation. Given the difficulties to obtain knockout
rats, existence of rats with a loss-of-function mutation in the
Ncfl gene, coding for the p47P" subunit for NOX2, repre-
sents an important tool to verify the role of NOX2-derived
oxidative stress in the development of neuroendocrine alter-
ations induced by psychosocial stress. The exchange of a
single amino acid (threonine to methionine at position 153) in
the Ncf1 allele leads to a lower oxidative burst (30, 46). The
Ncfl locus is highly polymorphic in wild rats and the fully
functional E3 allele (with threonine at position 153) has
dominant effects. More than half of the wild rat population
(Rattus norvegicus trapped in Sweden and Germany) are ho-
mozygous for the chID A alleles, having a low ROS response
(46, 47). The data shown in Figure 5 of this article have been
obtained by using inbred DA rats, polymorphic only with
respect to the Ncfl locus. Thus, importantly, the total pre-
vention of the development of neuroendocrine alterations
induced by chronic social stress is due to a single-nucleotide
polymorphism. Interestingly, the Ncfl polymorphism does
not confer protection from the increased release of the central
and peripheral biomarkers of the HPA-axis functioning in-
duced by acute stress. Indeed, the neuroendocrine response of
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FIG. 5. Effects of 3W of apocynin (APCN) treatment on the alterations of the HPA-axis functioning induced by social
isolation. (A) Schematic representation of the treatment protocol with APCN treatment (5 mg/kg/die) during the last 3W of
social isolation. (B—E) Effects of 3-week APCN treatment on the levels of the four markers of HPA-axis functioning in GRP
and ISO rats. n=10 for GRP 4W; 5 for GRP 7W; 5 for GRP 4W +3W APCN; 10 for ISO 4W; 5 for ISO 7W; 5 for ISO 4W +3W
APCN. Three-way ANOVA followed by Tukey post hoc test; r=rearing, t=time, tr=treatment. For CRF, F,q 40=118.71
p<0.001; Fi,40)=1.863 p=0.180; Fy(1,40)=0.295 p=0.590; Fyxr(1,40)=3.470 p=0.070; Fiy(1,40)=1.084 p=0.304; Firxp1,40)=1.134
p=0.293; Frprxe,40)=4.679 p=0.037; *p<0.05; *p<0.001. For plasmatic ACTH, F,q,40)=70.105 p<0.001; Fi40)=11.246
p<0.01; Fyq,40)=2.491 p=0.122; Fixr(1,40)=11.246 p <0.01; Fixi(1,40)=0.233 p=0.632; Firxe(1,40)=11.246 p <0.01; Frxrxe1,40)=11.246
p<0.01; *p<0.05; *p<0.01; **p<0.001. For plasmatic corticosterone, Fyq 40)=124.987 p<0.001; Fi(1,40)=4.414 p<0.05;
Fi(1,40)=0.002 p=0.963; Fixir1,40y=4.414 p<0.05; Frxe(1,40)=3.046 p=0.089; Firxi1,40)=4.414 p<0.05; Fryiexe1,40)=4414 p<0.05;
*p<0.05; ***p<0.001. For salivary corticosterone, Fy140)=17.823 p<0.001; Fi(1,40)=5.284 p<0.05; Fy(1,40)=0.0676 p=0.796;
Fixtr(1,40)=5.284 p<0.05; Fixe(1,40)=3.047 p=0.089; Fiixi(1,40)=5.284 p <0.05; Frytrxe(1,40)=5.284 p<0.05; *p <0.05; ***p <0.001. (F)
Hypothalamic 80OhdG levels (ng/ml) assessed by ELISA in GRP and ISO animals treated according to the protocol shown in
Figure 4A. Fy,40)=289.252 p<0.001; Fyy1,40)=6.083 p<0.05; Fy(1,40)=3.922 p=0.054; Frtr(1,40)=5.473 p<0.05; Frxy(1,40)=2.406
p=0.128; Fix(1,40)=5.551 p<0.05; Frxtrxt(1,40)=6.001 p<0.05; *p<0.05; *p<0.01; **p<0.001. (G) Representative images of
western blotting for nitrotyrosine and actin in the hypothalamus of GRP and ISO rats treated according to the protocol shown
in Figure 4A with optical density (OD) protein bands normalized to the actin protein values. F.q 40)=236.385 p<0.001;
Fir1,400=21.171 p<0.001; Fyq40)=17.242 p<0.001; Fiyir,200=21.171 p<0.001; Fiy(1,40)=25.504 p<0.001; Firxpr,a0)=21.171
p<0.001; Frypext(1,40)=21.171 p<0.001; **p<0.01; ***p <0.001. (H) Real-time PCR for NOX2 mRNA expression (fold change) in
the hypothalamus of GRP and ISO rats treated according to the protocol shown in Figure 4A. F,( 40)=305.401 p<0.001;
Ftr(1,40) =15.951 p< 0001, Ft(l,40) =10.586 p< 001, Frxtr(1,40) =15.951 p< 0001, FrXt(1,40) =10.586 p< 001, Ftrxt(1,40) =15.951 p< 0001,
Fixtext(1,40)=15.951 p<0.001; *p <0.05; **p <0.01; ***p <0.001.
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rats with low oxidative burst to 60 min of restraint stress does
not differ from the response of rats with high oxidative burst
to the same acute stress. How these results could be explained
in the context of stress response in wild nature? It is possible
that exposure to acute stress in nature leads to an immediate
increase of oxidative stress and activation of the HPA-axis to
assure the fight-or-fly response (51). On the other hand, the
effects of the Ncfl polymorphism might represent a form of
adaptation to long-lasting stress, needing more time to be
evident and, therefore, not detectable in the immediate
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response to an acute stress. Thus, the Ncfl polymorphism
might be a crucial new candidate in the understanding of the
mechanisms leading to the positive adaptation and to the
ability to maintain or regain mental health (despite experi-
encing severe adversity), also known as resilience (27).

In conclusion, we provide evidence for a key role of early
NOX2-derived oxidative stress in the development of neuro-
endocrine alterations induced by psychosocial stress. Our
results suggest that NOX2 might represent a crucial molecular
link between HPA-axis dysfunctions and mental disorders.
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Therefore, targeting NOX2 enzyme might provide innovative
approaches for the cure of psychiatric diseases.

Materials and Methods
Animals

An equal number of adult male and female Wistar rats
(Harlan, S. Pietro al Natisone), DA (with the ROS-low re-
sponder Ncf1P” allele) and DA.Pia4 (with the ROS high-
responder Ncfl E3 allele) (Medical Inflammation Research
animal house, Karolinska Institute, Stockholm) rats were used
to obtain litters. All animals were housed at a constant room
temperature (22°C°+3°C) and a relative humidity (55% +5%)
under a 12-h light/dark cycle (lights on from 7:00 AM to 7:00
PM). Food and water were freely available. All efforts were
made to minimize the number of animals used and their
suffering in conformity with the ethics guidelines and na-
tional and international laws (DL Number 116, G. U, suppl.
40, 18 February 1992, Circolare Number 8, GU, July 14, 1994;
EEC Council Directive 86/609, OJ L 358, December 1, 2012,
1987; Guide for the Care and Use of Laboratory Animals, U.S.
National Research Council, 1996).

Genotyping of animals

The 3 DA/E3 single nucleotide polymorphisms (snps) in
Ncfl were genotyped by the high-resolution melt curve
analysis. First, DNA was purified from tail tips using a
DNAeasy DNA isolation kit from Qiagen. The primers for the
HRM single nucleotide polymorphism (snp) typing were
designed using primer express software, and the sequences
were as follows:

Ncflexond R GGTGGCTACTCACTGGCTGT;

Ncflexond_F CCGAGTACTTCAACAGCCTCA;

Ncflexon 6_F TGGCCCGATAGGTCTGAAG;

Ncflexon 6_R CCCTGCTGTGTCCATTCA;

Ncflexon 11_F ACACGGCGGACGTCAGTT;

Ncflexon 11_R ACCCAGCTCGGACCTCATC.

HRM curve analysis was performed in a BIORAD C1000
thermal cycler immediately after a 40-cycle amplification using
Sso-fast evagreen cybermix from Biorad and the annealing
temperature 60 degrees. To determine the allelic melting con-

<

1395

dition for differentiation between the DA and E3 alleles of the
three snps, the real-time polymerase chain reaction (PCR)
products were subjected to the ramping of 0.1°C/s between
83°C and 94°C. All specimens were tested in triplicate, and
their melting profiles analyzed using Biorad HRM melt soft-
ware. Control homozygous DA, homozygous E3, and the DA/
E3 heterozygous were used as standards for the melting-tem-
perature curve classification. For the standards, each allelic-
variant melt curve was set as a genotype, and the samples were
classified as either DA or E3 according to their melt curve.

All Wistar rats used in this study were genotyped, and all of
them had the Ncf1™ allele, thus with a higher ROS response
(data not shown).

Social isolation protocol

The social isolation procedure (37) was performed on male
rats. At weaning (postnatal day 21), pups were separated
from their mothers and reared either as isolated rats (ISO; one
rat per cage) or in social groups [control rats (reared in group),
GRP; three to four rats per cage]. To avoid a litter effect, each
litter contributed only one subject to the GRP and one subject
to the ISO. All animals were reared in Plexiglas cages (ISO:
48.0x27.0x20.0 cm; GRP: 59.0x38.5%x20.0cm). Animals ex-
posed to 2 weeks of social isolation were 5 weeks old; animals
exposed to 4 weeks of social isolation were 7 weeks old; and
animals exposed to 7 weeks of social isolation were 10 weeks
old. Animals were disturbed only for cleaning purposes,
which consisted of changing the cage once a week for ISO and
twice a week for GRP. Both ISO and GRP rats were housed in
the same room, so that ISO rats maintained a visual, auditory,
and olfactory contact with the other animals.

Blindness of the study. Researchers performing behav-
ioral, histological, and biochemical analysis were blind with
respect to the rearing and treatment conditions. Indeed, it was
not possible to deduce from the labeling whether an animal
was isolated or not. The social isolation procedure was per-
formed in a dedicated part of the animal facility, not accessible
to the investigators during the entire period of the social iso-
lation protocol. The blinding of the data was maintained until
the analysis was terminated.

FIG. 6. The Ncfl mutation Erotects from the neuroendocrine alterations induced by social isolation. (A) Hypothalamic

levels of CRF (ng/ml) in Necfl

and Ncf1P* GRP and ISO for 7W (11=6 for each group in each time point). Two-way ANOVA

followed by Tukey post hoc test. r=rearing, g=genotype F.q 20)=26.355 p<0.001; Fy(1 20)=19.878 p<0.001; Fiy1,20)=12.526
. : E3 DA ~1§ &

p=0.002; **p <0.001. (B) Plasmatic levels of ACTH (pg/ml) in Ncfl*“and Necf1=* GRP and ISO for 7W (n=6 for each group
in each time point). Fy120)=26.355 p<0.001; Fg( 20)=19.878 p<0.001; Fiyg1,20)=12.526 p=0.002; ***p<0.001. (C) Plasmatic
levels of corticosterone (nM) in Ncfl™and Ncf1®* GRP and ISO for 7W. Fy 20)=7.101 p=0.015; Fy120=7.101 p=0.015;
Fog1,20)= 15.517 p<0.001; **p<0.001. (D) Salivary levels of corticosterone (pg/ml) in Ncf1*’and NcfI™* GRP and ISO for
7W. Fr(1,20)=2.139 p=0.159; Fg(1,20)=7.911 p=0.011; Fgyr(1,20) = 10.646 p=0.004; **p < 0.01. (E) Hypothalamic 80hdG levels (ng/
ml) assessed by ELISA in in Ncf1®and Nef1P* GRP and ISO for 7W. Fr(1,20)=126.664 p<0.001; Fgq 20)=120.259 p<0.001;
Foxe(1,20=114.072 p<0.001; ***p<0.001. (F) Representative images of western blotting for nitrotyrosine and actin in the
hypothalamus and the adrenal glands of Ncfl Sand NcflP» GRP and ISO for 7W with optical density (OD) protein bands
normalized to the actin protein values. Fy 20)=16.960 p <0.001; Fg(1,20)=15.486 p <0.001; Fgyr(1,20)=7.044 p <0.05; **p <0.01. For
adrenal gland, Fr(1,20) =24.020 p< 0001, Fg(1,20 =47.078 p< 0001, ngr(],ZO) =59.314 p< 0001, ***p <0.001. (G) Adrenal 80hdG
levels (ng/ml) assessed by ELISA in Ncfl™and Ncfl®* GRP and ISO for 7W. Fy0,=26.355 p<0.001; Fy1,20,=19.878
p<0.001; Fgu(1,200=12.526 p<0.01; *p<0.05. (H) Exploratory activity (sec) of the familiar and novel object in Ncf1%and
Ncf1PA GRP and 1SO for 7W. Student’s #-test, ***p <0.001 novel object versus familiar object within Ncf1E® GRP, Ncf1P# GRP,
and Ncf1P# 1SO. (I) Real-time PCR for NOX2 mRNA expression (fold change) in the hypothalamus and the adrenal glands of
Ncfl™and Ncfl®* ¢ GRP and ISO for 7W. Fyu0)=51.718 p<0.001; Fy 20)=50.964 p<0.001; Fyu1,00)=50.216 p<0.001;
*p<0.01. For adrenal gland, Fyq 20)=45.882 p<0.001; Fy( 20)=45.885 p<0.001; Fgyr(1,20)=45.789 p<0.001; **p<0.001.



1396

Apocynin treatment

Apocynin treatment (5 mg/kg/day in drinking water) was
applied to the control and isolated animals, as previously
described (7, 40), from week 4 to week 7 of social isolation.

Acute restraint stress

Rats were transported to the experimental room in their
home cages and allowed to adapt to this environment for at
least 30 min. Animals were then submitted to a 60-min re-
straint period in a plastic cylindrical restraining tube (diam-
eter 6.5cm and length 15cm). After restraint, the animals
returned to their cages.

Measurement and quantification of markers
of the HPA-axis

CRF. Rats were killed by decapitation, and the brain was
immediately removed for hypothalamus dissection. Tissues
were frozen and stored at —80°C until the analysis was per-
formed. Hypothalamic CRF concentrations (ng/ml) were
determined using a commercial ELISA kit (CRF Rat/Mouse
Sensitive ELISA Kit; Biovendor).

Plasmatic ACTH and corticosterone. Blood was collected
from the trunk of killed rats into heparinized tubes and then
centrifuged at 10,000 g for 20 min at 4°C. The supernatants were
removed and frozen at —80°C until the analysis was per-
formed. Plasmatic ACTH concentrations (pg/ml) were deter-
mined using a commercial ELISA kit (ACTH Rat/Mouse
Ultrasensitive lumELISA; Demeditec Diagnostics). Plasmatic
corticosterone levels (nM) were determined using a commercial
ELISA kit (Corticosterone ELISA kit; Abnova, DBA Italia S.r.1,
and Corticosterone EIA kit; Alexis Biochemical, Vinci-Biochem)

Salivary corticosterone. Salivary samples were collected
in plastic tubes after intraperitoneal injection of pilocarpin
(5 mg/kg). The absence of blood contamination was checked
using a salivary blood contamination kit (Salimetrics Europe
Ltd.). Samples were stored at —80°C until they were assayed
after a proper dilution (1:16) with an assay buffer.

The salivary corticosterone (pg/ml) levels were deter-
mined using a commercial ELISA kit (Corticosterone ELISA
kit; Abnova, DBA Italia S.r.], and Corticosterone EIA Kkit;
Alexis Biochemical, Vinci-Biochem).

Measurement and quantification of markers
of oxidative stress

Hypothalamic and adrenal 80OHdG (ng/ml) were deter-
mined using a commercial ELISA kit (Highly Sensitive 8-
OHAG Check Elisa; JaiCa). The hypothalamic and adrenal
nitrotyrosine protein expression levels were determined by
Western blotting, as previously described (Schiavone et al.),
using a rabbit polyclonal anti-nitrotyrosine antibody (1:100;
Millipore) and «-actin (1:4000; Sigma-Aldrich). The antibody
we used to detect nitrotyrosine protein revealed one major
band at ~67 KDa. Other very weak bands are present in the
background of the blot. The optical density measurements
refer only to the major band of the blot.

Optical densities of the bands were measured using Image]J
software (http://rsb.info.nih.gov/ij/) and normalized with
o-actin.
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Novel-object recognition test

Rats were exposed to two habituation sessions (intersession
interval: 24 h) where they were allowed 5min to explore the
apparatus. Twenty-four h after the last habituation, two 3-min
trials separated by a 1-min intertrial interval were carried out.
In the first trial, rats were exposed to two identical objects
(white glasses or light bulbs). During the second trial, rats
were exposed to one familiar object and to a new, differently
shaped object. Each object was placed at an equidistant po-
sition between the center and the wall of the arena. At the
beginning of each trial, the rats were placed in the center of the
arena with their heads oriented in the opposite direction to the
objects. Exploration of the objects was defined as sniffing or
touching the object with the nose. Turning around or sitting
on the object was not considered as exploration. Exploratory
activity was expressed as time (sec) of exploration. Objects
and arena were carefully cleaned between each session to
avoid confounding olfactory stimuli.

Immunohistochemistry

Immunohistochemical analyses were performed in the
hypothalamus and in the adrenal glands as previously de-
scribed (53, 56), using monoclonal and polyclonal antibodies
against 80OhdG (1:10; JaICA), nitrotyrosine (1:100; Millipore),
Neun (1:2000; Chemicon), Iba-1 (1:500; Wako), and GFAP
(1: 2000; Millipore).

Quantifications of immunohistochemistry have been per-
formed using Metamorph software (Molecular Devices) and
expressed as the number of positive-stained cells per area
analyzed. Concerning the 8OHdG and nitrotyrosine im-
munostaining experiments in the hypothalamus, the mean of
the total number of cells per field was around 800. No dif-
ferences were detected in the total number of cells per field
among experimental groups (Supplementary Fig. S3A, B). The
magnification used for the quantification was 20x, and the
number of fields studied for the sample was four. No differ-
ences were found in the total cell numbers among analyzed
fields per sample (data not shown). Concerning SOHdG and
nitrotyrosine immunostaining experiments in the adrenal
glands, the mean of the total number of cells per field was
around 600. No differences were detected in the total number
of cells per field among experimental groups (data not
shown). The magnification used for the quantification was
20 %, and the number of fields studied for sample was two. No
differences were found in the total cell numbers among the
analyzed fields per sample (data not shown).

Confocal microscopy

An LSM 510 Meta confocal laser scanner mounted on an
Axio Imager Z1 microscope (Carl Zeiss) was used for confocal
microscopy as previously described (55). Negative controls
consisting of the tissue incubated without primary antibodies
were performed for each experiment (data not shown).

Real-time quantitative PCR

Total RNA from the hypothalamus and the adrenal glands
was isolated using an RNeasy mini kit (Qiagen) according
to the instructions of the manufacturer. The residual geno-
mic DNA was removed using an RNase-Free DNase set
(Qiagen). Total RNA (1 ug) was reverse transcribed using the
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superscript II kit according to the instructions of the manu-
facturer (Invitrogen). Real-time quantitative PCRs were per-
formed using Power SYBR Green PCR master mix (Applied
Biosystems) and a Chromo 4TM Real-Time system (Bio-Rad).
Quantification was performed at a threshold detection line (Ct
value). The Ct value for the target genes (NOX2) was nor-
malized with the relative levels of Rps9 (ribosomal protein S9)
and Tbp (TATA-box-binding protein) mRNAs used as house-
keeping genes. Triplicates were performed for each condition.
Results are expressed as fold increase. The sequence of the
primers used has been previously described (56).

Statistical analysis

All statistical analyses were performed using SigmaStat®
3.1 and GraphPad® 5.0 for Windows. The statistical tests are
indicated in the figure legends. For all tests, a p-value <0.05
was considered statistically significant. Results are expressed
as means *standard error.

As comparative results were obtained for controls at 2, 4,
and 7 weeks, data of these three experimental groups have
been plotted and showed as a single group (GRP) to avoid
redundancy in the graphs. Statistical analysis has been per-
formed both on single or plotted data. In both cases, the same
statistical significances have been obtained.
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