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Apart from altered dopamine (DA) function, schizophrenia displays mitochondrial and immune-inflam-
matory abnormalities, evidenced by oxidative stress, altered kynurenine metabolism and cytokine
release. N-acetyl cysteine (NAC), an antioxidant and glutamate modulator, is effective in the adjunctive
treatment of schizophrenia. Social isolation rearing (SIR) in rats is a valid neurodevelopmental animal
model of schizophrenia. This study evaluated whether SIR-induced behavioural deficits may be explained
by altered plasma pro- and anti-inflammatory cytokines, kynurenine metabolism, and cortico-striatal DA
and mitochondrial function (via adenosine triphosphate (ATP) release), and if clozapine or NAC (alone
and in combination) reverses these changes. SIR induced pronounced deficits in social interactive behav-
iours, object recognition memory, and prepulse inhibition (PPI), while simultaneously increasing striatal
but reducing frontal cortical accumulation of ATP as well as DA. SIR increased pro- vs. anti-inflammatory
cytokine balance and altered kynurenine metabolism with a decrease in neuroprotective ratio. Clozapine
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Clozapine (5 mg/kg/day = 14 days) as well as clozapine + NAC (5 mgfkg/day and 150 mg/kg/day = 14 days)
N-acetyl cysteine reversed these changes, with NAC (150 mg/kg/day) alone significantly but partially effective in some
Dopamine parameters. Clozapine + NAC was more effective than clozapine alone in reversing SIR-induced PPI, mito-

Immune-inflammatory

Al el chondrial, immune and DA changes. In conclusion, SIR induces mitochondrial and immune-inflammatory
nimal modie

changes that underlie cortico-striatal DA perturbations and subsequent behavioural deficits, and
responds to treatment with clozapine or NAC, with an additive effect following combination treatment.
The data provides insight into the mechanisms that might underlie the utility of NAC as an adjunctive
treatment in schizophrenia.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Schizophrenia is characterised by positive, negative and cognitive
symptoms (Schultz et al., 2007), with evidence implicating genetic
predisposition, neurotransmitter abnormalities, pre-, peri- and
post-natal viral infections, stress, substance abuse, vitamin D
deficiency, obstetric complications and altered immune function
in its pathogenesis (O'Brien et al., 2008; McGrath et al., 2010;
Matheson et al,, 2011). The dopamine (DA) hypothesis suggests
that schizophrenia is causally associated with elevated striatal
(nucleus accumbens) but reduced frontal cortical DA levels respon-
sible for positive and negative manifestations, respectively (Harvey
et al., 1999; Holcomb et al., 2004), Current drug treatments, which

* Corresponding author at: Center of Excellence for Pharmaceutical Research,
School of Pharmacy, North West University, Potchefstroom, South Africa. Tel.: +27
018 299 2238; fax: +27 018 299 2225,

E-mail address: Brian.Harvey@nwu.ac.za (B.H. Harvey).

0889-1591/5 - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/5.bbi.2012,12.011

primarily act at DA D5 receptors, are generally effective against
positive symptoms, while negative and cognitive symptoms re-
main relatively refractory (Howes et al., 2012). Identifying new
biological targets and developing treatments targeting alternative
systems is therefore paramount.

Schizophrenia is associated with mitochondrial dysfunction
(Ben-Shachar, 2002; Karry et al., 2004) and oxidative stress (Ng
et al,, 2008). Indeed, altered energy generation is perhaps the old-
est biomarker in the disorder (Looney and Childs, 1934), while al-
tered frontal lobe mitochondrial adenosine triphosphate (ATP) has
been correlated with negative symptoms and neuropsychological
deficits in schizophrenia (Yacubian et al., 2002). Mitochondria are
a major source of reactive oxygen species (ROS), while mitochon-
drial diseases are associated with secondary neurotransmitter dis-
turbances (Garcia-Cazorla et al., 2008). This is of particular
relevance in schizophrenia where disturbances in DA are evident
(Ben-Shachar, 2002). Moreover, mitochondrial dysfunction is
linked to cognitive and memory deficits, evident in schizophrenia
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(Scaglia, 2010). Importantly elevated ATP is also a trigger for the
release of pro-inflammatory cytokines (Cruz et al., 2007), which
in turn modulates kynurenine metabolism (see below). Thus
schizophrenia presents with a pro-inflammatory state (Leonard
et al., 2012), with altered blood/cerebrospinal fluid levels of inter-
leukin-2 (IL-2), IL-6, IL-1, IL-10 and tumour necrosis factor (TNF)-o
(Drzyzga et al., 2006). Mitochondrial ATP also modulates glial cyto-
kine release, while up-regulation in DA receptors play an impor-
tant role in this response (Choi et al., 2007). With DA release
closely regulated by glutamate (Schwartz et al., 2012), any gluta-
mate-redox changes will alter cortico-striatal DA function to ulti-
mately affect behaviour.

The kynurenine pathway metabolises tryptophan via indole-
amine 2,3 dioxygenase (IDO) to either kynurenic acid (KYNA), a
glycine site NMDA receptor antagonist with neuroprotective prop-
erties (Stone and Darlington, 2002), or quinolinic acid (QA), an
NMDA receptor agonist with neurodegenerative properties (Myint
et al., 2007). Pro- (e.g. interferon-y (INF-y), TNF-or) and anti-inflam-
matory (e.g. IL-4) cytokines, respectively, activate or inhibit IDO
(Myint et al., 2007). This balance determines the neuroprotec-
tive-neurodegenerative ratio that relates to the eventual down-
stream levels of QA following a shift in KYNA and kynurenine
synthesis (Myint et al., 2007, 2011), and may explain enlarged ven-
tricles (Wright et al., 2000) and decreased dendritic spine density
(Glantz and Lewis, 2000) evident in schizophrenia (Wright et al.,
2000). Schizophrenia presents with altered kynurenine metabo-
lism (Miller et al., 2004, 2008), increased QA and decreased neuro-
protective ratio (Torrey et al, 1998; Myint et al, 2011), with
subsequent NMDA receptor activation releasing ROS and depleting
energy stores resulting in further glutamate release and cell dam-
age (Betzen et al,, 2009). Glutamate dysfunction will also drive
changes in DA release culminating in positive and negative symp-
toms (Schwartz et al., 2012).

It is clear that oxidative stress can be a consequence of mito-
chondrial dysfunction, brain DA metabolism, immune dysregula-
tion andfor altered tryptophan metabolism. Consequently,
targeting redox related mechanisms in schizophrenia represents
an important therapeutic target (Ng et al., 2008; Cabungcal et al.,
2012). The glutathione (GSH) precursor and antioxidant, N-acetyl
cysteine (NAC) modulates glutamate activity (Bauzo et al.,, 2012),
decreases ROS production (Kerksick and Willoughby, 2005) and
prevents striatal oxidative stress in vivo (Harvey et al., 2008). Fur-
thermore, remediation of models of mitochondrial dysfunction
with NAC improves cognitive function (Sandhir et al., 2012). NAC
thus presents with significant theoretical rationale for clinical
application in disorders characterised by glutamate dysregulation,
mitochondrial function, inflammation and oxidative stress.
Although clinical studies have described its potential as an adjunc-
tive treatment in schizophrenia (Berk et al., 2008), this response
has never been validated in a neurodevelopmental animal model
of schizophrenia, especially its ability to correct behavioural and
biochemical changes and to bolster the response to an antipsy-
chotic agent. In particular, knowing how these biological pathways
are linked to neurobehavioural phenotypes might shed some light
onto the dominant mechanisms of action of NAC, and suggest fur-
ther therapeutic targets.

Post-weaning social isolation rearing (SIR) in rodents presents
with robust face, construct and predictive validity for schizophre-
nia (Fone and Porkess, 2008). SIR increases frontal cortical gluta-
mate N-methyl-p-aspartate (NMDA) receptor binding (Toua et al.,
2010) and induces cortico-striatal oxidative stress (Méller et al.,
2011), thus supportive of clinical evidence and of the glutamate
hypo-function hypothesis (Coyle and Tsai, 2004). We hypothesise
that the behavioural abnormalities associated with schizophrenia
and SIR are founded on altered cortico-striatal mitochondrial dys-
function, followed by altered plasma pro-and anti-inflammatory

cytokines and tryptophan metabolism, with subsequent changes
in regional brain DA. This series of events is investigated in this
study. Furthermore, we propose that sub-chronic clozapine or
NAC treatment will reverse these changes, and that NAC will bol-
ster the response to clozapine.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (160-190 g; Animal Research Centre,
North West University) were randomly allocated to groups, each
comprising 10 rats/group. At weaning (post-natal day 21) the
animals were randomised to SIR (1 animal/cage) or social rearing
(3-4rats/cage) for 8 weeks (day 77). The rats were reared under
identical conditions: cages (230(h) x 380(w) x 380(1) mm) with
sawdust (Médller et al., 2011), temperature (21 # 0.5 °C), humidity
(50 £ 10%), white light (350-400 lux), 12 h light/dark cycle and free
access to food and water. SIR and socially reared animals experi-
enced minimal handling and no environmental enrichment. Saw-
dust was changed weekly. The animals were handled according
to the code of ethics in research, training and testing of drugs in
South Africa, with ethical approval for the study obtained from
the North West University ethical committee: (NWU-0035-08-
S55). A trained animal technologist routinely monitored the animals
throughout the study for evidence of pain or distress following
injections of clozapine or NAC. No untoward effects were observed
using the drug preparation and treatment protocol applied in this
study (see below). The number of animals used was the minimum
required to obtain scientifically valid data.

2.2. Drugs and drug treatment protocol

Clozapine (Pharmaplan, Johannesburg, South Africa), dissolved
in 1M glacial acetic acid and buffered with sodium hydroxide
(NaOH) (pH = 6.0), was administered as a single daily intraperito-
neally (i.p.) dose of 5 mg/kg/0.5 ml/day. This dose was based on
previous sub-chronic treatment studies performed in our labora-
tory (Toua et al., 2010; Méller et al., 2011), but also after due con-
sultation of other studies (Bakshi et al., 1994; Zhang et al., 1999).
Early antipsychotic response in schizophrenia, for example
2 weeks, is reported to be an accurate predictor of later response
(Kapur et al., 2005), thus questioning the need for prolonged treat-
ment to confirm efficacy. For this reason, but also to exclude the
possible impact of injection stress evoked over extended treatment
periods, the study was conducted over a 14 day treatment period.
NAC (Sigma-Aldrich, Johannesburg, South Africa), dissolved in sal-
ine and buffered with 1 M glacial acetic acid and NaOH (pH = 6.0),
was administered i.p at a dose of 150 mg/kg/0.5 ml/day. This dose
(used in the NAC alone and CLZ + NAC studies) was determined
from data described in an accompanying dose response study
(i.e. vehicle, 50, 150 and 250 mg/kg NAC, see Supplement 1, Figs.
1-7). Importantly, a lower yet effective dose of NAC was selected
to allow for meaningful additive effects to be observed in the com-
bined CLZ + NAC study (see Supplement 1, Figs. 1, 2 and 4-7). This
dose was also corroborated with earlier studies in rodents with
similar behavioural outcomes, viz. reversal of hyper-locomotion
(Fukami et al., 2004), restoration of PPl deficits (Chen et al.,
2010), effects on inflammatory cytokines (Khan et al.,, 2004) and
on altered redox status in rat brain (Harvey et al., 2008). Control
groups received an equivalent volume of vehicle i.p., comprising
saline and 1M glacial acetic acid and buffered with sodium
hydroxide (MaOH) (pH = 6.0). Clozapine, NAC and vehicle were
administered (06-08 h 00) in the last 14 days of social/SIR rearing.
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Fig. 1. Social interactive and self-directed behaviours in SIR rats following the various drug treatments, as indicated (n = 10/group). A socially reared vehicle treatment control
group is included for statistical comparison (data from Supplement 1): (A) rearing; (B) approaching; (C) time together; (D) anogenital sniffing; (E) squares crossed; (F) self-
grooming, Treatment had a significant main effect on (A) rearing (F (5, 54)=16.60, p <0.0001); (B) approaching (F (5, 54)=7.81, p<0,0001); (C) time together (F (5,
54)=21.98, p<0.0001); (D) anogenital sniffing (F (5, 54) = 6.308, p <0.0001); (E) squares crossed (F (5, 54)=4.6, p<0.0001) and (F) self-grooming (F (5, 54)=10.02,
p < 0.0001)(3-way ANOVA). Rearing also indicated a significant main effect on [A) rearing (F(5,54) = 18.9, p < 0.0001); (B) approaching (F (5, 54) = 15.00, p < 0.0001}); (C) time
together (F (5, 54)=25.70, p < 0.0001); (D) anogenital sniffing (F (5, 54) = 17.50, p < 0.0001); (E) squares crossed (F (5, 54) = 18.95, p < 0.0001) and (F) self-grooming (F (5,
54)=16.78, p <0.0001) (3-way ANOVA). Significant cross-group interactions were observed with regards to (A) rearing (F (5, 54) = 84.64, p < 0,0001); (B) approaching (F (5,
54)=28.10, p<00001); (C) time together (F (5, 54)=184.64, p<0.0001); (D) anogenital sniffing (F (5, 54) = 84.64, p<0.0001); (E) squares crossed (F (5, 54) = 16.65,
p < 0.0001); (F) self-grooming (F (5, 54) = 25,12 p < 0.0001) (3-way ANOVA). "p < 0.0001 vs. social vehicle treatment, *p < 0,05 vs. SIR no treatment and vehicle, **p < 0.0001 vs.

SIR no treatment and vehicle (Bonferroni post-hoc test). Refer to text for precise p values.

All animals were sacrificed by decapitation without any prior use
of an anaesthetic agent.

2.3. Experimental design

In order to prevent any untoward effect of behavioural testing
on the neurochemistry parameters studied, separate groups of ani-
mals were used as outlined below.

2.3.1. Behavioural study

The animals were randomly separated at weaning (21 days
post-natal) into 6 groups: 1 socially reared group (3-4 rats in a
cage) and 5 SIR groups (1 rat in a cage). One group of SIR animals
(n=10) and the one group of socially reared animals (n=10), re-
ceived vehicle treatment, while the remaining 4 groups (n = 10) re-
ceived either of the following treatments: no treatment, NAC
150 mg/kg, clozapine 5mg/kg or a combination of clozapine
5mg/kg and NAC 150 mg/kg (CLZ+NAC), respectively. After
8 weeks of SIR/group rearing, social interaction, novel object

recognition and sensorimotor gating were performed on days 12,
13 and 14, respectively, of the drug treatment period (18-
20 h00). All behavioural assessments were undertaken at least
12 h post-drug administration.

2.3.2. Immune-neurochemistry study

A separate 6 groups of animals (n=10/group), randomly as-
signed to the same groupings as described above, followed the
above protocol except that at 8 weeks the animals were sacrificed,
with trunk blood collected for tryptophan metabolism and cyto-
kine analysis. Brains (frontal cortex and striatum) were dissected
for analysis of mitochondrial function and DA levels.

2.4. Body weight

Body weight was determined at PND 21 and also on days 1 and
14 of drug treatment to confirm equal development across all the
treatment groups over the study period.

Please cite this article in press as: Méller, M., et al. Social isolation rearing induces mitochondrial, immunological, neurochemical and behavioural deficits
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Fig. 2. Retention trial of the object recognition test in SIR rats, following the various
drug treatments, as indicated (n = 10/group). A socially reared vehicle treatment
control group is included for statistical comparison (data from Supplement 1). A
significant main effect of treatment (F (5, 75) =254, p =0.,008) and rearing (F (5,
75)=13.36, p < 0.001) were observed with respect to visual recognition memory
(3-way ANOVA). Significant cross-group interactions were observed with respect to
visual recognition memory (F (5, 75)=143.3, p<0.0001) (3-way ANOVA).
*p < 0.0001 vs. social vehicle treatment, *p < 0.0001 vs. SIR no treatment and
vehicle (Bonferroni post-hoc test).
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Fig. 3. Sensorimotor gating at various prepulse intensities in SIR rats, following the
various drug treatments, as indicated (n=10/group). A socially reared vehicle
treatment control group is included for statistical comparison (data from Supple-
ment 1). Data presented as percent prepulse inhibition (%PPI1). A significant main
effect of treatment (F (5, 15)=10,08, p<0.0001) and rearing (F (5, 15)=75.8,
p <0.0001) were observed with respect to %PPI (3-way ANOVA). Significant cross-
group interactions were observed in %PPI (F (5, 15)= 261, p <0.0001) (3-way
ANOVA). *p < 0.0001 vs. social vehicle treatment, *p < 0.001 vs. SIR no treatment
and vehicle, *"p < 0,0001 vs. SIR no treatment and vehicle, *p < 0,05 vs. SIR clozapine,
at 72dB, 76 dB, 80 dB and 8G dB, respectively (Bonferroni post-hoc test). Refer to
text for precise p values.

2.5. Behavioural tests

To assure blindness throughout the behavioural testing, all ani-
mals used for the behavioural tests were labelled with permanent

ink markings on the tail, assigning each group a different letter and
colour. For the social interaction test and the object recognition
test, behaviour was videotaped for later scoring by two trained
observers, blind to treatment and rearing conditions. The mean
of the two scores for each parameter were calculated and subse-
quently used.

2.5.1. Social interaction test

The social interaction test attempts to measure deficits in social
and self-directed behaviour, as evident in schizophrenia, and was
performed as previously described (Mdller et al., 2011). Briefly,
two rats were placed in the centre of an open field arena, illumi-
nated with red light (40 W), and allowed 30s for adaptation.
Thereafter, time spent in active social interactive behaviours, viz.
rearing, anogenital sniffing, approaching and staying with the part-
ner, as well as self-directed behaviour, including squares crossed
and self-grooming (Gonzalez et al., 1996; Méller et al., 2011), were
scored for 10 min. Both members of a test-pair had received the
same treatment and the same prior experience. Testing was per-
formed berween 18 h00 and 20 h 00, with video scoring based
on averaged scores by two blind independent observers who re-
mained outside the testing room.

2.5.2. Object recognition test (ORT)

Visual recognition memory is impaired in schizophrenia
(Calkins et al., 2005). The novel object recognition test (ORT) as-
sesses declarative recognition memory in rodents and is ethologi-
cally relevant as it relies on the animal's natural tendency to
explore novel environments/objects (Ennaceur and Delacour,
1988). The test was performed as described previously (Grayson
et al., 2007; McLean et al., 2010). Briefly, the rats were exposed
to a 5-min habituation session in a Plexiglas ORT box
(70 x 70 x 40 cm), followed by the experimental trials where each
rat was exposed to two identical objects (right and left object) for a
period of 5 min (acquisition trial). The rats were then returned to
their home cage for a 1.5h inter-trial interval. The entire box
was cleaned, both objects removed and one replaced with an
identical familiar copy and one with a novel unfamiliar object. Fol-
lowing the 1.5 h inter-trial interval, rats were returned to explore
the familiar and novel object in the test box for a 5-min retention
trial. All experiments were filmed and recorded for subsequent
behavioural analysis. Object exploration by the rats was defined
as sniffing, licking or touching the objects with forepaws (Grayson
et al., 2007). The exploration time (s) of each object in each trial
was recorded manually using two stopwatches. The following
factors were calculated: the total exploration time of both objects
in the acquisition trial (left object and right object, respectively)
and the total exploration time of both objects in the retention trial
(familiar and novel object, respectively).

2.5.3. Prepulse inhibition test

Prepulse inhibition (PPI) is used to determine deficits in senso-
rimotor gating, a well-known abnormality in schizophrenia
(Geyer et al., 1993; Moller et al., 2011). The test used two venti-
lated sound-attenuated startle chambers (SRLAB, San Diego
Instruments, San Diego, USA). Startle amplitudes were defined
as the average of one hundred 1-ms stabilimeter readings col-
lected from the stimulus onset. The stabilimeter was calibrated
before each test session. The startle session started with a 5-min
acclimatisation period plus a 68-dB background noise level that
continued throughout the test session. Briefly, prepulse trials in-
cluded a single 120 dB pulse preceded by a 20 ms non-startling
prepulse-stimulus with intensities of 72, 76, 80 or 84 dB. The
time interval between the prepulse offset and the pulse onset
was 80 ms. Percent PPl (%PPI) for the four prepulse intensities
was calculated according to the formula:%PPI=[100 — (startle
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Fig. 4. Pro and anti-inflammatory cytokine concentrations, (A) IL-6; (B) IL-4; (C) TNF-x; (D) IFN=y in SIR rats following the various drug treatments, as indicated (n= 10/
group). A socially reared vehicle treatment control group is included for statistical comparison (data from Supplement 1). Treatment had a significant main effect with respect
to (A) IL-6 (F (5, 54) = 9.36, p <0.0001); (B) IL-4 (F (5, 54) = 16,85, p < 0.0001); (C) TNF-3 (F(5, 54] = 13.09, p <0.0001); (D) IFN-y (F (5, 54) = 34.87, p < 0.0001) 3-way ANOVA).
Rearing also indicated a significant main effect with respect to (A) IL-6 (F (5, 54) = 34.97, p < 0.0001); (B) IL-4 (F (5, 54)= 19.58, p < 0.0001); (C) TNF-a. (F (5, 54) = 14.69,
p<0.0001); (D) IFN=y (F(5, 54) =48.96, p < 0.0001) { 3-way ANOVA). Significant cross-group interactions were observed with respect to (A) [L-6 (F (5, 54) = 23.71, p < 0.0001);
(B) IL-4 (F (5, 54)=45.10, p<0.0001); (C) TNF-o (F (5, 54)=24.73, p<0.0001); (D) IEN-y (F (5, 54) = 75.66, p < 0.0001) (3-way ANOVA). *p <0.0001 vs. social vehicle
treatment, *p < 0,05 vs. SIR no treatment and vehicle, **p <0.0001 vs, SIR no treatment and vehicle, *p < 0.0001 vs. SIR clozapine (Bonferroni post-hoc test). Refer to text for
precise p values.
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Fig. 5. Kynurenine pathway metabolites in SIR rats following the various drug treatments, as indicated (n = 10/group). A socially reared vehicle treatment control group is
included for statistical comparison (data from Supplement 1): (A) kynurenine; (B) KYNA; (C) QA; (D) neuroprotective ratio. Treatment had a significant main effect with
respect o (A) kynurenine (F (5, 54)=5.95, p <0.0001); (B) KYNA (F (5, 54)=33.83, p<0.0001); (C) QA (F (5, 54)=11.03, p<0.0001); (D) neuroprotective ratio (F (5,
54)=116.2, p <0.0001) (3-way ANOVA). Rearing also indicated a significant main effect with respect to (A) kynurenine (F (5, 54)=53.35, p <0.0001); (B) KYNA (F (5,
54)=58.28, p<0.0001); (C) QA (F (5, 54)=18.57, p < 0.0001}; (D) neuroprotective ratio (F (5, 54)=221.3, p < 0.0001) (3-way ANOVA). Significant cross-group interactions
were observed with respect to (A) kynurenine (F (5, 54) = 9.04, p < 0.0001); (B) KYNA (F(5, 54) = 55.90, p < 0.0001}; (C) QA (F (5, 54)= 21.36, p < 0.0001); (D) neuroprotective
ratio (F (5, 54) = 254.7, p < 0,0001) (3-way ANOVA). *p < 0.0001 vs, social vehicle treatment, "p < 0.05 vs. SIR no treatment and vehicle, *"p < 0,003 vs, SIR no treatment and
vehicle, *p < 0.05 vs. SIR clozapine (Bonferroni post-hoc test). Refer to text for precise p values.
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Fig. 6. ATP levels in the frontal cortex (A) and striatum (B) of SIR rats following the
various drug treatments, as indicated (n=10/group). A socially reared vehicle
treatment control group is included for statistical comparison (data from Supple-
ment 1), Treatment had a significant main effect on (A) the frontal cortex (F (5,
54)=5.26, p<0.0001) and (B) the striatum (F (5, 54)=7.98, p <0.0001) (3-way
ANOVA), Rearing also indicated a significant main effect on (A) the frontal cortex (F
(5, 54)=5.22, p<0.0001) and (B) the striatum (F (5, 54) = 8.34, p < 0.0001) (3-way
ANOVA), Significant cross-group interactions were observed in (A) the frontal
cortex (F (5, 54)=21.39, p<0.0001) and (B) the striatum (F (5, 54)=9.051,
p < 0.0001)(3-way ANOVA). "p < 0.0001 vs. social vehicle treatment, **p < 0,0001 vs,
SIR no treatment and vehicle, *p <0.05 vs. SIR clozapine (Bonferroni post-hoc test).
Refer to text for precise p values.

response for Prepulse + Pulse trial)/(startle response for Pulse alone
trial) ¥ 100] (Van den Buuse and Eikelis, 2001). The last 10 trials
were single 40 ms 120 dB pulse-alone startle stimuli. The total of
100 trials was delivered with an average interval of 25s. The first
and last 10 pulse-alone stimuli (BLOCK 1 and BLOCK 4, respectively)
and the 20 pulse-alone stimuli included in the PPI block itself
(BLOCK 2 and BLOCK 3), were used to obtain a measure of mean
startle amplitude indicative of habituation in response to repeated
delivery of startling stimuli (Van den Buuse and Eikelis, 2001).

2.6. Peripheral immune-neurochemistry assays

After decapitation, trunk blood was collected in pre-chilled,
4 ml vacutainer tubes (SGVac) containing K;EDTA solution as anti-
coagulant, centrifuged at 14,000 rpm at 4 °C for 10 min, and the
plasma stored at —80 °C until the day of analysis. On that day plas-
ma samples were thawed on ice, centrifuged again, as mentioned
above, and the plasma used.

2.6.1. Cytokines
Plasma anti-inflammatory cytokines (IL-4), pro-inflammatory
cytokines (TNF-z, INF-y) and multipurpose cytokine (IL-6;

Fig. 7. DA levels in (A), the frontal cortex and (B), the striatum in SIR rats following
the various drug treatments, as indicated (n = 10/group). A socially reared vehicle
treatment control group is included for statistical comparison (data from Supple-
ment 1). Treatment had a significant main effect on DA in (A) the frontal cortex (F
(5,54)=14.81, p < 0.0001) and in (B) the striatum (F (5, 54) = 7.13, p< 0.0001), (3-
way ANOVA). Rearing also indicated a significant main effect in [A) the frontal
cortex (F (5, 54)=39.47, p<0.0001) and in (B) the striatum (F (5, 54)=19.06,
p<0.0001), (3-way ANOVA). Significant cross-group interactions were observed: in
(A) the frontal cortex (F (5, 54)=58.57, p<0.0001) and in (B) the striatum (F (5,
54)= 1644, p<0.0001), (3-way ANOVA). "p <0.0001 vs. social vehicle treatment,
“p <005 vs. SIR no treatment and vehicle, *"p < 0.0001 vs. SIR no treatment and
vehicle, Sp <0.05 vs. SIR clozapine {Bonferroni post-hoc test). Refer to text for
precise p values.

Rubio-Perez and Morillas-Ruiz, 2012), were measured in duplicate
by sandwich enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacture's protocol (Invitrogen ELISA kit,
Camarillo, CA). Briefly, 50 pL of a plasma sample were incubated
in monoclonal antibody-coated wells in a 96 well plate. After a
series of washes, a biotinylated detection antibody was added to
the wells, and the reaction mixture was detected by the addition
of streptavidin-horseradish peroxidase that binds to the biotinyla-
ted antibody to complete the four-member sandwich. The well sets
were analysed using a microtiter plate reader at 450 nm. Unknown
sample cytokine concentrations were calculated using a standard
curve derived from the known reference cytokine concentrations
supplied by the manufacturer. The sensitivity of the assay
allowed the detection of cytokine concentrations within the
following ranges: IL-6 1.5-1500 pg/mL; IL-4 0.2-100 pg/mL; IFN-y
11.5-1400 pg/mL; TNF-ot 3.5-1000 pg/mL. The final concentration
of each cytokine was expressed as pg/mL of plasma used.

2.6.2. Analysis of kynurenine, kynurenic acid (KYNA) and quinolinic
acid (QA)

Plasma samples were pre-purified by a solid-phase extraction
(SPE) method followed by detection of tryptophan-kynurenine
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metabolites using a novel liquid chromatography tandem mass
spectrometry (LC-MS/MS) procedure developed and validated in
our laboratory (Méller et al., 2012a). However, since we were pri-
marily interested in determining those metabolites known to influ-
ence glutamatergic function and neuroprotective balance, only
kynurenine, KYNA and QA were analysed. Kynurenine and KYNA
were detected in positive electrospray ionisation mode, with QA
detected in negative electrospray ionisation mode, The ratio be-
tween plasma KYNA and plasma kynurenine, from which KYNA
and QA are formed, enabled the determination of the neuroprotec-
tive ratio (Myint et al,, 2007, 2011), hypothesised to relate to the
eventual down-stream levels of QA following a shift in the relative
levels of KYNA and kynurenine (Mdéller et al., 2012b). Neuroprotec-
tive ratio: [1000 x plasma kynurenic acid (mM)]/plasma kynuren-
ine (mM).

2.7. Brain analysis

The frontal cortex was immediately dissected after decapita-
tion, as described previously (Toua et al., 2010; Moller et al.,
2011). The brain was then placed on its ventral side, the two cere-
bral hemispheres split and the striatum dissected out using the
external walls of the lateral ventricles as internal limits and the
corpus callosum as external limits. These brain regions were
immediately fixed in liquid nitrogen and stored at —80 °C.

2.7.1. Cortico-striatal ATP

ATP accumulation was used as a measure of mitochondrial
function. On the day of assay, the frontal cortical and striatal tissue
were thawed on ice, weighed and a 10% tissue homogenate pre-
pared in a Teflon homogenizer using a lysis buffer containing Tri-
ton X-100. Protein content was determined according to the
Bradford method (Bradford, 1976). ATP concentrations in the fron-
tal cortical and striatal homogenates were determined using a
commercially available bioluminescence assay (Molecular Probes
ATP Determination Kit; A22066) according to the manufacturer's
instructions (Invitrogen ATP kit, Paisley, UK). ATP is determined
with recombinant firefly luciferase and its substrate D-luciferin,
with the concentration of ATP in each brain region expressed as
nmol/mg protein.

2.7.2. Cortico-striatal dopamine

Quantification of cortico-striatal DA was performed using a high
performance liquid chromatography (HPLC) system with electro-
chemical detection (HPLC-EC) (Harvey et al., 2006). Sample DA
concentrations were determined by comparing the area under
the peak to that of the internal standard (isoprenaline; range
5-50 ng/ml; Chemstation Rev. A 06.02 data acquisition and analy-
sis software). Linear standard curves (regression coefficient greater
than 0.99) were found in this particular range. DA concentrations
were expressed as ng/mg wet weight of tissue (mean + SEM).

2.8. Statistical analysis

Animal body weight across the groups (mean £ SEM) was ana-
lysed by two-way analysis of variance (ANOVA) with repeated fac-
tors of the respective treatment and rearing conditions, followed
by Bonferroni post-hoc analyses. To model the behavioural and im-
mune-neurochemical measurements respectively, a three-way fac-
torial ANOVA and Bonferroni post-hoc tests was applied for the
respective treatments (vehicle, clozapine, NAC, CLZ + NAC), rearing
conditions (social vs. SIR) and either (a) behavioural parameter (so-
cial interaction or object recognition or prepulse intensity), with
repeated measures used for the startle amplitude and different
PPI intensities, or (b) immune-inflammatory parameter (cytokines
or kynurenine metabolites) or (c¢) cortico-striatal parameters

(ATP and DA). In all cases, data are expressed as the mean * stan-
dard error of the mean (SEM), with a p value of <0.05 deemed sta-
tistically significant and NS denoting non-significance (Graphpad
Prism 5; SAS/STAT® Software).

3. Results

In the drug treatment response studies, socially reared animals
showed minimal changes across all parameters, and these data are
presented in Supplement 1 (Figs. 1, 2 and 4-7). Only “social plus
vehicle treatment” data are presented in the figures for statistical
comparison. Unless specifically noted, statistical analysis of vehi-
cle-treated vs. non-treated SIR groups was not significant, with
all subsequent inter-group comparisons done vs. vehicle-treated
SIR.

3.1. Body weight

Two-way repeated measures ANOVA with Bonferroni showed
no significant main effect of treatment (F (2, 24) = 0.559, p =0.87)
or rearing (F (2, 24) =0.954, p = 0.54) on weight (data not shown).

3.2. Behavioural tests

3.2.1. Social interaction test

All ANOVA data are described in the appropriate figure legends.
Bonferroni post-hoc analysis showed a significant decrease
(p <0.0001) in social interactive behaviours (rearing, approaching,
staying together and anogenital sniffing, Fig. 1A-D), as well as a
significant (p <0.0001) elevation in self-directed behaviours
(square crossing and self-grooming, Fig. 1E and F) in SIR animals
receiving no treatment or vehicle treatment compared to vehicle-
treated socially reared controls. These behavioural changes were
reversed by NAC, clozapine or CLZ + NAC vs. vehicle-treated SIR
animals, as follows: rearing (Fig. 1A), NAC 150 mg/kg (p = 0.04),
clozapine (p<0.0001), CLZ+NAC (p<0.0001); approaching
(Fig. 1B), NAC 150 mg/kg (p=0.02), clozapine (p<0.0001),
CLZ + NAC (p < 0.0001); staying together (Fig. 1C), NAC 150 mg/kg
(NS), clozapine (p<0.0001), CLZ + NAC (p <0.0001); anogenital
sniffing (Fig. 1D), NAC 150mg/kg (p=0.03), clozapine
(p<0.0001), CLZ+NAC (p<0.0001); squares crossed (Fig. 1E),
NAC 150 mg/kg (NS), clozapine (p<0.0001), CLZ+ NAC
(p <0.0001); self-grooming (Fig. 1F), NAC 150 mg/kg (NS), cloza-
pine (p < 0.0001), CLZ + NAC (p < 0.0001).

3.2.2. Object recognition test (ORT)

All ANOVA data are described in the appropriate figure legends.
In the acquisition trial, there were no significant cross-group inter-
actions in the socially reared and SIR animals (data not shown).
However, in the retention trial SIR animals receiving no treatment
or vehicle treatment, Bonferroni testing revealed a significantly
(p <0.0001) increased exploration of the familiar object and a sig-
nificantly (p <0.0001) decreased exploration of the novel object
compared to the vehicle-treated socially reared control groups
(Fig. 2). NAC 150 mg/kg, clozapine and CLZ + NAC all significantly
(p<0.0001) reversed deficits with respect to visual recognition
memory in the SIR animals (Fig. 2).

3.2.3. Sensorimotor gating test

All ANOVA data are described in the appropriate figure legends.
No significant interaction on mean startle amplitude between the
socially reared and SIR groups was evident (data not shown), as
well as no significant interaction on %PPI in socially reared animals
for each of the 4 prepulse intensities (data not shown). Bonferroni
post hoc testing indicated that SIR receiving no treatment or

Please cite this article in press as: Méller, M., et al. Social isolation rearing induces mitochondrial, immunological, neurochemical and behavioural deficits
in rats, and is reversed by clozapine or N-acetyl cysteine. Brain Behav. Immun. (2013), http://dx.doi.org/10.1016/j.bbi.2012.12.011

86



Chapter 5: Manuscript C

8 M. Miller et al. [ Brain, Behavior, and Immunity xxx (2013) xexe-xxx

vehicle, significantly reduced %PPI vs. the corresponding vehicle-
treated socially reared controls at all the prepulse intensities
(p < 0.0001, Fig. 3). Clozapine significantly reversed the %PPI deficit
in SIR animals at all 4 prepulse intensities (p <0.0001) vs. the vehi-
cle-treated SIR group, similarly for NAC 150 mg/kg (p < 0.001) and
CLZ + NAC (p <0.0001) (Fig. 3). CLZ + NAC 150 mg/kg was signifi-
cantly more effective than clozapine alone at certain prepulse
intensities (80 dB: p = 0.005, 84 dB: p <0.001, Fig. 3).

3.3. Immunological assays in peripheral blood

3.3.1. Cytokines

All ANOVA data are described in the appropriate figure legends.
Bonferroni post hoc testing indicated that SIR groups receiving no
treatment or vehicle showed significantly decreased IL-6 (Fig. 4A,
p<0.0001), as well as IL-4 (Fig. 4B, p<0.0001), but increased
TNF-o (Fig. 4C, p<0.0001) and IFN-y (Fig. 4D, p <0.0001), com-
pared to their vehicle-treated socially reared controls. SIR-associ-
ated changes in IL-6 (Fig. 4A) was partially reversed by NAC
150 mg/kg (p =0.03), and fully reversed by clozapine (p < 0.0001)
and CLZ + NAC (p <0.0001). SIR-induced changes in IL-4 (Fig. 4B)
was partially reversed by NAC 150 mg/kg (p =0.04) and clozapine
(p=0.002) and fully reversed by CLZ+ NAC (p <0.0001). SIR-in-
duced changes in TNF-a (Fig. 4C) was fully reversed by NAC
150 mgfkg (p<0.0001), clozapine (p<0.0001) and CLZ+ NAC
(p <0.0001). SIR-induced changes in IFN-vy (Fig. 4D) were fully re-
versed by NAC 150 mg/kg (p < 0.0001), clozapine (p < 0.0001) and
CLZ + NAC (p < 0.0001). CLZ + NAC were superior to clozapine alone
in reversing SIR-induced changes in [L-4 (Fig. 4B; p < 0.0001).

3.3.2. Tryptophan-kynurenine metabolites

All ANOVA data are described in the appropriate figure legends.
Bonferroni post hoc testing indicated that SIR in animals receiving
no treatment or vehicle evoked a significant (p <0.0001) increase
in kynurenine (Fig. 5A) and QA (Fig. 5C), and a significant
(p <0.0001) decrease in KYNA (Fig. 5B) and neuroprotective ratio
(Fig. 5D) vs. the vehicle-treated socially reared controls. SIR-
induced changes in kynurenine (Fig. 5A) was partially reversed
by NAC 150 mg/kg (p=0.04) and fully reversed by clozapine
(p=0.002) and by CLZ+NAC (p<0.0001). Changes in KYNA
(Fig. 5B) was partially reversed by NAC 150 mg/kg (p=0.03) and
fully reversed by clozapine (p<0.0001) and CLZ+ NAC
(p <0.0001). The change in QA (Fig. 5C) was partially reversed by
NAC 150 mg/kg (p=0.002) and fully reversed by clozapine
(p<0.0001) and CLZ + NAC (p <0.0001). The change in neuropro-
tective ratio (Fig. 5D) was partially reversed by NAC 150 mg/kg
(p=0.04) and fully reversed by clozapine (p<0.0001) and
CLZ + NAC (p <0.0001). CLZ + NAC treatment was superior to cloza-
pine alone in reversing SIR-associated changes in KYNA (p < 0.05),
QA (p<0.05) and neuroprotective ratio (p<0.0001) (Fig. 5B-D,
respectively).

3.4. Brain analyses

3.4.1. Cortico-striatal ATP

All ANOVA data are described in the appropriate figure legends.
Bonferroni post hoc testing indicated a significant (p < 0.0001) de-
crease in the frontal cortical ATP (Fig. 6A) and a significant
(p<0.0001) increase in the striatal ATP (Fig. 6B) in SIR animals
receiving no treatment or vehicle treatment, compared to the vehi-
cle-treated socially reared controls. In the frontal cortex, clozapine
(p<0.0001) and CLZ + NAC (p < 0.0001) fully reversed SIR-induced
deficits in ATP level in SIR animals, while CLZ + NAC was superior
(p=0.02) to clozapine treatment alone (Fig. 6A). In the striatum,
clozapine (p <0.0001) and CLZ + NAC (p < 0.0001) fully reversed
SIR induced increases in ATP levels (Fig. 6B).

3.4.2. Cortico-striatal dopamine levels

All ANOVA data are described in the appropriate figure legends.
Bonferroni post hoc testing indicated a significant decrease in fron-
tal cortical DA (p < 0.0001, Fig. 7A) in SIR animals receiving either
no treatment or vehicle treatment, compared to vehicle-treated so-
cially reared controls. SIR also induced a significant increase in stri-
atal DA (p < 0.0001, Fig. 7B).

In the frontal cortex, the SIR-induced decrease in DA (Fig. 7A)
was partially reversed by NAC 150 mg/kg (p=0.04) and fully re-
versed by clozapine (p<0.0001) and CLZ + NAC (p <0.0001). In
the striatum, SIR-induced increases in DA (Fig. 7B) was partially re-
versed by 150 mg/kg NAC (p = 0.009), and fully reversed by cloza-
pine (p<0.0001) and CLZ+NAC (p<0.0001). Importantly
CLZ + NAC was superior to clozapine treatment alone with respect
to reversing SIR-induced changes in both frontal cortical and stria-
tal DA levels (Fig. 7A and B; p = 0.0008; p = 0.04, respectively).

4. Discussion

This study has reaffirmed the validity of SIR in rats as a model
for schizophrenia, including the reduction of %PPI (Fig. 3: Geyer
et al,, 1993), effects on social interactive behaviours (Fig. 1; Moller
et al., 2011), elevated kynurenine and QA vs. KYNA and reduced
neuroprotective ratio (Fig. 5; Moller et al., 2012b), and their rever-
sal by clozapine (Mdller et al., 2011, 2012b). We now show that SIR
reduces plasma IL-4 and IL-6 (Fig. 4A and B) and increases TNF-u
and IFN-y (Fig. 4C and D), reduces frontal cortical ATP (Fig. 6A)
but increases striatal ATP (Fig. 6B), with attenuated novel object
recognition memory (Fig. 2). Frontal cortical DA is reduced
(Fig. 7A) but elevated in the striatum (Fig. 7B). SIR associated
bio-behavioural changes are reversed by clozapine or NAC (Figs.
1-5 and 7), with clozapine + NAC more effective than clozapine
on a number of parameters.

4.1. Mechanisms and consequences of SIR-mediated immune
dysregulation

Early life adversity, especially via inflammation and oxidative
stress, increases the risk of schizophrenia (Sorensen et al.,, 2009).
The mitochondrial respiratory chain is a major source of ROS that
is maintained by the GSH and other endogenous antioxidant sys-
tems (Bains and Shaw, 1997; Johnson and Giulivi, 2005), failure
of which results in disruption of ATP synthesis and oxidative dam-
age (Smith et al,, 2012). Schizophrenia presents with oxidative
stress (Ng et al., 2008) as well as reduced mitochondrial function
in the frontal and temporal lobes (Fukuzako et al., 1999; Volz
et al.,, 2000; Jensen et al., 2006). SIR reduced frontal cortical ATP,
in line with the clinical evidence, and is also associated with frontal
cortical and striatal oxidative stress (Schiavone et al., 2009; Mdller
et al., 2011). This response seems to involve increased expression
of nicotinamide adenosine dinucleotide phosphate (NADPH) oxi-
dase 2 (NOX2; Schiavone et al., 2009), an innate immune enzyme
responsible for superoxide production. NOX2 controls glutamate
release in the prefrontal cortex (Sorce et al., 2010; Schiavone
et al, 2012) and compromises cortical parvalbumin-positive
y-amino butyric acid (GABA) inter-neurons (Schiavone et al.,
2009; Powell et al., 2012). Unstable excitatory-inhibitory pathways
and oxidative stress thus play a pathological role in SIR and by
implication, schizophrenia.

ATP mediates the release of pro-inflammatory cytokines (Cruz
et al,, 2007), while schizophrenia is characterised by immune dys-
function (Drzyzga et al, 2006) and a pro-inflammatory state
(Leonard et al., 2012), e.g. decreased plasma/serum anti-inflamma-
tory cytokines (IL-4; Kim et al., 2004) and elevated pro-inflamma-
tory cytokines (IFN-y and TNF-o; Kim et al., 2004; Drzyzga et al.,
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2006). The SIR-induced increase in plasma TNF-o and IFN-y and a
decrease in IL-4 confirm the presence of a pro-inflammatory state.

The kynurenine pathway occurs primarily in astrocytes and
microglia, with 60% of cerebral kynurenine contributed from the
periphery (Heyes et al., 1997). Pro- vs. anti-inflammatory cytokines
and their activation/inhibition of IDO links immune-inflammatory
pathways with redox balance (Stone and Darlington, 2002). SIR in-
creased plasma QA and reduced the neuroprotective ratio. Elevated
KYMA (Schwarcz et al., 2001; Erhardt et al., 2001), kynurenine and
QA (Torrey et al., 1998; Miller et al., 2008) are described in schizo-
phrenia. However, decreased plasma KYNA in medication-naive/
free schizophrenia patients (Myint et al., 2011) confirms findings
in SIR rats described here and elsewhere (Mdller et al., 2012b).

The DA hypothesis proclaims increased sub-cortical DA but re-
duced frontal cortical DA activity in schizophrenia (Guillin et al.,
2007), corresponding to elevated striatal but reduced frontal corti-
cal DA in SIR animals. The latter coincides with hypo-frontality in
schizophrenia (Riehemann et al., 2001) manifesting here as deficits
in social behaviour (increased self-directed, reduced social behav-
iours) and memory (decreased novel object recognition) akin to
that observed in schizophrenia (Russell et al., 2000; Barch et al.,
2002). Increased striatal DA, however, coincides with the positive
symptoms of the illness, depicted here by increased square cross-
ings and self-grooming (self-directed behaviours) and deficits in
%PPl. SIR-induced schizophrenia-like behaviours therefore relate
to the DA hypothesis via altered PPI (increased striatal DA; Zhang
et al. 2000), deficits in cognition (reduced cortical DA; Ventura
et al., 2004) and social behaviour (reduced cortical DA; Fernandez,
2003). The effects of SIR on DA also support the social defeat model
of schizophrenia (Selten and Cantor-Graae, 2005). Whether SIR-
induced change in DA metabolism follows on from mitochondrial
dysfunction, altered cytokines, kynurenine metabolism, or a
combination of these is now discussed.

4.2. Mitochondria, immune-inflammatory dysregulation and
dopamine

Mitochondrial ATP occupies a central role in glial cytokine re-
lease, with DA involved in this response (Choi et al., 2007). More-
over, DA release in the nucleus accumbens is associated with an
increase in ATP (Kriigel et al., 1999, 2001). Deficits in PPl are re-
lated to GSH-DA interactions (Dean et al., 2010) while glutamate-
dependent striatal DA release involves hydrogen peroxide (H,0;)
activation of ATP-sensitive K channels (Avshalumov and Rice,
2003). Thus mitochondrial ATP and redox state are associated with
positive symptoms. Indeed SIR increased striatal ATP and DA, in-
creased self-directed behaviours and reduced %PPI. Conversely, al-
tered frontal lobe mitochondrial ATP is correlated with negative
symptoms and neuropsychological deficits in schizophrenia
(Yacubian et al., 2002), congruent with SIR-induced reduction in
frontal cortical ATP, DA and social interactive behaviours.

DA dysfunction and schizophrenia progression is related to
cytokines via inflammation, oxidative stress and apoptosis (Meyer
and Feldon, 2009). Indeed the multifunctional cytokine, IL-6, that is
altered in the disorder (Rubio-Perez and Morillas-Ruiz, 2012), is
linked to NOX2 activation (Behrens et al., 2008), while it also alters
frontal cortical DA activity (Zalcman et al., 1994). Interestingly pre-
natal immune challenge, like SIR, is an early life neurodevelopmen-
tal trauma that facilitates postnatal DA dysfunction (Meyer and
Feldon, 2009; Vuillermot et al., 2010), while TNF- is neurotoxic
to DA neurons during foetal brain development (Pauly and Slotkin,
2008).

Frontal-cortical glutamate transmission influences cortical and
sub-cortical DA release (Schwartz et al., 2012), while its modula-
tion via the kynurenine pathway may have similar effects (Wonodi
and Schwarcz, 2010). Although QA has minimal effects on striatal

DA release (Pittaluga et al., 2001), DA is reduced by an elevation
in KYNA (Okuno et al.,, 2011). Reduced KYNA, as our SIR data con-
firms, will thus increase striatal DA release to illicit positive behav-
ioural symptoms. KYNA bi-directionally modulates frontal cortical
glutamate and DA release, implicating KYNA-DA interactions in
cognition (Wonodi and Schwarcz, 2010). KYNA-DA interactions
also influence survival of nigrostriatal DAergic neurons (Miranda
et al, 1997).

4.3. Response to clozapine and NAC and relevance for schizophrenia

Clozapine reversed SIR-induced frontal cortical DA deficits, as
well as self-directed social and memory deficits. This coincides
with its known effects on cortical DA release (Moghaddam and
Bunney, 1990; Kuroki et al., 1999), and explains its positive influ-
ence on frontal lobe deficits in schizophrenia (Harvey et al.,
1999). Similarly its reversal of elevated striatal DA and social and
PPI deficits coincides with elevated DA levels purported to underlie
positive symptom schizophrenia (Harvey et al, 1999). However,
clozapine modulates proinflammatory cytokine and ROS release
(Hu et al, 2012), reverses oxidative stress (Moller et al., 2011)
and corrects aberrant kynurenine metabolism (Mdoller et al.,
2012b), suggesting that its effect on DA may involve immunologi-
cal actions. Although such an action is evident in clinical studies
(Monteleone et al., 1997; Hinze-Selch et al., 1998), precisely how
clozapine re-establishes redox homeostasis is uncertain. Regula-
tion of mitochondrial activity, inhibition of microglial-dependent
inflammatory responses (Hu et al., 2012), modulating IDO activity
(Wang et al, 2010) and inhibiting pro-inflammatory cytokines
(Sugino et al., 2009) seems evident. Clozapine reversed SIR-
induced changes in cortico-striatal ATP, KYNA, QA and neuropro-
tective ratio, and re-established pro- vs. anti-inflammatory
cytokine balance. Since cytokines influence IDO activity, a primary
action regulating cytokine release is more likely, followed thereaf-
ter by effects on IDO and kynurenine metabolism.

A GSH active antioxidant and glutamate modulator such as NAC
may therefore offer clinical utility in treating schizophrenia and may
bolster the above-mentioned effects of clozapine. NAC 150 mg/kg/
day partially yet significantly reversed SIR induced deficits in mem-
ory, PPl and social interactive behaviours, as well as changes in cyto-
kines, kynurenine metabolites and DA. Although NAC failed to
reverse SIR-induced cortico-striatal ATP changes and self-directed
social behaviours, a higher dose (250 mg/kgsee Supplement 1, Figs. 1
and 6) proved effective. Thus NAC effectively reverses the bio-
behavioural effects of SIR, albeit less so than clozapine. Since cloza-
pine reverses SIR-induced GSH imbalance (Maller et al., 2011), both
NAC and clozapine share actions on the GSH system, although their
beneficial interaction extends to other redox-active systems as dem-
onstrated in this paper. NAC also affects cortico-striatal DA release
via actions on the cystine-glutamate transporter (Bauzo et al,
2012), while clozapine too affects glutamate pathways (Toua et al,,
2010). Combined effects on NOX2 (Hu et al., 2012) and redox im-
paired parvalbumin interneurons (Cabungcal et al., 2012) also war-
rant consideration. This commonality in action possibly explains
NAC's efficacy as adjunctive therapy to improve negative symptoms,
social-interaction and auditory sensory processing amongst others
(Berk et al., 2008; Dean et al., 2011; Lavoie et al., 2008), and concurs
with our behavioural data (Figs. 1-3 and Supplement 1 Figs. 1-3).
Although NAC reversal of mitochondrial toxicity is not new (e.g.
Singh et al,, 2010), its ability to reverse reduced cortical ATP in a
model of social isolation is noteworthy. Interestingly CLZ + NAC
was superior to clozapine with respect to changes in PPI, KYNA,
QA and neuroprotective ratio, frontal cortical ATP and DA, all param-
eters targeted by each drug separately. By re-establishing homeo-
stasis in frontal cortical mitochondrial function, correcting
aberrant immune-inflammatory cascades and stabilization of
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kynurenine/glutamatergic activity, CLZ + NAC more effectively sta-
bilizes cortico-striatal DA circuits to improve treatment outcome.

5. Conclusion

SIR-induced behavioural deficits in social interaction, memory
and PPI are associated with altered cortico-striatal ATP levels, an
increase and decrease in pro- and anti-inflammatory cytokines,
respectively, leading to altered plasma tryptophan metabolites, a
reduction in the neuroprotective ratio and cell damage. These ef-
fects combine to initiate striatal DA changes expressed as positive-
or negative-like behavioural symptoms. Moreover, these changes
are reversed by sub-chronic clozapine or NAC treatment with evi-
dence for an additive effect for CLZ + NAC on selected parameters.
This study confirms mitochondrial and immune-inflammatory
involvement in schizophrenia using a neurodevelopmental animal
model (SIR), and provides insight into the mechanisms underlying
the utility of NAC as an adjunctive treatment in schizophrenia.
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Supplement 1, Méller et al., 2012

1. Drugs and drug treatment protocol
Clozapine (Pharmaplan, Johannesburg, South Africa), dissolved in 1M glacial acetic
acid and buffered with sodium hydroxide (NaOH) (pH = 6.0), was administered as a
single daily intraperitoneally (i.p) dose of 5 mg/kg/0.5 ml /day (Toua et al., 2010;
Moller et al., 2011). NAC (Sigma-Aldrich, Johannesburg, South Africa), dissolved in
saline and buffered with 1M glacial acetic acid and NaOH (pH = 6.0), was
administered i.p over a dose range of 50, 150, 250 mg/kg/0.5ml/day (Fukami et al.,
2004; Khan et al., 2004; Chen et al., 2010). Control groups received an equivalent
volume of vehicle i.p., comprising saline and 1 M glacial acetic acid and buffered with
sodium hydroxide (NaOH) (pH = 6.0). Clozapine, NAC and vehicle was administered
between 06-08h00 in the last 14 days of social/SIR rearing. All animals were

sacrificed by decapitation without any prior use of an anaesthetic agent.

2. Socially reared cohort

This group was used to evaluate the effects of the various drug treatments in healthy

animals.

Behavioural studies: The animals were randomly separated at weaning (21 days
post-natal) into 7 groups of socially reared rats (3-4 rats in a cage). One group of
animals (n = 10) received no treatment, while the remaining 6 groups (n = 10)
received either of the following treatments: vehicle, NAC (50, 150, 250 mg/kg),

clozapine (5 mg/kg) or a combination of clozapine (5 mg/kg) and NAC (150 mg/kg)
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(CLZ + NAC), respectively. A NAC dose of 150 mg/kg was found in the SIR cohort
(see below) to be best suited for use in the main manuscript (see manuscript for
further explanation). After 8 weeks of SIR/group rearing, social interaction, novel
object recognition and sensorimotor gating (see below) were performed on days 12,
13 and 14, respectively, of the drug treatment period (18-20h00). All behavioural

assessments were undertaken at least 12 hours post-drug administration.

Immune-neurochemistry study: A separate 7 groups of animals (n=10/group),
randomly assigned to the same groupings as described above, followed the above
protocol except that at 8 weeks the animals were sacrificed, trunk blood collected for
tryptophan metabolism and cytokine analysis and brains (frontal cortex and striatum)
dissected for analysis of mitochondrial function and dopamine (DA) levels (see

below).

3. SIR cohort
This group was used to determine a suitable dose for NAC for application in the main

study (see manuscript).

The SIR cohort was divided into 4 groups for the respective behavioural and
immune-neurochemistry studies as outlined above, viz. SIR + vehicle, SIR + NAC
(50, 150 and 250 mg/kg). On PND 21 the rats were place in isolation (1 rat in a cage)
for 8 weeks. The NAC dose response study was used to determine an appropriate
dose of NAC for the clozapine (5 mg/kg) plus NAC combination in SIR animals
presented in the main study (see manuscript) as well as in the drug-treated social
control groups described here. Our findings established NAC 150 mg/kg as the

preferred dose.
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4. Behavioural tests

Social interaction test: The social interaction was performed as previously described
by Moller et al., (2011). Briefly, two rats were placed in the centre of an open field
arena, illuminated with red light (40 W), and allowed 30 s for adaptation. Thereatfter,
time spent in active social interactive behaviours, namely rearing, anogenital sniffing,
approaching and staying with the partner, as well as self-directed behaviour,
including squares crossed and self-grooming (Gonzalez et al., 1996; Mdller et al.,
2011), were scored for 10 min. Both members of a test-pair had received the same
treatment and the same prior experience. Testing was performed between 18h00
and 20h00, with video scoring based on averaged scores by two blind independent

observers who remained outside the testing room.

Object recognition test (ORT): The test was performed as described previously
(Grayson et al., 2007; McLean et al., 2010). Briefly, the rats were exposed to a 5-min
habituation session in a Plexiglas ORT box (70cm x 70cm x 40cm), followed by the
experimental trials where each rat was exposed to two identical objects (right and left
object) for a period of 5 min (acquisition trial). The rats were then returned to their
home cage for a 1.5 hr inter-trial interval. The entire box was cleaned, both objects
removed and one replaced with an identical familiar copy and one with a novel
unfamiliar object. Following the 1.5 hr inter-trial interval, rats were returned to explore
the familiar and novel object in the test box for a 5-min retention trial. All experiments
were filmed and recorded for subsequent behavioural analysis. The total exploration
time of both objects in the retention trial (familiar and novel object respectively) were

calculated.
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Prepulse inhibition test: Prepulse inhibition (PPIl) was assessed, as described
previously (Van den Buuse and Eikelis, 2001; Mdller et al., 2011). Briefly, prepulse
trials included a single 120 dB pulse preceded by a 20 ms non-startling prepulse-
stimulus with intensities of 72, 76, 80 or 84 dB. Percent PPl (% PPI) for the four
prepulse intensities was calculated according to the formula: % PPI = [100—(startle
response for PREPULSE+PULSE trial)/(startle response for PULSE ALONE

trial)x100] (Van den Buuse and Eikelis, 2001).

5. Peripheral immune-neurochemistry assays

After decapitation, trunk blood was collected in pre-chilled, 4 ml vacutainer tubes
(SGVac) containing K,EDTA solution as anticoagulant, centrifuged at 14,000 rpm at
4°C for 10 min, and the plasma stored at -80°C until the day of analysis. On that day
plasma samples were thawed on ice, centrifuged again, as mentioned above, and

the plasma used.

Cytokine analysis: Plasma anti-inflammatory cytokines (IL-4), pro-inflammatory
cytokines (TNF-a, INF-y) and multipurpose cytokine (IL-6), were measured in
duplicate by sandwich enzyme-linked immunosorbent assay (ELISA) kits according
to the manufacture’s protocol (Invitrogen ELISA kit, Camarillo, CA). The sensitivity of
the assay allowed the detection of cytokine concentrations within the following
ranges: IL-6 1.5-1500 pg/mL; IL-4 0.2-100 pg/mL; IFN-y 11.5-1400 pg/mL; TNF-a
3.5-1000 pg/mL. The final concentration of each cytokine was expressed as pg/mL

of plasma used.
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Analysis of tryptophan-kynurenine metabolism: Plasma samples were pre-purified by
a solid phase extraction (SPE) method followed by detection using a novel liquid
chromatography-tandem mass spectrometry (LC-MS/MS) procedure developed and
validated in our laboratory (Moller et al., 2012a). Kynurenine, KYNA and QA were
guantified, and plasma KYNA:kynurenine ratio used to determine the neuroprotective
ratio (Myint et al., 2007; Myint et al., 2011). The neuroprotective ratio is hypothesized
to relate to the eventual down-stream levels of QA following a shift in the relative
levels of KYNA and kynurenine (Moller et al., 2012b). Neuroprotective ratio: [L1000 x

plasma kynurenic acid (mM)]/plasma kynurenine (mM).

6. Brain analysis

The frontal cortex was immediately dissected after decapitation, as described
previously (Toua et al., 2010; Mdller et al., 2011). The brain was then placed on its
ventral side, the two cerebral hemispheres split and the striatum dissected out using
the external walls of the lateral ventricles as internal limits and the corpus callosum
as external limits. These brain regions were immediately fixed in liquid nitrogen and

stored at —80°C.

Cortico-striatal ATP analysis: ATP accumulation was determined in the frontal cortex
and striatum tissue using a commercially available bioluminescence assay
(Molecular Probes ATP Determination Kit; A22066) according to the manufacturer’s
instructions (Invitrogen ATP kit, Paisley, UK). ATP is determined with recombinant
firefly luciferase and its substrate D-luciferin, with the concentration of ATP in each

brain region expressed as nmol/mg protein.
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Cortico-striatal DA analysis: Quantification of cortico-striatal DA was performed using
a HPLC system with electrochemical detection (HPLC-EC) (Harvey et al., 2006). DA

concentration was expressed as ng/mg wet weight of tissue (mean + SEM).

7. Statistical analysis

To model the behavioural and immune-neurochemical measurements respectively, a
three-way factorial ANOVA and Bonferroni post-hoc tests was applied for the
respective treatments (vehicle, clozapine, NAC, clozapine + NAC), rearing conditions
(social vs. SIR) and either (a) behavioural parameter, either social interaction, object
recognition or prepulse intensity (repeated measures was used for the startle
amplitude and different PPI intensities) or (b) immune-inflammatory parameter
(cytokines or kynurenine metabolites) or (c) cortico-striatal parameters (ATP, DA). In
all cases, data are expressed as the mean + standard error of the mean (SEM), with
a p value of <0.05 deemed statistically significant (Graphpad Prism 5; SAS/STAT®

Software).
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Supplementary Fig. 1, Moéller et al., 2012
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Supplementary Fig. 2, Méller et al., 2012
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Supplementary Fig. 3, Mdller et al., 2012
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Supplementary Fig. 4, Méller et al., 2012
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Supplementary Fig. 5, Méller et al., 2012
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Supplementary Fig. 6, Méller et al., 2012
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Supplementary Fig. 7, Méller et al., 2012
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Supplementary Figure Legends, Moller et al., 2012

Supplementary Fig. 1 Social interactive and self-directed behaviours in socially
reared rats following the various drug treatments, and SIR rats following the NAC
dose response study, as indicated (n = 10/group): (A) rearing; (B) approaching; (C)
time together; (D) anogenital sniffing; (E) squares crossed; (F) self-grooming. A SIR
vehicle treatment group is included for statistical comparison in the NAC dose
response study. Treatment had a significant main effect with respect to (A) rearing (F
(10, 99) = 17.41, p < 0.0001); (B) approaching (F (10, 99) = 41.51, p < 0.0001); (C)
time together (F (10, 99) = 51.4, p < 0.0001); (D) anogenital sniffing (F (10,99) =
18.19, p < 0.0001); (E) squares crossed (F (10,99) = 22.36, p < 0.0001); (F) self-
grooming (F (10,99) = 12.70 p < 0.0001) (3-way ANOVA). Rearing also indicated a
significant main effect with respect to (A) rearing (F (10, 99) = 41.50, p < 0.0001); (B)
approaching (F (10, 99) = 29.67, p < 0.0001); (C) time together (F (10, 99) =41.93, p
< 0.0001); (D) anogenital sniffing (F (10,99) = 31.96, p < 0.0001); (E) squares
crossed (F (10,99) = 14.49, p < 0.0001); (F) self-grooming (F (10,99) = 26.53 p <
0.0001) (3-way ANOVA). Significant cross-group interactions were observed with
regards to (A) rearing (F (10, 99) = 27.86, p < 0.0001); (B) approaching (F (10, 99) =
17.94, p < 0.0001); (C) time together (F (10, 99) = 29.03, p < 0.0001); (D) anogenital
sniffing (F (10,99) = 20.71, p < 0.0001); (E) squares crossed (F (10,99) = 18.82, p <
0.0001); (F) self-grooming (F (10,99) = 22,27 p < 0.0001) (3-way ANOVA). SIR
induced a significant (p < 0.0001) decrease in rearing (A), approaching (B), time
together (C), anogenital sniffing (D), and a significant (p < 0.0001) increase in
squares crossed (E) and self-grooming (F), vs. social vehicle. No significant
treatment differences were observed between the socially reared groups (A-F)
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(Bonferroni post hoc test). In the SIR treatment groups, NAC 150 mg/kg significantly
attenuated alterations in (A) rearing (p = 0.04), (B) times approaching (p = 0.02) and
(D) anogenital sniffing (p = 0.03); NAC 250 mg/kg significantly reversed alterations in
(A) rearing (p = 0.008 ), (B) times approaching (p = 0.02), (C) time together (p =
0.01), (D) anogenital sniffing (p = 0.03), (E) squares crossed (p = 0.02) and (F) self-

grooming (p = 0.002). *p < 0.05 vs. SIR vehicle treatment (Bonferroni post-hoc test).

Supplementary Fig. 2 Retention trial of the object recognition test in (A) socially
reared rats following the various drug treatments, and (B) SIR rats following the NAC
dose response study, as indicated (n = 10/group). A SIR vehicle treatment group is
included for statistical comparison in the NAC dose response study. Treatment had a
significant main effect with respect to visual recognition memory in (A) the socially
reared rats (F (10, 98) = 20.34, p = 0.0039) and in (B) the SIR rats (F (3, 72) = 30.78,
p = 0.0032) (3-way ANOVA). Rearing also indicated a significant main effect with
respect to visual recognition memory in (A) the socially reared rats (F (10, 98) =
83.29, p < 0.0001) and in (B) the SIR rats (F (3, 72) = 28.11, p = 0.0098) (3-way
ANOVA). Significant cross-group interactions were observed with respect to visual
recognition memory in (A) the socially reared rats (F (10, 98) = 78.70, p < 0.0001)
and in (B) the SIR rats (F (3, 72) = 51.65, p < 0.0001) (3-way ANOVA). No significant
treatment differences were observed in (A) the socially reared groups (Bonferroni
post hoc test). NAC 150 mg/kg and NAC 250 mg/kg significantly (p < 0.0001)
reversed the visual recognition memory deficits in (B) the SIR group. *p < 0.0001 vs.

SIR vehicle treatment (Bonferroni post-hoc test).

Supplementary Fig. 3 Sensorimotor gating at various prepulse intensities in SIR
rats, following the NAC dose response study, as indicated (n = 10/group), presented

as percent prepulse inhibition (%PPI). A SIR vehicle treatment group at each
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respective prepulse is included for statistical comparison. A significant main effect of
treatment (F (3, 9) = 33.91, p < 0.0001) and rearing (F (3, 9) = 38.12, p < 0.0001)
was observed in % PPI (3-way ANOVA). Significant cross-group interactions were
observed in % PPI (F (3, 9) = 45.1, p < 0.0001) (3-way ANOVA). NAC 150 mg/kg (p
< 0.001) and NAC 250 mg/kg (p < 0.001) significantly reversed the PPI deficit
observed vs. SIR vehicle treatment group, at each prepulse inhibition intensity. *p <
0.001 vs. SIR vehicle treatment at 72 dB, 76 dB, 80 dB and 86 dB respectively

(Bonferroni post-hoc test).

Supplementary Fig. 4 Pro and anti-inflammatory cytokine concentrations, (A) IL-6;
(B) IL-4; (C) TNF-a; (D) IFN-y in socially reared rats following the various drug
treatments, and in SIR rats following the NAC dose response study, as indicated (n =
10/group). A SIR vehicle treatment group is included in the NAC dose response
study for statistical comparison. Treatment had a significant main effect with respect
to (A) IL-6 (F (10,99) = 9.31, p < 0.0001); (B) IL-4 (F (10,99) = 22.24, p < 0.0001);
(C) TNF-a (F (10,99) = 38.70, p < 0.0001); (D) IFN-y (F (10,99) = 70.75, p < 0.0001)
(3-way ANOVA). Rearing also indicated a significant main effect with respect to (A)
IL-6 (F (10,99) = 12.08, p < 0.0001); (B) IL-4 (F (10,99) = 26.78, p < 0.0001); (C)
TNF-a (F (10,99) = 27.13, p < 0.0001); (D) IFN-y (F (10,99) = 75.22, p < 0.0001) (3-
way ANOVA). Significant cross-group interactions were observed with respect to (A)
IL-6 (F (10,99) = 7.71, p < 0.0001); (B) IL-4 (F (10,99) = 26.58, p < 0.0001); (C)
TNF-a (F (10,99) = 25.94, p < 0.0001); (D) IFN-y (F (10,99) = 76.93, p < 0.0001) (3-
way ANOVA). No significant treatment changes on IL-6, IL-4, TNF-a and IFN-y (A-
D), were observed in the socially reared groups (Bonferroni post hoc). SIR induced a
significant (p < 0.0001) decrease in IL-6 (A) and IL-4 (B), and a significant (p <

0.0001) increase in TNF-a (C) and IFN-y (D) vs. social vehicle. SIR-induced deficits
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in: (A) IL-6, was partially reversed by NAC 150 mg/kg (p = 0.03), and fully reversed
by NAC 250 mg/kg (p < 0.0001); (B) IL-4 was partially reversed by NAC 150 mg/kg
(p = 0.04) and NAC 250 mg/kg (p = 0.009). SIR-induced elevations in: (C) TNF-a
was fully reversed by NAC 150 mg/kg and NAC 250 mg/kg (p < 0.0001); (D) IFN-y
was fully reversed by NAC 150 mg/kg and NAC 250 mg/kg (p < 0.0001). *p < 0.05
vs. SIR vehicle treatment, **p < 0.0001 vs. SIR vehicle treatment (Bonferroni post-

hoc test).

Supplementary Fig. 5 Kynurenine pathway metabolites in socially reared rats
following the various drug treatments, and in SIR rats following the NAC dose
response study, as indicated (n = 10/group): (A) kynurenine; (B) KYNA; (C) QA; (D)
neuroprotective ratio. A SIR vehicle treatment group is included for statistical
comparison in the NAC dose response study. Treatment had a significant main effect
with respect to (A) kynurenine (F (10, 99) = 8.90, p < 0.0001); (B) KYNA (F (10, 99) =
74.68, p < 0.0001); (C) QA (F (10, 99) = 27.26, p < 0.0001); (D) neuroprotective ratio
(F (10, 99) = 292.40, p < 0.0001) (3-way ANOVA). Rearing also indicated a
significant main effect with respect to (A) kynurenine (F (10, 99) = 5.22, p < 0.0001);
(B) KYNA (F (10, 99) = 75.32, p < 0.0001); (C) QA (F (10, 99) = 22.92, p < 0.0001);
(D) neuroprotective ratio (F (10, 99) = 271.9, p < 0.0001) (3-way ANOVA).
Significant cross-group interactions were observed with respect to (A) kynurenine (F
(10, 99) = 8.54, p < 0.0001); (B) KYNA (F (10, 99) = 75.67, p < 0.0001); (C) QA (F
(10, 99) = 20.92, p < 0.0001); (D) neuroprotective ratio (F (10, 99) = 284.8, p <
0.0001) (3-way ANOVA). No significant drug effects were evident in the socially
reared treatment groups (A-D) (Bonferroni post hoc test). SIR induced a significant
(p < 0.0001) increase in kynurenine (A) and QA (C), and a significant (p < 0.0001)

decrease in KYNA (B) and neuroprotective ratio (D) vs. social vehicle. The SIR-
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induced elevations in kynurenine (A) was partially reversed by NAC 150 mg/kg (p =
0.04) and NAC 250 mg/kg (p = 0.03); in QA (C), was partially reversed by NAC 150
mg/kg (p = 0.002) and fully reversed by NAC 250 mg/kg (p < 0.0001). SIR-induced
deficits in KYNA (B), was partially reversed by NAC 150 mg/kg (p = 0.03) and NAC
250 mg/kg (p = 0.001); in neuroprotective ratio (D), partially reversed by NAC 150
mg/kg (p = 0.04) and NAC 250 mg/kg (p = 0.02). *p < 0.05 vs. SIR vehicle treatment,

**p < 0.0001 vs. SIR vehicle treatment. (Bonferroni post-hoc test).

Supplementary Fig. 6 ATP levels in (A) the frontal cortex and (B) striatum in socially
reared rats following the various drug treatments, and in SIR rats following the NAC
dose response study, as indicated (n = 10/group). A SIR vehicle treatment group is
included for statistical comparison in the NAC dose response study. Treatment had a
significant main effect in (A) the frontal cortex (F (10, 99) = 12.70, p < 0.0001) and
(B) the striatum (F (10, 99) = 12.49, p < 0.0001) (3-way ANOVA). Rearing also
indicated a significant main effect in (A) the frontal cortex (F (10, 99) = 14.97, p <
0.0001) and (B) the striatum (F (10, 99) = 14.24, p < 0.0001) (3-way ANOVA).
Significant cross-group interactions were observed in (A) the frontal cortex (F (10,
99) = 10.51, p < 0.0001) and (B) the striatum (F (10, 99) = 11.63, p < 0.0001) (3-way
ANOVA). SIR induced a significant (p < 0.0001) decrease in frontal cortex ATP (A)
and a significant (p < 0.0001) increase in striatal ATP (B) vs. social vehicle. No
significant treatment changes were observed in (A) and (B) in the socially reared
treatment groups (Bonferroni post hoc test). NAC 250 mg/kg partially reversed (p =
0.01) the SIR-induced ATP deficits in (A) the frontal cortex, however, no significant
differences were observed in (B) the striatum between the SIR treatment groups. *p

< 0.05 vs. SIR vehicle treatment (Bonferroni post-hoc test).
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Supplementary Fig. 7 DA in (A) the frontal cortex and (B) the striatum in socially
reared rats following the various drug treatments, and in SIR rats following the NAC
dose response study, as indicated (n = 10/group). A SIR vehicle treatment group is
included for statistical comparison in the NAC dose response study. Treatment had a
significant main effect in the frontal cortex (A) (F (10, 99) = 34.60, p < 0.0001) and in
the striatum (B) (F (10, 99) = 12.20, p < 0.0001) (3-way ANOVA). Rearing also
indicated a significant main effect in the frontal cortex (A) (F (10, 99) = 38.64, p <
0.0001) and in the striatum (B) F (10, 99) = 18.12, p < 0.0001) (3-way ANOVA).
Significant cross-group interactions were observed: in the frontal cortex (A) F (10,
99) = 37.60, p < 0.0001) and in the striatum (B) F (10, 99) = 11.22, p < 0.0001) (3-
way ANOVA). SIR induced a significant (p < 0.0001) decrease in frontal cortical DA
(A) and a significant (p < 0.0001) increase in striatal DA (B) vs. social vehicle. No
significant treatment changes of DA levels in (A) the frontal cortex and (B) the
striatum were observed in the socially reared groups (Bonferroni post hoc test). In
the frontal cortex (A), SIR-induced decrease in DA was patrtially reversed by NAC
150 mg/kg (p = 0.04) and NAC 250 mg/kg (p < 0.008). In the striatum (B), SIR-
induced increases in DA was partially reversed by NAC 150 mg/kg (p = 0.009), and
fully reversed by NAC 250 mg/kg (p < 0.0001). *p < 0.05 vs. SIR vehicle treatment,

**p < 0.0001 vs. SIR vehicle treatment (Bonferroni post-hoc test).
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