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Article published in Brain Behavior and Immunity, entitled: 
“Social isolation rearing induces immunological, neurochemical, mitochondrial and 

behavioural deficits in rats, and is reversed by clozapine or N-acetyl cysteine” 

 
Introduction 
 
This chapter presents the full-length manuscript submitted for publication in Brain Behaviour 

and Immunity, published by Elsevier. The manuscript is presented as published by the 

publisher, and can be viewed or accessed on-line via the journal website: 

 

http://www.sciencedirect.com/science/article/pii/S0889159112005417 
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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; 

Möller 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) 

Supplement 1, Möller et al., 2012 
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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 Möller 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. Thereafter, 

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; Möller 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.  

94 
 



Chapter 5: Manuscript C 
 

Prepulse inhibition test: Prepulse inhibition (PPI) was assessed, as described 

previously (Van den Buuse and Eikelis, 2001; Möller 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 PPI (% 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)×100] (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 K2EDTA 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-α, INF-γ) 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-γ 11.5-1400 pg/mL; TNF-α 

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 (Möller et al., 2012a). Kynurenine, KYNA and QA were 

quantified, 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 (Möller et al., 2012b). Neuroprotective ratio: [1000 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; Möller 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, Möller et al., 2012 
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Supplementary Fig. 2, Möller et al., 2012 
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Supplementary Fig. 3, Möller et al., 2012 
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Supplementary Fig. 4, Möller et al., 2012 
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Supplementary Fig. 5, Möller et al., 2012 
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Supplementary Fig. 6, Möller et al., 2012 
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Supplementary Fig. 7, Möller et al., 2012 
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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) 

Supplementary Figure Legends, Möller et al., 2012 
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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-α; (D) IFN-γ 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-α (F (10,99) = 38.70, p < 0.0001); (D) IFN-γ  (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-α (F (10,99) = 27.13, p < 0.0001); (D) IFN-γ  (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-α (F (10,99) = 25.94, p < 0.0001); (D) IFN-γ  (F (10,99) = 76.93, p < 0.0001) (3-

way ANOVA). No significant treatment changes on IL-6, IL-4, TNF-α and IFN-γ (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-α (C) and IFN-γ (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-α 

was fully reversed by NAC 150 mg/kg and NAC 250 mg/kg (p < 0.0001);  (D) IFN-γ 

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 partially 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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