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Addendum A 
 

In this Addendum, additional methodology and results from experiments not incorporated in 

the manuscripts (Chapters 3, 4, 5 & 6) are provided, such as method validation and results 

that were not considered appropriate for inclusion in an article. The experiments will be 

presented separately, with a short description of the aims, methods and results provided for 

each experiment, as well as a short discussion that indicates the significance of the data. 

 

1. Evaluation of % prepulse inhibition (PPI) in socially reared controls and 
mean startle amplitude in SIR and socially reared animals, with selected 
drug treatments. 

 

1.1 Aims 

• Socially reared rats were used in all experiments throughout the study as controls for 

the social isolation reared (SIR) rats; the aim of this experiment was to establish that 

there are no drug effects on %PPI in the socially reared controls receiving selected 

drug treatments.  

• The startle amplitude is a measure of reflexive responses that can be reliably elicited; 

these responses can be modulated by non-associative learning processes such as 

habituation and sensitization (Koch, 1999; Fendt and Yeomans, 2001). The aim was 

to evaluate if there are any drug effects in the SIR and socially reared rats on the 

habituation and sensitization of the startle amplitude in the PPI paradigm.  

 

1.2 Methods 

1.2.1 PPI and mean startle amplitude test 

Additional Methodology 
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Animals used in the behavioural cohort, as described in Chapter 5 were used. After 8 weeks 

of either social rearing or SIR and 14 days of selected treatments (NAC 50, 150 or 250 

mg/kg, clozapine 5 mg/kg or the combination of clozapine and NAC 150 mg/kg (CLZ + 

NAC)), described in Chapter 5, animals were subjected to the PPI test, as described in 

Chapter 5, to obtain the %PPI in the socially reared controls. The startle amplitude was 

calculated as follows: 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). 

1.2.2 Statistical analysis 

All statistical analysis were done by a three-way factorial ANOVA and Bonferroni post-hoc 

tests, applied for the respective treatments. 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). 

 

1.3 Results 

No significant interaction on %PPI in socially reared animals for each of the 4 prepulse 

intensities (3-way ANOVA; F (6, 18) = 0.10, p = 0.81) were observed, as indicated in figure 

1. As presented in figure 2A, there was also no significant interaction on mean startle 

amplitude between the socially reared treatment groups (3-way ANOVA; F (6, 18) = 1.60, p 

= 0.06), as well as no significant group interaction was evident on mean startle amplitude (3-

way ANOVA; F (6, 18) = 3.54, p = 0.07) in the SIR rats, figure 2B 
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Figure 1: % Prepulse inhibition at various prepulse intensities in socially reared rats following the 

various drug treatments, as indicated (n = 10/group). 
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Figure 2: Mean startle amplitude at various prepulse intensities in (A) socially reared and (B) SIR rats 

following the various drug treatments, as indicated (n = 10/group). 
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1.4 Discussion 

The fact that there were no significant differences in % PPI in all treatments in the socially 

reared animals, figure 1, indicates that NAC and clozapine as well as the combination 

treatment (CLZ + NAC) had little to no effect on the ability of the healthy animal to filter 

sensory information, and can therefore be used as valid controls for the SIR treatment 

groups, described in Chapter 5.  

As indicated in our results, there were also no significant differences in startle amplitude in 

the socially reared (figure 2A), as well as in the SIR (figure 2B) animals in all the different 

treatment groups, indicating that habituation and sensitization of the startle amplitude were 

not affected in these animals. However, a decrease (not significant) in startle amplitude 

(block 1 – block 4) can be observed in the socially reared (figure 2A) as well as the SIR 

(figure 2B) animals, indicating a trend towards habituation. Habituation is a form of non-

associative learning; it can also be viewed as a form of sensory filtering, since it reduces the 

animal’s response to a non-threatening stimulus. Habituation decreases the startle response 

amplitudes, thus opposite to sensitization which increases startle response upon repeated 

presentation (Davis, 1974).  

In conclusion, habituation and sensitization are two independent processes affecting the 

same behaviour (Groves and Thompson, 1970) and which can complicate interpretation of 

our results. However, habituation does not appear to play a role, or is affected by the various 

treatments, in both the socially reared (figure 2A) as well as the SIR (figure 2B) animals in 

this study. Drug treatment responses can therefore be regarded as being accurate and 

unaffected by habituation to the startle stimulus. 

 

2. Tryptophan metabolite analysis in socially reared and SIR rats with 
selected drug treatment. 

 

2.1 Aims 

To investigate the effect of selected drug treatments on plasma levels of tryptophan, 

anthranilic acid and 3-hydroxy-anthranilic acid (3-OHAA) in socially reared and SIR rats. 

Plasma tryptophan, anthranilic acid and 3-OHAA were determined together with kynurenine, 
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KYNA and QA in Chapter 5, article 4, although here the former three were excluded from 

Chapter 5, article 4 in order to contain the length of the paper and will be presented here.  

 

2.2 Methods 

2.2.1Tryptophan metabolite analysis 

The same animals used in the peripheral immune-neurochemistry cohort, described in 

Chapter 5, were used. After 8 weeks of either social rearing or SIR and 14 days of selected 

treatments (NAC 50, 150 or 250 mg/kg, clozapine 5 mg/kg or the combination of clozapine 

and NAC 150 mg/kg (CLZ + NAC)) described in Chapter 5, animals were decapitated and 

trunk blood collected in 4 ml vacutainer tubes (SGVac) containing K2EDTA solution as 

anticoagulant, centrifuged at 14,000 rpm at 4°C for 10 min. The plasma was stored at -80°C 

until the day of analysis. On the day of analysis the plasma samples were thawed on ice, 

centrifuged again, as mentioned above, and the plasma used.   

Plasma tryptophan, anthranilic acid and 3-OHAA were determined in plasma using a solid-

phase extraction (SPE) - liquid chromatography mass spectrometry (LC-MS/MS) procedure 

developed and validated in our laboratory (Chapter 3, Möller et al., 2012b).   

2.2.2 Statistical analysis 

All statistical analysis were done by a three-way factorial ANOVA and Bonferroni post-hoc 

tests applied across all the respective treatments. 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). 

 

2.3 Results 

Significant treatment-group interactions was evident with respect to tryptophan (3-way 

ANOVA; F (6, 26) = 35.51, p < 0.0001), anthranilic acid (F (6, 26) = 23.95, p < 0.0001) and 

3-OHAA (F (6, 26) = 24.23, p < 0.0001) (figure 3A-C). Bonferroni post hoc test indicated no 

significant drug effects in the socially reared animals (figure 3A-C). However, SIR evoked a 

significant (p < 0.0001) increase in tryptophan (figure 3A), anthranilic acid (figure 3B) and 3-

OHAA (figure 3C) vs. socially reared controls. SIR-induced elevations in tryptophan (figure 

3A), anthranilic acid (figure 3B) and 3-OHAA (figure 3C) were reversed by clozapine (p < 
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0.0001) and CLZ + NAC (p < 0.0001). Only sub-chronic NAC 250 mg/kg effectively reversed 

increased 3-OHAA (figure 3C) in SIR rats (p < 0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Kynurenine pathway metabolites in socially reared and SIR rats following the various drug 

treatments, as indicated (n = 10/group): (A) tryptophan; (B) anthranilic acid; (C) 3-OHAA. #p < 0.0001 

vs. social no treatment and vehicle, *p < 0.0001 vs. SIR no treatment and vehicle, (Bonferroni post-

hoc test). 
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2.4 Discussion 

That the SIR rats presented with elevations in plasma tryptophan, anthranilic acid and 3-

OHAA compared to socially reared controls confirms previous results (Chapter 4, Möller et 

al., 2012a). Sub-chronic NAC 150 mg/kg had no effect on tryptophan and anthranilic acid 

elevations. However, NAC at 250 mg/kg significantly reversed the 3-OHAA elevations in the 

SIR rats. Since 3-OHAA is a well-known free radical (Schwarcz, 2004) and hence a pro-

oxidant, these actions can possibly be explained by NAC’s antioxidant properties (Kerksick 

and Willoughby, 2005). Clozapine and the combination CLZ + NAC significantly reversed the 

tryptophan, anthranilic acid and 3-OHAA elevations in the SIR rats, congruent with my 

previous findings (Chapter 4, Möller et al., 2012a).  

In conclusion, SIR significantly alters tryptophan metabolism that can be reversed by 

clozapine treatment, thereby emphasizing a possible new mechanism of action for 

clozapine. This mechanism involves immune-inflammatory components and is described in 

more detail in Chapter 4. Another important observation was that 3-OHAA elevation in SIR 

rats could be reversed with NAC 250 mg/kg alone, emphasizing the anti-oxidant properties 

of NAC, and at the same time re-affirming that both NAC and clozapine may be exerting a 

similar mode of action (see Chapter 4 for further discussion) responsible for their therapeutic 

potential in psychiatric disorders characterized by oxidative stress (Berk et al., 2008a, b). 

Indeed, both clozapine (Möller et al., 2011) and NAC target the GSH system (Kerksick and 

Willoughby, 2005). 

 

3. Cortico-striatal monoamine analysis in socially reared and SIR rats with 
selected drug treatment. 

 

3.1 Aims 

To evaluate the effects of clozapine treatment and the combination of clozapine and NAC 

(CLZ + NAC) on SIR-induced changes of cortico-striatal 3,4-dihydroxyphenylacetic acid 

(Dopac), homovanillic acid (HVA), serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), 

noaradrenaline (NA) and 3-methoxy-4-hydroxyphenylglycol (MHPG). This data were 

excluded from Chapter 6, article 4 to contain the focus of article 4 on the effects of NAC on 
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regional brain monoamines and its therapeutic potential in not only schizophrenia, but also 

depression and anxiety disorders. 

 

3.2 Methods 

3.2.1 Monoamine analysis 

The same animals used in the peripheral immune-neurochemistry cohort, as described in 

Chapter 5 and 6, were used. After 8 weeks of either social rearing or SIR and 14 days of 

selected treatments (vehicle treatment (for statistical comparison), clozapine 5 mg/kg or the 

combination of clozapine and NAC 150 mg/kg (CLZ + NAC)), described in Chapter 5, 

animals were decapitated; brains rapidly dissected into the frontal cortex and striatum and 

snap frozen. Brains were stored at -80 °C until the day of analysis. On the day of analysis 

the quantification of cortico-striatal Dopac, HVA, 5-HT, 5-HIAA, NA and MHPG was 

performed using a high performance liquid chromatography (HPLC) system with 

electrochemical detection (HPLC-EC) (Harvey et al., 2006, 2010). Dopac, HVA, 5-HT, 5-

HIAA, NA and MHPG concentrations were expressed as ng/mg wet weight of tissue (mean ± 

SEM). 

3.2.2 Statistical analysis 

All statistical analysis were done by a three-way factorial ANOVA and Bonferroni post-hoc 

tests, applied for the respective treatments. 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). 

 

3.3 Results 

3.3.1 Frontal cortical monoamines 

3-way ANOVA revealed significant treatment group interactions with regards to frontal 

cortical Dopac (F (2, 54) = 19.26, p < 0.0001), HVA (F (2, 54) = 46.57, p < 0.0001), 5-HT (F 

(2, 54) = 35.27, p < 0.0001) and 5-HIAA (F (2, 54) = 34.29, p < 0.0001) (figure 4A-D). 

Bonferroni post hoc tests indicated no significant treatment effect in the socially reared rats 

for frontal cortical Dopac, HVA, 5-HT, 5-HIAA, NA and MHPG (figure 4A-F). However, the 

SIR vehicle group induced deficits in frontal cortical Dopac (figure 4A), HVA (figure 4B), 5-

HT (figure 4C), 5-HIAA (figure 4D) and MHPG (figure 4F) as well as an elevation in NA 
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(figure 4E) (explained in Chapter 6, article 4) were significantly (p < 0.0001) reversed with 

clozapine and CLZ + NAC. An important observation was that the combination treatment, 

CLZ + NAC, was significantly more effective than clozapine alone in reversing the frontal 

cortical deficits in Dopac (p = 0.005), HVA (p = 0.0007), 5-HT (p = 0.036) and 5-HIAA (p = 

0.002) (figure 4A-D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Frontal cortical monoamines in socially reared and SIR rats following the various drug 

treatments, as indicated (n = 10/group): (A) Dopac, (B) HVA, (C) 5-HT, (D) 5-HIAA, (E) NA, (F) 

MHPG.**p < 0.0001 vs. SIR vehicle, $p < 0.05 vs. SIR clozapine treatment.  (Bonferroni post-hoc 

test). 
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3.3.2 Striatal monoamines 

Significant treatment group interactions were evident with 3-way ANOVA in striatal Dopac, (F 

(2, 54) = 12.30, p < 0.0001), HVA (F (2, 54) = 16.93, p < 0.0001), 5-HT (F (2, 54) = 17.21, p 

< 0.0001), 5-HIAA (F (2, 54) = 19.66, p < 0.0001), NA (F (2, 54) = 47.74, p < 0.0001) and 

MHPG (F (2, 54) = 7.477, p = 0.0014) (figure 5A-F) Bonferroni post hoc tests indicated no 

significant treatment effect in the socially reared rats for striatal Dopac, HVA, 5-HT, 5-HIAA, 

NA and MHPG (figure 5A-F). However, the SIR vehicle group induced significant elevations 

in striatal Dopac (figure 5A), HVA (figure 5B), 5-HT (figure 5C), 5-HIAA (figure 5D), NA 

(figure 5E) and MHPG (figure 5F) (explained in Chapter 6, article 4), were significantly (p < 

0.0001) reversed with clozapine and CLZ + NAC (figure 5A-F). An important observation 

was that the combination treatment, CLZ + NAC, was significantly more effective than 

clozapine alone in reversing the striatal elevations in Dopac (p = 0.038), HVA (p = 0.041), 5-

HT (p = 0.008) and 5-HIAA (p = 0.041) (figure 5A-D). 
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Figure 5: Striatal monoamines in socially reared and SIR rats following the various drug treatments, 

as indicated (n = 10/group): (A) Dopac, (B) HVA, (C) 5-HT, (D) 5-HIAA, (E) NA, (F) MHPG. **p < 

0.0001 vs. SIR vehicle, $p < 0.05 vs. SIR clozapine treatment. (Bonferroni post-hoc test). 
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3.4 Discussion 

SIR induced significant deficits in frontal cortical Dopac, HVA, 5-HT, 5-HIAA and MHPG with 

elevations in NA (figure 4A-F), as well as significant elevations in striatal Dopac, HVA, 5-HT, 

5-HIAA, NA and MHPG (figure 5A-F) (described in Chapter 6, article 4). Moreover, these 

changes were all reversed with clozapine and CLZ + NAC treatment. An important 

observation was that the combination treatment (CLZ + NAC) was significantly more 

effective than clozapine alone in reversing the frontal cortical and striatal Dopac, HVA, 5-HT 

and 5-HIAA alterations. 

Clozapine’s ability to increase frontal cortical Dopac, HVA, 5-HT and 5-HIAA levels could 

possibly be explained via an indirect mechanism: clozapine antagonises 5-HT2 receptors, 

thereby increasing 5-HT and associated 5-HIAA release in the frontal cortex, in turn 

increasing DA and associated metabolites, Dopac and HVA release in the frontal cortex 

(reviewed in Di Matteo et al., 2008, explained in Chapter 5 and 6). Indeed, a previous study 

indicated that clozapine increased DA and 5-HT levels in the frontal cortical dialysates of rats 

(Nomikos et al., 1994). Other studies also indicated that clozapine dose-dependently 

elevates Dopac and HVA concentrations in the rat prefrontal cortex (Cartmell et al., 2000; 

Kuroki et al., 1999) and chronic clozapine treatment increased prefrontal cortical 5-HT levels 

(Yamamoto et al., 1994). All these studies are in line with our frontal cortical findings (DA 

metabolites, Dopac and HVA, figure 4A, B) and (5-HT, 5-HIAA, figure 4C, D) in the SIR rat 

receiving clozapine treatment. 

With regards to clozapine’s ability to reverse the elevated striatal Dopac, HVA, 5-HT and 5-

HIAA levels, could be explained via indirect excitatory glutamate and inhibitory gamma-

aminobutyric acid (GABA) pathways projecting from the frontal cortex to the striatal regions 

(Stahl, 2007). Thus, the increase in frontal cortical Dopac, HVA, 5-HT and 5-HIAA levels 

(mediated by clozapine) will stimulate glutamate/GABA pathways to inhibit striatal release of 

these monoamines (Stahl, 2007). Indeed, a previous microdialysis study in rats indicated 

that cocaine-induced release of striatal 5-HT was decreased with clozapine treatment 

(Broderick et al., 2004) and chronic clozapine decreased 5-HT levels in the striatum of rats 

(Yamamoto et al., 1994) in line with my data (figure 5C, D). A previous microdialysis study 

also indicated that clozapine not only increased the release of DA in the mesolimbic regions, 

but also in the striatum (Moghaddam and Bunney, 1990) in line with our striatal Dopac and 

HVA data (figure 5A, B). 

Clozapine’s mechanism to decrease the frontal cortical NA and increase the MHPG, as well 

as its ability to decrease striatal NA and MHPG, in the SIR rats, could possibly be explained 
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via an indirect mechanism on the glutamate cortico-striatal pathways. Various forms of 

stress are known to provoke the release of glutamate (Musazzi et al., 2011; Swanson et al., 

2005) which in turn stimulates the release of NA (Pittaluga et al., 2001; Harvey et al., 2006; 

Stahl, 2007). Such changes underlie the neurobiology of stress-related conditions and how 

SIR may evoke NA release in the frontal cortex and striatum. Indeed, a previous study 

indicated that clozapine inhibited glutamate release from rat pre-frontocortical nerve 

terminals (Yang and Wang, 2005); this inhibition of glutamate release could down-regulate 

NA release in the frontal cortex and striatum, as observed in our cortico-striatal NA, SIR 

clozapine results (figure 4E and 5E, F). Interestingly, our elevated NA data also relates to a 

previous microdialysis study in rats, indicating that clozapine enhance the release of NA not 

only in the frontal cortex but also in striatal regions and the hippocampus, possibly mediated 

via  the antagonism of 5-HT2 receptors (Westerink et al., 2001). 

More importantly, NAC bolstered the effects of clozapine in reversing the cortico-striatal 

Dopac, HVA, 5-HT and 5-HIAA alterations. One explanation could be clozapine’s ability to 

reverse SIR-induced glutathione (GSH) imbalance (Möller et al., 2011) and NAC’s 

maintenance of GSH (Kerksick and Willoughby, 2005) contributing to their anti-oxidant 

properties and extending to regulate other redox-active systems as observed in Chapter 5, 

article 3, all contributing to cortico-striatal monoamine release. In addition, NAC and 

clozapine in combination could re-establish cortico-striatal Dopac, HVA, 5-HT and 5-HIAA 

release via its actions on the cysteine-glutamate transporter (NAC, Bauzo et al., 2012) and 

regulation of glutamate pathways via NMDA receptors (clozapine, Toua et al., 2010; 

Schwieler and Erhardt, 2003), thereby decreasing striatal and increasing frontal cortical 

Dopac, HVA, 5-HT and 5-HIAA release.  

Thus, the mechanism whereby NAC bolstered the effect of clozapine in regulating cortico-

striatal monoamines in this study could be explained by clozapine’s and NAC’s anti-oxidant 

properties along with their effects on the glutamatergic system. 

In conclusion, this study indicates possible new mechanisms of clozapine as well as CLZ + 

NAC in regulating cortico-striatal 5-HT, 5-HIAA, NA and MHPG release in the SIR model, 

emphasizing NAC’s use as adjunctive treatment in psychiatric disorders. However, these 

findings should not be viewed in isolation but together with the CLZ + NAC findings in 

Chapter 5, article 3 and Chapter 6, article 4.  
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4. Bioluminescence adenosine triphosphate (ATP) assay. 

 

3.1 Aims 

To formulate a standard calibration curve for ATP standard solutions, read by 

bioluminescence, in order to calculate brain homogenate ATP concentrations (described in 

Chapter 5) according to the protein content of each sample.  Brain ATP values will be used 

as an expression of mitochondrial function in the study (see Chapter 5). 

 

3.2 Methods 

3.2.1 Brain homogenate preparation  

Preparation of lysis buffer:  

To prepare 500 mL of a 20x strength solution, 200 mM Tris buffer (pH 7.5), 2 M NaCl, 20 

mM EDTA and 0.2 % Triton x-100 were mixed with deionized water to 500 mL. On the day of 

the assays, 1 part lysis buffer (20x) was diluted with 19 parts deionized water before use to 

obtain a 1x strength lysis buffer (Molecular Probes TM Invitrogen technologies). 

After the rats were sacrificed and the brains quickly removed and placed on ice, the striatum 

and frontal cortex were dissected and immediately stored at −80°C. On the day of the ATP 

assay, the brains were removed from storage at -80°C, allowed to thaw on ice and weighed. 

A 10% w/v solution was then made with the brain samples in ice-cold lysis buffer pH 7.4.  

Thereafter, the tissue samples were homogenized by ultrasonification, and the resulting 

homogenates centrifuged at 800 ×g for 10 min, at 4°C. The supernatants were used for the 

ATP assay and for the determination of protein content. 

3.2.2 Protein determination 

Protein determination of the brain homogenates was carried out according to the method of 

Bradford (Bradford, 1976). The Bradford reagent was lightly shaken, an adequate amount 

removed and kept at room temperature in a dark environment, after which protein standards 

were prepared by dissolving 5 mg bovine serum albumin (BSA) in 1 mL double distilled 

water, producing a 5 mg/mL solution. A series of 100 µL dilutions were then made, as 

indicated in Table 1 and the absorbance read at 560 nm. The protein content of each brain 
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homogenate was determined from the net absorbance against the protein content of the 

standards, illustrated in figure 6A. 

 

Table1: Protein concentration standards 

 Dilution in test tubes 

Protein concentration Volume of 5mg/ml BSA Volume of lysis buffer 

0 mg/ml 0 µl 100 µl 

0.5 mg/ml 10 µl 90 µl 

1.0 mg/ml 20 µl 80 µl 

1.75 mg/ml 35 µl 65 µl 

2.5 mg/ml 50 µl 50 µl 

3.5 mg/ml 70 µl 30 µl 

5.0 mg/ml 100 µl 0 µl 

 

3.2.3 ATP kit reagent preparation 

• Reaction buffer was prepared by adding 50 µL of the 20x Reaction buffer 

(component E, provided by the kit), to 950 µL of deionized water.  

• D-luciferin stock solution (10 mM) was prepared by adding 1mL of 1x Reaction 

buffer to one vial of D-luciferin (component A, provided by the kit). 

• Dithiothreitol (DTT) stock solution (0.1 M) was prepared by adding 1.62 mL of 

deionized water to the bottle containing 25 mg DTT. 

• Low-concentration ATP standard solutions was prepared by diluting the 5 mM 

solution (component D, provided by the kit) in deionized water and preparing the 

following ATP serial dilutions: 50 nM, 25 nM, 12.5 nM, 6.25 nM, 3.13 nM, 1.56 nM, 

0.781 nM.  
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3.2.4 Standard reaction solution 

The contents of the following solutions were combined to prepare the standard reaction 

solution. 

• 8.9 mL deionized water 

• 0.5 mL 20x reaction buffer (component E) 

• 0.1 mL 0.1 M DTT 

• 0.5 mL of 10 mM  D-luciferin 

• 2.5 µL of firefly luciferase 5 mg/mL stock solution 

3.2.5 Standard curve 

• The reaction was started by adding 100 µL of dilute ATP standard solution to the 

wells of a black 96 well plate and the background read in the bioluminescence meter. 

• 10 µL of each ATP standard were then added to the ATP standard solution, the 

luminescence read and the background subtracted to generate the standard curve as 

illustrated in figure 6B. 

3.2.6 Brain homogenate ATP analysis 

The same directions were used as explained for the standard curve, except that the ATP 

standard solutions were substituted with the brain homogenate samples. The amount of ATP 

in the brain homogenate was calculated from the standard curve generated in figure 6B and 

divided by the protein content of each sample as determined in section 3.2.2. The ATP 

concentration in each brain homogenate, as described in Chapter 5, was expressed as 

nmol/mg protein.  

 

3.3 Results 

3.3.1 Bradford protein standard calibration curve 

The Bradford protein standard curve, determined with Bovine serum albumin (mg/mL), had a 

linear regression of 0.9942, with the following formula: y = 0.574x (see Figure 6A). This 

formula was used to calculate the protein content in each 10% brain homogenate sample 

(see Chapter 5).  
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3.3.2 ATP standard calibration curve 

The ATP standard curve indicated a linear regression of 0.999, with the following formula: y 

= 3195x (see figure 6B). This formula was used to calculate the ATP content in each brain 

homogenate sample (see Chapter 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Standard calibration curves for (A) Bovine serum albumin in the Branford protein assay and 

(B) the ATP determination kit. 

3.4 Discussion 

Molecular Probes’ ATP Determination kit (A22066) offers a convenient bioluminescence 

assay for quantitative determination of ATP with recombinant firefly luciferase and its 
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substrate D-luciferin. The assay is based on luciferase’s requirement for ATP producing light 

(emission maximum -560 nm at pH 7.8) from the reaction, illustrated in figure 7.  

In conclusion, the ATP assay along with the Bradford protein assay was subsequently 

applied in brain homogenate in the current study, presented in detail in Chapter 5. 

 

 

 

 

Figure 7: An illustration of the luciferin and ATP reaction, the principle of the ATP kit, producing light 

and detected as bioluminescence (Adapted from Molecular Probes TM Invitrogen technologies). 

 

5. Enzyme-Linked-Immuno-Sorbent Assay (ELISA) cytokine assays.  

 

4.1 Aims 

The aim of this study was to formulate standard calibration curves for anti-inflammatory (IL-

4), pro-inflammatory (TNF-α, IFN-γ) and dual action (IL-6) cytokines respectively, in order to 

calculate each cytokine concentration in the plasma of socially reared and SIR animals, 

described in Chapter 5. 

 

4.2 Methods 

4.2.1 Plasma sample preparation 

After animals were sacrificed, 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 the day of analysis the 

plasma samples were thawed on ice, centrifuged again, and 120 µL of the supernatant 

added to 120 µL Standard diluent buffer (provided by the kit, Invitrogen TM, Camarillo, CA), in 

order to make a 50% dilution. The 50% diluted plasma followed the method illustrated in 

figure 8.   
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4.2.2 Standard cytokine preparation 

The rat (IL-4, TNF-α, IFN-γ and IL-6) cytokine standards as provided by the kit (InvitrogenTM, 

Camarillo, CA) were prepared separately at the concentrations indicated in each calibration 

curve (figure 9A-D). Briefly, each rat cytokine standard was reconstituted in the Standard 

diluent buffer, vortexed for 30 seconds and left to stand for 10 min at room temperature. 

Serial dilutions were then in turn prepared and mixed thoroughly between each step at the 

concentrations indicated in figure 9A-D. The standard dilutions in turn followed the method 

illustrated in figure 8. 

4.2.3 Solutions preparations 

The Streptavidin-HRP (SAV-HRP) concentrate: 

SAV-HRP (100x, provided by the kit) was prepared 15 min before usage in 50% glycerol. 

Since the latter is viscous, to ensure accurate dilution it was left to reach room temperature 

and gently vortexed. For each 8-well strips used, 10 µL of this 100x concentrated solution 

was diluted with 1 ml of Streptavidin-HRP Diluent (provided by the kit, Invitrogen TM, 

Camarillo, CA). 

The dilution of wash buffer: 

The Wash Buffer Concentrate (25x, provided by the kit) was allowed to reach room 

temperature and vortexed to ensure that any precipitated salts had dissolved. The Wash 

Buffer Concentrate was diluted with deionized water as follows: 1 volume of the Wash Buffer 

Concentrate (25x) with 24 volumes of deionized water (e.g. 100 mL may be diluted up to 2.5 

L). The diluted Wash Buffer was put into a squirt bottle in order to flood the plate with the 

diluted Wash Buffer, completely filling all the wells during the washing steps (figure 8). After 

the washing procedure, the plate was inverted and tapped dry on absorbent tissue. 
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Figure 8: Principle and method of the rat cytokine sandwich ELISA kits to formulate a standard 

calibration curve in order to determine the concentration of IL-4, TNF-α, IFN-γ and IL-6 in unknown rat 

plasma samples (Invitrogen TM, Camarillo, CA.). 

 

4.3 Results 

The Standard calibration curve for each cytokine was as follows: 

Rat IL-4 showed a linear regression of 0.9899, with a formula of y = 0.0304x (figure 9A). 

Rat TNF-α showed linear regression of 0.9959, with a formula of y = 0.005x (figure 9B). 
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Rat IFN-γ showed a linear regression of 0.9834, with a formula of y = 0.0023x (figure 9C). 

Rat IL-6 showed a linear regression of 0.9911, with a formula of y = 0.0022x (figure 9D).  

All these formulas were used to calculate the respective rat cytokine concentrations in rat 

plasma used in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Standard calibration curves for the following rat cytokines: (A) IL-4, (B) TNF-α, (C) IFN-γ 

and (D) IL-6, determined by sandwich ELISA. 

 

4.4 Discussion 

The Invitrogen rat IL-4, TNF-α, IFN-γ and IL-6 assay kits are solid phase sandwich ELISA. 

The principle of the assay, illustrated in figure 7, is that monoclonal antibody specific for rat 

IL-4, TNF-α, IFN-γ and IL-6 is coated onto the wells of the microtiter strips provided by the kit 

manufacturers (Invitrogen TM, Camarillo, CA). Samples, including standards of known rat 

cytokine content, control specimens, and unknowns, are pipetted into these wells. During the 

first incubation, the rat cytokine antigens bind to the immobilized (capture) antibody on one 
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site. After washing, a biotinylated monoclonal antibody specific for rat cytokine is added. 

During the second incubation, this antibody binds to the immobilized rat cytokine captured 

during the first incubation. After removal of excess second antibody, Streptavidin-Peroxidase 

(enzyme) is added. This binds to the biotinylated antibody to complete the four-member 

sandwich. After a second incubation and washing to remove all of the unbound enzymes, a 

substrate solution is added, which is acted upon by the bound enzyme to produce colour. 

The intensity of this coloured product is directly proportional to the concentration of rat 

cytokine present in the original specimen.  

In conclusion, these ELISA cytokine (IL-4, TNF-α, IFN-γ and IL-6) assay kits provide easy 

usage with excellent standard calibration curve regressions, and were therefore applied to 

determine the respective cytokine concentration in the plasma of the rats used in Chapter 5. 
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Addendum B 
 

 

 

In this Addendum, a manuscript describing work undertaken during the candidates MSc is 
presented, and was central in setting the course for the current PhD study. This manuscript 
provides background information on the SIR model, evaluating dopamine D1 and N-methyl-
D-aspartate (NMDA) receptor binding characteristics with/without chronic haloperidol (a 
typical antipsychotic) or clozapine (an atypical antipsychotic) treatment. 

 

 
Article published in Neuroscience, entitled: 
“The Effects of sub-chronic Clozapine and Haloperidol administration on Isolation 

Rearing induced changes in frontal cortical N-methyl-D-aspartate and D1 receptor 

binding in rats.”  
 

http://www.sciencedirect.com/science/article/pii/S0306452209017230  

 

Reference  

Toua, C., Brand, L., Möller, M., Emsley, R. A., Harvey, B. H. 2010. The effects of sub-
chronic clozapine and haloperidol administration on isolation rearing induced changes in 
frontal cortical N-methyl-D-aspartate and D1 receptor binding in rats. Neuroscience 165, 
492-499.  

Toua et al., 2010 
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Addendum C 
 

 

 

In this Addendum, a manuscript describing work undertaken during the candidates MSc is 
presented, and was central in setting the course for the current PhD study. This manuscript 
provides background information on the SIR model, evaluating cortico-striatal redox, social 
and cognitive behaviors with/without chronic clozapine treatment. 

 

 

 

Article published in European Neuropsychopharmacology, entitled: 
“Isolation rearing-induced deficits in sensorimotor gating and social interaction in rats 

are related to cortico-striatal oxidative stress, and reversed by sub-chronic clozapine 

administration.”  
 

http://www.sciencedirect.com/science/article/pii/S0924977X1000194X  

 

Reference  

Möller, M., Du Preez, J. L., Emsley, R., & Harvey, B. H. 2011. Isolation rearing-induced 

deficits in sensorimotor gating and social interaction in rats are related to cortico-striatal 

oxidative stress, and reversed by sub-chronic clozapine administration. Eur 

Neuropsychopharmacol 21, 471-483.  

 

Möller et al., 2011 
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