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Schizophrenia is associated with increased oxidative stress, although the source of this redox disequi-
librium requires further study. Altered tryptophan metabolism has been described in schizophrenia,
possibly linked to inflammation and glutamate-directed excitotoxicity. Social isolation rearing (SIR) in
rats induces various behavioural manifestations akin to schizophrenia, as well as altered frontal cortical
glutamate N-methyl-p-aspartate (NMDA) receptor binding and increased oxidative stress, all reversed by
antipsychotic treatment. Tryptophan is catabolized via the kynurenine pathway to kynurenine, 3-
hydroxykynurenine, quinolinic acid (QA), kynurenic acid (KYNA), anthranilic acid and 3-
hydroxyanthranilic acid (3-OHAA), ultimately contributing to neuronal integrity and redox balance in
the brain. We studied tryptophan metabolism and neuroprotective-neurodegenerative balance in post-
natal SIR rats, and its response to clozapine treatment. Male Sprague-Dawley (SD) rats (10 rats/group)
were exposed to SIR or social rearing for 8§ weeks, whereupon they received either sub-chronic vehicle or
clozapine (5 mg/kg ip) treatment. Plasma tryptophan metabolites were analysed by liquid-
chromatography electrospray ionization tandem mass spectrometry. Plasma tryptophan, kynurenine,
anthranilic acid, 3-OHAA and QA were significantly elevated in SIR vs. socially housed rats. KYNA and the
neuroprotective ratio were significantly decreased. The latter implies a decrease in KYNA (neuro-
protective) but an increase in QA (neurodegenerative) directed components of the pathway. Clozapine
significantly reversed all the above alterations in SIR animals. Concluding, SIR in rats significantly
disrupts tryptophan metabolism via the kynurenine pathway with increased risk for neurodegenerative
changes in the brain. These changes are reversed by clozapine, emphasising the importance of these
findings for the neurobiology and treatment of schizophrenia.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Schizophrenia is a devastating psychiatric disorder with a broad
range of behavioural and biological manifestations. Although
schizophrenia was once seen as a disease affecting only a few key
brain regions and regionally discrete neurotransmitter systems
such as dopamine, more recent findings implicate a multifactorial

Abbreviations: SIR, social isolation rearing; DA, dopamine; ROS, reactive oxygen
species; KYNA, kynurenic acid; QA, quinolinic acid; 3-OHAA, 3-hydroxyanthranilic
acid; NMDA, N-methyl-p-aspartate; 5-HT, serotonin; IDO, indoleamine-23-
dioxygenase; SPE, solid-phase extraction; LCMS, liquid chromatography mass
spectrometry; NAD, nicotinamide adenine dinucleotide; CSF, cerebrospinal fluid;
TNF-#, tumour necrosis factor-o; GABA, y-amino-butyric acid.

* Corresponding author. Tel.: +27 018 299 2238; fax: +27 018 299 2225.

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

0028-3908/5 — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropharm.2012.02.021

view of cortical and subcortical dysfunction. Indeed, the primary
lesion(s) in schizophrenia may not directly involve certain neuro-
transmitters but rather be representative of a more general defect
in connectivity, perhaps of neurodevelopmental origin (Carlsson
et al., 2001).

Social isolation rearing (SIR) in rats, regarded as a neuro-
developmental animal model of schizophrenia, demonstrates
strong face and predictive validity for the human disorder (see
(Fone and Porkess, 2008) and (Weiss and Feldon, 2001) for
review). Recently we established that SIR induces discrete dopa-
mine (DA) by and glutamate N-methyl-p-aspartate (NMDA)
receptor changes in the frontal cortex of rats, with a selective
response to first vs. second generation antipsychotics. This not
only suggests that the cognitive dysfunction observed in schizo-
phrenia involves a disturbance of cortical p;-NMDA receptor
function, but may also explain how new generation “atypical”
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antipsychotic drugs selectively target these processes for
improved response of negative symptoms (Toua et al, 2010).
Altered glutamate activity is well described in patients with
schizophrenia (Carlsson et al.,, 2001; Javitt, 2010; Kantrowitz and
Javitt, 2010) while there is also increasing evidence that NMDA
receptor active agents, such as bp-cycloserine and N-acetyl
cysteine, have therapeutic potential in the disorder (Berk et al.,
2008; Evins et al, 2002; Goff et al.,, 1999; Lavoie et al., 2008).
There is also evidence that schizophrenia may be causally related
to altered redox balance, especially increased oxidative stress
(Akyol et al, 2002; Ng et al., 2008). Indeed, we have recently
demonstrated the important association between cortico-striatal
oxidative stress and schizophrenia-related behaviours in rats
subjected to SIR (Méller et al., 2011).

Under excitotoxic conditions, excessive release of stored
synaptic glutamate into the extracellular space is followed by an
overstimulation of NMDA receptors. This causes a massive
calcium influx and a subsequent rise in the production of reactive
oxygen species (ROS). Cellular energy stores are depleted, causing
a further release of glutamate as well as cellular damage or
apoptosis (Betzen et al., 2009). However, the proposed dysfunc-
tional glutamatergic state in schizophrenia may also involve
a disturbance in other endogenous excitatory transmitters in the
brain (Schwarcz et al, 2001), one in particular being the
tryptophan-kynurenine pathway.

Tryptophan is catabolized into kynurenine by two haem-
dependent enzymes, namely tryptophan-2,3-dioxygenase (TDO) in
the liver and indoleamine-2,3-dioxygenase (IDO) in the central
nervous system, lungs and placenta. As illustrated in Fig. 1 (left panel),
tryptophan is catabolized via the kynurenine pathway to kynurenine,
then to either to kynurenic acid (KYNA) or 3-hydroxykynurine,
following then to anthranilic acid, 3-hydroxyanthranilic acid (3-
OHAA) and quinolinic acid (QA). This highly regulated pathway
accounts for the metabolism of approximately 80% of non-
protein—bound tryptophan, the essential amino acid needed for the
synthesis of serotonin (5-HT) (Allegri et al, 2003). TDO specifically
metabolizes tryptophan, while IDO is responsible for the oxidative
metabolism of tryptophan, serotonin and melatonin (Stone and
Darlington, 2002). In the brain, tryptophan catabolism occurs in
astrocytes and microglia albeit with 60% of cerebral kynurenine
contributed from the periphery (Heyes et al., 1997). QA is a recognized
NMDA receptor agonist and excitotoxin capable of inducing neuro-
degenerative changes in the brain (Schwarcz, 2004; Stone, 2001).
KYNA, on the other hand, is an antagonist at the facilitatory glycine
site on the NMDA receptor ion channel, thus possessing potential
neuroprotective properties (Guillemin et al,, 2007). IDO is also a major
component of the antioxidant forces of the cell in conjunction with
superoxide dismutase (reviewed in Stone and Darlington, 2002), so
that any abnormalities in cellular redox may be intimately linked to
disturbances in the kynurenine pathway. Together these metabolites
contribute significantly to the neuroprotective-neurodegenerative
balance in the brain (Myint et al., 2007a, 2007b). It is not surprising
then that diverse changes in tryptophan metabolism has been
described in patients with schizophrenia(Issaetal,, 1994; Torreyet al.,
1998; Ravikumar et al., 2000; Schwarcz et al., 2001; Miller et al., 2008;
Myint et al., 2011).

The plasma KYNA: kynurenine ratio, also referred to as the
neuroprotective ratio (Myint et al, 2007a, 2007b, 2011), is
hypothesized to relate to the eventual downstream levels of QA
following a shift in the relative levels of KYNA and kynurenine (see
Fig. 1, left panel). We therefore studied whether peripheral tryp-
tophan metabolism and changes in the plasma KYNA: kynurenine
ratio is altered in post-natal SIR rats, and whether these changes
could be reversed following sub-chronic treatment with the new
generation antipsychotic clozapine.

2. Experimental procedures
2.1. Animals

Male Sprague-Dawley rats (160—190 g; Animal Research
Centre, North West University) were randomly allocated to
groups of 10 rats/group. At weaning (post-natal day 21) the
animals were randomized to SIR (1 animal/cage) or socially
reared (3—4 rats/cage) for 8 weeks (day 77). The rats were reared
under identical conditions: cages (230(h) x 380(w) = 380(1) mm)
with sawdust (Moller et al., 2011; Weiss and Feldon, 2001),
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 experienced minimal
handling and no environmental enrichment. Sawdust was
changed weekly. The animals were handled according to the code
of ethics in research, training and testing of drugs in South Africa
(Ethical approval was obtained by the North West University
ethical committee: NWU-0035-08-S5). No distressful effects of
clozapine were observed at the dosage used in this study and the
number of animals used was the minimum required to obtain
scientifically valid data.

2.2, Drugs and drug treatment protocol

Clozapine (Sigma-Aldrich, Johannesburg, South Africa), dissolved
in 1 M glacial acetic acid and buffered with sodium hydroxide (NaOH)
(pH = 6.0), was administered intraperitoneally (i.p) at a dose of 5 mg/
kg in 0.5 ml. This single dose challenge with clozapine was carefully
chosen based on previous studies in our laboratory where clozapine
was administrated to SIR animals using the same sub-chronic treat-
ment protocol (Toua et al., 2010; Moller et al., 2011), but also after due
consultation of other studies (Bakshi et al., 1994; Zhang et al., 1999)
and considering approximate therapeutic equivalence (Atkins et al.,
1997). Control groups received vehicle injections, comprising saline
and 1 M glacial acetic acid and buffered with sodium hydroxide
(NaOH) (pH = 6.0). Early antipsychotic response in schizophrenia, at
for example 2 weeks, is reported to be an accurate predictor of later
response (Kapur et al., 2005; Ascher-Svanum et al., 2008) thus
questioning the need for prolonged treatment to confirm efficacy.
Furthermore, since earlier studies have demonstrated efficacy for
clozapine to reverse sensory motor gating deficits, oxidative stress
and neuroreceptor changes in SIR animals following an 11 day
treatment period (Toua et al., 2010; Moller et al., 2011), and to exclude
the possible impact of injection stress evoked over extended treat-
ment periods, this study was conducted over a similar treatment
period. Clozapine, freshly prepared each day as previously described
(Toua etal.,2010), and vehicle were therefore administered in the last
11 days of social/SIR rearing. All animals were sacrificed by decapi-
tation without any prior use of an anaesthetic agent.

2.3. Experimental design

This study consisted of a non-treatment and a treatment cohort.
Non-treatment cohort: animals were randomly separated at wean-
ing (21 days post-natal) into two groups. One group of animals
(n = 10)were placed into 8 weeks SIR, while a parallel socially reared
control group (n = 10) was run concurrently. Treatment cohort:
animals were randomly separated at weaning (21 days post-natal)
into four groups. Two groups (n = 10 each) received 8 weeks SIR
or social rearing plus vehicle treatment, while the remaining two
groups (n = 10 each) received 8 weeks SIR or social rearing plus
clozapine treatment. After the respective 8 weeks rearing, the
animals were sacrificed and trunk blood collected for tryptophan
metabolite analysis.
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Fig. 1. The kynurenine pathway (left panel), adapted from Stone (2001), illustrating the major intermediates and component enzymes (boxed). The right panel (A—F) describes the
experimental results for the kynurenine precursor (tryptophan) and metabolites kynurenine, kynurenic acid (KYNA), anthranilic acid, 3-OH-anthranilic acid (3-OHAA) and qui-
nolinic acid [QA) as analysed by SPE-LCMS in the socially reared and SIR animals in the non-treatment cohort (n = 10/group), IDO = indoleamine-2,3-dioxygenase;
TDO = tryptophan-2,3-dioxygenase; KAT = kynurenine aminotransferase; KMO = kynurenine mono-oxygenase; KYNU = kynureninase; 3-HAOQ = 3-hydroxyanthranilic acid
oxidase. #p < 0.05 vs. socially reared (unpaired Student’s i-test). Refer to text for precise p values.

24. Tryptophan metabolite analysis the day of analysis. On the day of analysis the plasma samples were
thawed on ice, centrifuged again, as mentioned above, and the

Trunk blood was collected in pre-chilled, 4 ml vacutainer tubes plasma used. Samples were pre-purified by a solid-phase extraction
(SGVac) containing K;EDTA solution as anticoagulant, centrifuged at method followed by detection using a novel liquid chromatography
14,000 rpm at 4 °C for 10 min, and the plasma stored at —80 °C until mass spectrometry (LCMS) procedure (Mdller et al., submitted for
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publication) based on a modification of existing methods
(Amirkhaniet al., 2002; de Jong et al., 2009), Briefly, plasma samples
was pre-purified by solid-phase extraction (SPE) using a polymeric
water-wettable reversed-phase sorbent (Oasis HLB 3cc, Waters,
Milford, MA part no. WAT094226). Plasma (800 ul) was treated with
1% formic acid (in water v/v) (1 ml) and loaded on an extraction
column, conditioned, washed, dried for 10 min and subsequently
eluted with 1% NH4OH: 50% methanol (50:50 v{v)(2 ml). The eluted
samples were evaporated under nitrogen, dissolved in 1% NH40H:
50% methanol (150 pl), and injected on the LCMS. Chromatographic
separation of the analytes occurred by C18 reversed phase chro-
matography (Ultra Aqueous C18, 5 um, 150 x 2.1 mm, Restek, Bel-
lefonte, PA). Mass spectrometric detection was performed using
a mass spectrometer in positive and negative electrospray ioniza-
tion, with a flow rate of 0.2 ml/min and an injection volume of 10 ul.
Total run time including sample clean-up was 15 min.

Multiple reaction monitoring (MRM) tuning was carried out to
optimize fragmentation conditions and to identify the best
precursor/product transition for quantitation. Tryptophan, kynur-
enine, KYNA and 3-OHAA were detected in positive electrospray
ionization mode, while anthranilic acid and QA were detected in
negative electrospray ionization mode. The ratio between plasma
KYNA and plasma kynurenine, from which KYNA and QA are
formed, enabled the determination of the neuroprotective ratio
(Myint et al, 2007a, 2007b, 2011). Neuroprotective ratio:
[1000 x plasma kynurenic acid (uM)]/plasma kynurenine (uM).

2.5. Body weight

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

2.6. Statistical analysis

For the non-treatment cohort an unpaired Student's t-test was
used and for the treatment cohort a one-way ANOVA was
used followed by Newman-Keuls post-hoc test (Graphpad Prism 5;
SAS/STAT® Software). 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. Animal body weight (mean + SEM)
was analysed by one-way ANOVA with repeated factors of treatment
(vehicle and clozapine) and rearing conditions to compare body
weight across the groups, followed by Newman-Keuls post-hoc
analyses.

3. Results
3.1. Non-treatment cohort

In the non-treatment cohort, unpaired Student’s t-test revealed
a significant increase in plasma tryptophan (p < 0.0001), kynur-
enine (p = 0.04), anthranilic acid (p = 0.002), 3-OHAA (p = 0.014)
and QA (p = 0.0009) (Fig. 1 A, B, D, E, and F respectively) in SIR vs.
group-housed animals. Moreover, a significant decrease in plasma
KYNA (p = 0.0002) (Fig. 1C) was observed in SIR animals compared
to their socially reared controls.

3.2. Treatment cohort

One-way factorial ANOVA revealed significant cross-group
interactions with respect to tryptophan metabolism in the drug
treatment cohort with respect to tryptophan (F = 54.8, p < 0.0001),
kynurenine (F = 4,96, p = 0.006), KYNA (F = 9.69, p < 0.0001),
anthranilic acid (F = 16.44, p < 0.0001), 3-OHAA (F = 7413,

p=0.0005) and QA (F =9.046, p < 0.0001) (Fig. 2A—F respectively).
Post-hoc analysis with Newman—Keuls tests indicated a significant
increase in tryptophan (p < 0.0001) (Fig. 2A); kynurenine
(p = 0.007) (Fig. 2B); anthranilic acid (p < 0.0001) (Fig. 2D); 3-
OHAA (p = 0.001) (Fig. 2E); and QA (p < 0.0001) (Fig. 2F), as well
as a significant decrease in KYNA (p = 0.002) (Fig. 2C) in the SIR
animals only receiving vehicle compared to vehicle-treated socially
reared controls. These alterations in tryptophan metabolism were
in turn completely reversed by clozapine treatment in the SIR
animals, with respect to tryptophan (p < 0.0001), kynurenine
(p = 0.005), anthranilic acid (p < 0.0001), 3-OHAA (p < 0.0001), QA
(p < 0.0001) as well as KYNA (p < 0.0001) (Fig. 2A—F). Clozapine
did not have any notable effects of its own on tryptophan metab-
olism compared to vehicle-treated socially reared animals.

3.3. Neuroprotective ratio

After calculation of the neuroprotective ratio for each animal,
one-way factorial ANOVA revealed significant cross-group inter-
actions with respect to the neuroprotective ratio (F = 49.56,
p < 0.0001) (Fig. 3). Post-hoc analysis with Newman—Keuls tests
indicated a significant decrease in both SIR animals receiving no
treatment (p < 0.0001) and receiving only vehicle (p < 0.0001),
compared to all the other groups. We also found that sub-chronic
clozapine treatment significantly reversed this deficit in the SIR
animals compared to SIR animals receiving vehicle (p < 0.0001),
with no effect in socially housed controls (Fig. 3).

3.4. Body weight

The mean weights of the rats during this study were as follows:
PND 21: 40-55 g, Day 1: 100—200 g, and Day 11: 250—300 g. One-
way ANOVA with repeated measures followed by Newman—Keuls,
showed no significant overall differences in weight between the
different groups at the start of drug treatment (day 67) (F = 1.29,
p =0.83), and on day 11 of treatment (day 78) (F= 1.824, p = 0.30).
Furthermore, all groups showed a significant and equal amount of
growth over the period of the study (data not shown).

4. Discussion

SIR in rats, a putative neurodevelopmental animal model of
schizophrenia, induced a profound increase in plasma tryptophan,
kynurenine, anthranilic acid, 3-OHAA as well as QA, and a signifi-
cant decrease in plasma KYNA. SIR also induced a significant
decrease in the neuroprotective ratio, thus supporting the
hypothesis that in the event of increased QA concentrations, the
kynurenine pathway will shift towards QA production and away
from KYNA production, therefore decreasing the neuroprotective
properties of KYNA and increasing the neurodegenerative proper-
ties of QA. Importantly, sub-chronic clozapine treatment reversed
all SIR-evoked changes in tryptophan metabolism.

Schizophrenia demonstrates disturbances in neuronal plasticity
and survival mechanisms, particularly involving immune-
inflammatory processes (Maes et al., 1994; Lin et al., 1998; Potvin
et al,, 2008), altered redox status (Ng et al., 2008; Akyol et al,,
2002) and excitotoxicity (Deutsch et al., 2001). Moreover, these
changes appear to originate as a result of early life adversity during
pre-, peri- or post-natal stages of neuronal development (Willinger
et al,, 2001; Meyer and Feldon, 2010), and modelled by SIR in rats.
The kynurenine pathway is regulated by all of the above processes
and results in the production of several neuroactive intermediates
that are immune-active, albeit with opposing neurotoxic and
neuroprotective actions (Stone, 2001). Indeed, increased IDO
activity not only increases tryptophan conversion to QA but also
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Fig. 2, The kynurenine pathway metabolites in the socially reared and the SIR rats in the treatment cohort (n = 10/group): (A) tryptophan; (B) kynurenine; (C) KYNA; (D) anthranilic acid;
(E) 3-OHAA and (F) QA. #p < 0.01 vs. SIR clozapine, vs. social vehicle, and vs. social clozapine (one-way ANOVA and Newman—Keuls post-hoc test). Refer to text for precise p values.
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Fig. 3. Neuroprotective ratio, calculated with the KYNA and kynurenine concentrations
for both the non-treatment cohort and the treatment cohort, socially reared and SIR rats
(n = 10/group). *p < 0.0001 vs. social non-treatment, #p < 0.0001 vs. SIR clozapine, vs.
social vehicle, and vs. social clozapine (one-way ANOVA and Newman—Keuls post-hoc
test).

effectively diverts tryptophan metabolism away from 5-HT
synthesis. This change (loss) in 5-HT may effectively drive the
development of depressive behaviour, which also is a prominent
feature of schizophrenia (Stone et al., 2003). The metabolites of the
kynurenine pathway are thus important neuro-regulators that
normally have beneficial effects, yet if altered by illness of other
exogenous means can have deleterious effects on the functioning of
the central nervous system.

Altered tryptophan metabolism has been suggested to link to
psychosis via an altered neuroprotective-neurotoxic balance
through disruption of the equilibrium between KYNA and QA
(Barry et al., 2009). Following its synthesis from tryptophan (Fig. 1,
left panel), kynurenine is metabolised either via the toxic quinolinic
pathway, in which anthranilic acid, 3-OHAA, and finally QA are
produced, or into the kynurenic pathway, in which neuroprotective
KYNA is the final metabolite (Schwarcz et al,, 1983; Myint et al,,
2007a, 2007b). SIR induced a significant increase in plasma tryp-
tophan (Figs. 1A and 2A), kynurenine (Figs. 1B and 2B), anthranilic
acid (Figs. 1D and 2D), 3-OHAA (Figs. 1E and 2E) and QA (Figs. 1F and
2F), and a significant decrease in KYNA (Figs. 1C and 2C). Since
tryptophan and its kynurenine metabolites are important regula-
tors of immune function (Miller et al., 2008), these observations
emphasise the epiphenomena of inflammation, and tryptophan
flux to QA, as a consequence of SIR in rats. Indeed, patients with
schizophrenia have been found to have elevated levels of trypto-
phan, 3-OHAA, kynurenine and QA in various brain regions (Torrey

75



Chapter 4: Manuscript B

2504 M. Miiller et al. / Neuropharmacology 62 (2012) 2499-2506

et al., 1998; Miller et al., 2008). Moreover, unmedicated and
medicated individuals with schizophrenia also have increased CSF
and plasma levels of tryptophan (Issa et al,, 1994; Ravikumar et al,,
2000). Although elevated KYNA levels have been described in post-
mortem brain tissue of medicated patients with schizophrenia
(Schwarcz et al., 2001), Myint and colleagues have described
a significant decrease in plasma KYNA concentrations in medica-
tion-naive and medication-free schizophrenia patients (Myint
et al., 2011), thus attesting to the validity of our findings in SIR
rats. Schizophrenia also presents with pronounced up-regulation of
TDO (Miller et al., 2006), supporting the view that schizophrenia
presents with an increased production of tryptophan as well as
increased turnover towards the synthesis of QA. Although as yet
unsubstantiated in SIR animals, up-regulation of IDO in schizo-
phrenia has been explained by an increase in pro-inflammatory
cytokines, such as interferon-y and tumour necrosis factor-
o (TNF-a) (reviewed in Stone et al., 2003), which may have rele-
vance in SIR animals. Further work in this regard is warranted.

Neuro-imaging studies have confirmed the presence of struc-
tural brain changes and degenerative pathology in patients with
schizophrenia, eg. enlarged ventricles (Wright et al, 2000;
Theberge et al,, 2007), decreased dendritic spine density (Glantz
and Lewis, 2000; Byne et al., 2006) and abnormalities in frontal
cortical blood flow (Andreasen et al., 1996). In sufficient quantities,
and if not adequately countered by endogenous NMDA receptor
antagonists such as KYNA, or if inadequately tempered by endog-
enous inhibitory pathways such as y-amino-butyric acid (GABA),
QA-mediated activation of NMDA receptors, together with the
increase in 3-OHAA (a free radical generator), will shift the QA vs.
KYNA balance away from a favourable neuroprotective profile. This
will contribute to oxidative stress and neuronal apoptosis that may
underlie the above-mentioned degenerative pathology. A shift
away from a favourable neuroprotective balance did indeed occur
in SIR rats (see Fig. 3). Importantly, a significant decrease in the
neuroprotective ratio is also evident in the plasma of medication-
naive and medication-free schizophrenia patients (Myint et al.,
2011). Indeed, we have earlier observed a significant increase in
lipid peroxidation in cortico-striatal brain regions in SIR rats,
together with marked changes in schizophrenia-like behaviours
(Méller et al, 2011), suggesting that increased oxidative stress-
related damage and associated behavioural changes following SIR
in rats can be directly linked to a disruption of the kynurenine
pathway, as described here.

Predictive validity of an animal model, especially reversal of bio-
behavioural phenomena by drugs that are effective in the human
disorder, is generally regarded as the definitive criterion for vali-
dation of an animal model (Young et al., 2010). Since elevated levels
of tryptophan, 3-OHAA, kynurenine and QA (Schwarcz et al., 2001;
Miller et al., 2008; Torrey et al., 1998), as well as decreased KYNA
levels (Myint et al,, 2011), have been described in patients with
schizophrenia, an effective treatment for schizophrenia (such as
clozapine) should ideally reverse these changes. In agreement with
this statement, reduced plasma KYNA levels in medication-naive
and medication-free schizophrenia patients are reversed by anti-
psychotic treatment (Myint et al., 2011). Sub-chronic treatment
with clozapine significantly reversed SIR-induced increases in
plasma tryptophan, kynurenine, anthranilic acid, 3-OHAA as well as
QA, as well as reversed the decrease in KYNA (Fig. 2A—F). Clozapine
treatment also reversed decreases in the neuroprotective ratio
(Fig. 3). Interestingly, decreased KYNA levels have been found to
potentiate the excitatory effects of clozapine on DA neurons in the
ventral tegmental area (Schwieler and Erhardt, 2003; Schwieler
et al., 2008), ultimately leading to increased DA activity in the
frontal cortex and possibly explaining clozapine's efficacy in
ameliorating the negative symptoms of schizophrenia.

Clozapine treatment has been found to significantly decrease
tryptophan plasma levels in schizophrenia patients (Meltzer, 1989).
To the best of our knowledge its effects on plasma levels of
kynurenine, 3-OHAA, anthranilic acid or QA have not been studied
in schizophrenia patients or, for that matter, in a translational
animal model. This study is therefore the first to describe the effects
of clozapine treatment on the kynurenine pathway in an animal
model of relevance for schizophrenia. Our study argues that
increased availability of neuroprotective KYNA in the periphery and
in the brain following effective drug treatment may result in greater
protection against the neurotoxic actions of 3-OHAA and QA. Clo-
zapine may reverse SIR-induced changes in tryptophan metabolism
through reduction in inflammatory cytokines (Sugino et al., 2009),
suppression of microglial-dependent inflammatory responses (Hu
et al,, 2011) and/or re-establishing redox homeostasis (Magliaro
and Saldanha, 2009; Mdller et al., 2011). Circumstantial evidence
for immunological nitric oxide (NO) synthase (iNOS) (Ganzinelli
et al,, 2010) and neuronal NOS (Bernstein et al., 2005) involve-
ment in schizophrenia has been suggested. iNOS-dependent NO
can inhibit IDO (Wang et al., 2010), there by affecting the accu-
mulation of kynurenine and its downstream metabolites. Inter-
estingly, clozapine and other antipsychotics are known to variably
target NOS (Hu et al,, 1994; Nel and Harvey, 2003; Boussery et al,,
2005; Zhang et al., 2010).

In conclusion, our results confirm that SIR in rats induces an
imbalance in the kynurenine pathway with an increase in activity
of the QA pathway and reduced activity of the KYNA pathway,
culminating in a reduction in the neuroprotective balance.
Furthermore, these changes are fully reversed by sub-chronic clo-
zapine treatment, thus supporting the validity of these findings for
schizophrenia. This study not only extends the validity of the SIR
model for schizophrenia, but also reveals more of the role of the
kynurenine pathway in schizophrenia and emphasizes its thera-
peutic potential as an avenue for novel antipsychotic drug
development.
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