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ASTRACT
THE CONTRIBUTION OF SYSTEM ¥ TO PREFRTONAL CORTICAL
MEDIATED BEHAVIORS ASSOCIATED WITH SCHIZOPHRENIA

Victoria B. Lutgen, B.S.
Marquette University, 2012

Schizophrenia is a debilitating disorder involving impaired cognition,
disorganized thinking, and auditory hallucinations that has a tremendous unmet medica
need, potentially because current antipsychotics insufficiently targpathephysiology
of the disease. The neural basis of schizophrenia appears to involve abnormal activity
within the dorsolateral prefrontal cortex (PFC) in which efferent neurdmbie
disorganized firing patterns. Synchronization of cortical activity is atgdlby complex
inter-neuronal connections, which is compromised in schizophrenia. Schizophrenic’s
exhibit reduced PFC volume that may reflect reduced arborization leading tostheai
inter-neuronal connectivity. An unexplored explanation is that reduced volume reflects
changes in astrocytes, cells positioned to control synchronized firing at up to 100K
synapses. Glutamate release, including from systemhich exchanges one
intracellular glutamate for an extracellular cystine, is gngras a component of
astrocytic neuronal regulation and is altered in the PFC of schizophrenics. ifoidete
the importance of system xdysregulation, we examined the impact of increased or
decreased activity to glutamate levels in the PFC and PFC mediated betiatiare
used to model schizophrenia.

Decreased systemactivity, achieved using the inhibitor sulfasalazine (SSZ2),
produced a phenotype that mirrored aspects of schizophrenia and reduced @siracell
glutamate levels in the PFC. Specifically, SSZ produced deficits in sesorigating,
cognition, and anxiety — all of which involve the PFC and are altered in schizophrenia
Similar to schizophrenia, systerg gysregulation was detected, and appears to be central
to the cognitive deficits in the methylazoxymethanol acetate (MAM)aumwelopmental
model of schizophrenia.

Increased systemactivity, achieved using the cysteine prodrug N-
acetylcysteine, reversed multiple behavioral deficits present inmicadlimodels of
schizophrenia. Namely, N-acetylcysteine reversed sensorimotor gaticigsgebduced
by phencyclidine, an acute model of schizophrenia, and reversal learning deticgs
MAM model. Notably, chronic N-acetylcysteine attenuated behavioral defiod
normalized aspects of systeg activity in MAM-treated rats.

Collectively, these data position systegnas a key regulator of behavioral
output from the prefrontal cortex and indicate that systémhysregulation in
schizophrenia may be an important component of the pathology of the disease. In
addition, increased systerd may represent an effective therapeutic endpoint.
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I. INTRODUCTION:

SCHIZOPHRENIA AND SYSTEM X ¢



This dissertation will characterize the involvement of systgrarthe cystine-
glutamate antiporter in schizophrenia. Specifically, acute and neurodeesitgbm
models of schizophrenia will be utilized to examine whether cystine-ghtiéa@xchange
is altered in these models. In addition, the ability of direct manipulatiorstdrayg to

produce behavioral deficits similar to those observed in schizophrenia will benedam

OVERVIEW OF SCHIZOPHRENIA:

Schizophrenia is a debilitating lifelong neuropsychiatric disordertaftgap to
1% of the world’s population (Lewis and Lieberman, 2000; McGrath et al., 2008). It is
characterized by a range of symptoms including positive (hallucinatioasqay
delusions), negative (anhedonia, blunted affect, social deficits) and cognftorts de
(executive function, behavioral flexibility, memory, attention, learnidg)dfeasen,
1995; Elvevag and Goldberg, 2000; Blanchard and Cohen, 2006). Cognitive deficits,
particularly executive functioning which includes directed attention and plgnni
working memory (Smith and Jonides, 1999; Eisenberg and Berman, 2010), are the best
predictors of functional disability of the disorder and are poorly treated witbntur
antipsychotic medication (Elvevag and Goldberg, 2000; Liddle, 2000; Kurtz et al., 2005;
Lewis and Moghaddam, 2006). Further, schizophrenics have persistent cognitive
impairments below psychiatrically healthy groups (Heinrichs and Zékz8998). The
typical diagnosis occurs in late teens to early twenties with the onset ofgosit
symptoms, however, negative symptoms such as social withdrawal and cognitiie defici

typically occur throughout neurodevelopment (Andreasen, 1995; Chua and Murray,



1996). The estimated lifetime cost of each schizophrenic in the United Stateseat ex
over US$2 million dollars (Blomqvist et al., 2006) and therefore discovering tnestme
that target cognitive deficits will not only improve quality of life for théigyat, but also
alleviate some financial burden on society.

The etiology of schizophrenia remains largely unknown. The genetic contribution
is supported by twin studies where a monozygotic twin has a greater chance of
developing schizophrenia than a dizygotic twin if the other is affected (Sulliadn et
2003; Gottesman and Wolfgram, 1991; Kendler, 2001). However, 40% of
schizophrenics have no familial history of schizophrenia (Gottesman and ErEmmey
Kimling, 2001). Further, there is no single causative gene directly linked tortéssill
and likely results from multiple risk genes acting additively to predisposedandual to
schizophrenia (Weinberger et al., 2001; Lewis and Levitt, 2002; Harrison and
Weinberger, 2005). Current research suggests that there are multiple contrilmitirey fa
including genetic predisposition and environmental stressors leading to abnorma
neurodevelopment (Weinberger, 1987; Chua and Murray, 1996; Lewis and Levitt, 2002;
Lang et al., 2007; Brown, 2011). Pre and perinatal stressors that have been linked to
increased risk of developing schizophrenia include maternal malnutrition, amfgcti
stress and obstetrical complications (Lewis and Levitt, 2002; Lante 20@7;

Malaspina et al., 2008; Brown, 2011; Brown and Patterson, 2011). Likely, schizophrenia
results from a combination of genetics and environmental stressors leading toatbnorm

neurodevelopment and the wide range of symptoms associated with this disorder.



STRUCTURAL ABNORMALITIES:

Dorsolateral prefrontal cortex: Abnormal dorsolateral prefrontal cortical activity has

been found in schizophrenics in the absence of neurodegeneration or lesions (Bunney and
Bunney, 2000; Callicott et al., 2003; Eisenberg and Berman, 2010). The rodent analog to
human dorsolateral prefrontal cortex is the medial prefrontal cortein@idyét al., 2003).
Pyramidal neurons comprise about 75% of total neurons in this region, are the main
source of glutamate and the main targets of the majority of glutamaténcaogtaxons;

the remaining 25% are interneurons (Lewis, 2004). Schizophrenics have decreased
dorsolateral prefrontal cortex volume (Andreasen et al., 1994; Nopoulos et al., 1995;
Cannon et al., 2002; Giuliani et al., 2005; Fornito et al., 2009) in the absence of a change
in neuronal number (Akbarian et al., 1995b; Thune et al., 2001). However, there is
evidence of increased pyramidal neuron density (Selemon et al., 1995, 1998) and
decreased pyramidal neuron soma size with the greatest reductions found iryeiegp la
(Rajkowska et al., 1998; Glantz and Lewis, 1997; Pierri et al., 2001; Sweet et al., 2003,
Sweet et al., 2004). Reduced soma size correlates to measures of the des@ritic t

(Hayes and Lewis, 1996; Jacobs et al., 1997) and axonal arbor (Gilbert and Kelly, 1975;
Lund et al., 1975) indicating reductions in those structures as well. In supportsddcrea
synapsin, a marker for axon terminals (Glantz and Lewis, 1997) has been found in
schizophrenics suggesting a decrease in the number of terminals. Furtherasedecre
neuropil (axon terminals, dendritic spines, glial processes that occupy spaeerbet

neurons) has also been suggested (Selemon and Goldman-Rakic, 1999). All of these



findings suggest abnormal connectivity within the dorsolateral prefrontaixcoirt
schizophrenics.

Abnormal dorsolateral prefrontal cortex activity has been shown using furictiona
magnetic resonance imaging (fMRI) which measures changes in blood flow &lthoug
there is some controversy. Studies have found both hyper and hypofrontality in
schizophrenics (for review see Eisenberg and Berman, 2010); increaseg ectivit
thought to result from inefficient prefrontal processing (Callicott et al., 20@Bpach et
al., 1999; Potkin et al., 2009). To explain these controversial results, authors suggest an
inverted U-shaped load-response curve where as task demand increases, lévetteds e
prefrontal cortical activity which peaks out at physiological capaaftgr which, activity
falls (Fletcher et al., 1998). Further, the curve appears to be shifted &t ihe |
schizophrenics (Perlstein et al., 2003; Jansma et al., 2004) so lower taskanvilhres
hyperactivation (inefficient signaling with similar performanceaatrols) and
hypoactivation occurs during more difficult tasks (when schizophrenic’s perfcams
likely to be worse than controls) compared to controls (Callicott et al., 2003; Manoach,
2003).

Hyper and hypofrontality is less relevant when considering the contribution of
synchronized pyramidal cell activity creating oscillations in therpngdl cortex and
hippocampus (Buzsaki and Draguhn, 2004) which have been shown to be necessary for
cognitive processing (Howard et al., 2003; Haenschel et al., 2009; Lewis et al., 2012)
Different frequencies of oscillation magnitude have been identified inclstimg
oscillations in delta (0.5-3 Hz) theta (3-8 Hz) and beta (8-30 Hz ) ranges$ to fas

oscillations in gamma (30-90 Hz) and ultrafast (90-200 Hz) ranges (Burshki a



Draguhn, 2004; Gonzalez-Burgos and Lewis, 2008). Greater oscillation magnitude
occurs with a greater amount of regular and synchronized pyramidal neuroty.activi

One neuron regularly firing generates rhythmic postsynaptic mempoaesetial in all

target cells. Greater neuronal synchrony amplifies the postsynaptic membtental
generating synchronization in a greater population of target cells detmdinetwork
oscillations (Gonzalez-Burgos and Lewis, 2008). Fast oscillation gamma learels

been linked to cognitive processing (Lisman and Idiart, 1995; Lisman, 1999; Howard et
al., 2003; Tallon-Baudry et al., 2004; Sejnowski and Paulsen, 2006). Parvalbumin (PV)
containing, basket cell GABAergic interneuron activity is necessary diciesut for

high frequency gamma oscillations based on axonal positioning onto pyramidal neuronal
soma, innervation of numerous pyramidal neurons and the high degree of interneuronal
connectivity (Buzsaki and Draguhn, 2004; Gonzalez-Burgos and Lewis, 2008).
Schizophrenics have irregular prefrontal gamma range oscillations whicbham@ibute

to symptoms of the illness (Spencer et al., 2003; Cho et al., 2006; Uhlhaas et al., 2006;
Haenschel et al., 2009; Carlino et al., 2012). Taken together, evidence supports abnormal
dorsolateral prefrontal cortical function underlying symptoms of schizophrenia.
Additional structural abnormalities: Additional structures have been implicated in
schizophrenia including the hippocampus, mediodorsal thalamus, striatum and anterior
cingulate cortex. Specifically in the hippocampus reports of reduced hippocampal
volume (Nelson et al., 1998; Wright et al., 2000; Honea et al., 2005; Weiss et al., 2005)
and pyramidal cell size (Benes et al., 1991; Arnold et al., 1995; Zaidel et al., 1997) but
see (Highley et al., 2003) who reported no changes. Additionally, reduced dendritic

spine density (Rosoklija et al., 2000), synaptic protein levels (Browning et al., 1993;



Young et al., 1998; Sawada et al., 2005) and alterations in ionotropic glutamatergic
receptors (Harrison et al., 1991; Gao et al., 2000) are also observed. Further,enhas be
suggested that early abnormal hippocampal activity and connectivity to Swdatderal
prefrontal cortex results in blunted maturation of the dorsolateral prefrontak cor
resulting in aberrant connectivity back to the hippocampus (Lipska et al., 2002). Also,
aberrant hippocampal-prefrontal interactions have been observed followingiexecut
tasks specifically working memory (Meyer-Lindenberg et al., 2005). Further
investigations of cortical-subcortical interactions and the precise invohtesheach
structure are necessary to understand abnormal activity and the contributiaals of e

structure to the pathophysiology of schizophrenia.

PATHOPHYSIOLOGY OF SCHIZOPHRENIA: NEUROTRANSMITTERS

Along with structural abnormalities observed in schizophrenia, many
neurotransmitter systems have also been implicated in the pathophysiology of the
disorder. The dopamine hypothesis was the first to emerge since dopaminesagonist
including amphetamine induce a schizophrenia-like psychosis and the first antipgsychoti
acted as antagonists at dopamine type 2 receptors; however, these medreations t
positive systems with few having any effect on negative or cognitive defi®ityle,

2006; Carlsson, 2006). More recently abnormal glutamate and GABA neurotransmission
have emerged as popular theories underlying schizophrenia that have gained support and
will be discussed in greater depth. This section will give a brief overview of aBhorm

activity of each of these neurotransmitter systems that is observedzoguienia. Of



note are the contributions of other neurotransmitters implicated in schizophrenia
including serotonin and acetylcholine (Meltzer et al., 2003; Tandon, 1999) which will not

be discussed.

PATHOPHYSIOLOGY OF SCHIZOPHRENIA: GLUTAMATE

Glutamate is the main excitatory neurotransmitter in the body and gletamat
receptors mediate half of synaptic transmission throughout the central neygters
(Hollmann and Heinemann, 1994)-methyl-D-aspartate (NMDA) receptor
hypofunction has gained attention when receptor antagonists were shown to induce
positive, negative and cognitive deficits in healthy humans and rats and ekexerba
symptoms in schizophrenics (Luby et al., 1959; Pearlson, 1981; Javitt and Zukin, 1991,
Krystal et al., 1994; Verma and Moghaddam, 1996; Malhotra et al., 1997b; Adler et al.,
1999; Newcomer et al., 1999; Coyle, 2004). Phencyclidine and ketamine are non-
competitive, open channel blockers of the NMDA receptor inhibiting influx 6f;Ca
these drugs have also been shown to block type 2 dopamine receptors. However, it is
thought that the psychotomimetic effects are due to inhibition of the NMDA wecept
(Javitt and Zukin, 1991; Vollenweider and Geyer, 2001). Further support for NMDA
receptor hypofunction in schizophrenia are elevated levels of kynurenic acidacetyl
aspartyl glutamate (NAAG) which are endogenous NMDA receptor antagjaitisbugh
NAAG is also an agonist at the metabotropic glutamate 3 receptor (Schwaltc2601;
Tsai et al., 1995; Berger et al., 1999; Hakak et al., 2001). Additionally, the NMDA

receptor co-agonists D-serine and glycine, necessary for recefpidy aare decreased



in schizophrenics (Sumiyoshi et al., 2004; Neeman et al., 2005; Hashimoto et al., 2003a).
Lastly, there are reports of altered NMDA receptor expression. Hovthesg findings
are not present in all schizophrenics and not always replicated across staskeson
this controversy, NMDA receptor expression will not be discussed in detail rjAkibet
al., 1996; Mirnics et al., 2000; Dracheva et al., 2001, Kristiansen et al., 2006; Kristiansen
et al., 2007). Itis likely that NMDA receptor hypofunction in schizophrenics results
from a combination of altered levels of co-agonists or antagonists, alteredstatiox
(discussed below in the glutathione section), altered expression and abnornc&lncaffi
of the NMDA receptor. However, further investigations are necessary toigstie!
nature of NMDA receptor hypofunction.

It is hypothesized that phencyclidine and ketamine target NMDA receptors
located on GABAergic interneurons leading to pyramidal cell disinhibition §Jane
Buhl, 1993; Lei and McBain, 2002; Maccaferri and Dingledine, 2002; Homayoun and
Moghaddam, 2007; Lewis et al., 2012). This leads to subsequent disinhibition of
pyramidal cell firing elevating synaptic neurotransmitter reedmwn in rodents by
electrophysiological methods (Jackson et al., 2004), metabolic imaging methods
(Vaisanen et al., 2004; Sharp et al., 2001) and increased glutamate concentrations
(Moghaddam et al., 1997; Homayoun et al., 2005). Elevated glutamate levels will over
stimulate non-NMDA glutamate receptors includinrgmino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors shown by AMPA receptor antagonist
normalizing dopamine levels and behavioral measures induced by NMDA receptor

antagonists (Moghaddam et al., 1997). Thus NMDA receptor antagonists result in



10

abnormal firing in the prefrontal cortex and cognitive deficits assaliaii
schizophrenia.

Metabotropic glutamate receptors (mGIuR) have also been implicated in
schizophrenia. Of the eight known receptor types divided into three groups based on G
protein coupling specificity and sequence homology, group | mGluRs, particularly
mMGIuRS5, and group Il mGIluRs constituting mGIuR2 and mGlur3, have been identified as
potential targets for the treatment of schizophrenia. mGIurR5 is coupleg 160G
increase intracellular Ga (for review see De Blasi et al., 2001; Ribeiro et al., 2010) and
physically interacts with and potentiates the NMDA receptor throughoddiai) proteins
to enhance synaptic transmission (Attucci et al., 2001; Ehlers, 1999; Doherty et al., 2000;
Mannaioni et al., 2001; Marino and Conn, 2002). Metabotropic group Il glutamate
receptors (MGIuR2/3) are located on both presynaptic and postsynaptic neurons in the
synaptic and extrasynaptic space; mGIluR3 is also expressed on asti@hities et al.,
2000; Tamaru et al., 2001). Further, mGlur2/3 couplesdde@ding to reduced
intracellular C&" and inhibition of C& mediated synaptic neurotransmitter release (Flor
et al., 1995; Conn and Pin, 1997). Interestingly, preclinical studies provide evidence of
mMGIuR2/3 agonist normalizing NMDA antagonist-induced increase in glutamate
(Moghaddam and Adams, 1998; Lorrain et al., 2003) and reducing many behavioral
abnormalities induced by NMDA receptor antagonism (Moghaddam and Adams, 1998;
Cartmell et al., 1999; Krystal et al., 2003; Baker et al., 2008). Further, clinadalitave
yielded positive results with mGIluR2/3 agonists in schizophrenia treatnegntetral.,

2007; Mosolov et al., 2010). However, one study did not find a significant benefit with

MGIuR2/3 agonist but they also failed to see improvements with antipsychotic
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medication (Kinon et al., 2011) suggesting it was a failed trial. Thus stimulating
metabotropic glutamate receptors may represent a novel target in thepdesm of
schizophrenia treatments.

When studying glutamatergic activity it is important to not only consider
glutamate receptors but also the location of receptors and glutamate\ssiular
glutamate is released into the synapse, activates postsynaptic reaagtmguickly and
efficiently cleared by astrocytes through excitatory amino acidgoatess 1 and 2
(EAAT1 and EAAT?2) (Rothstein et al., 1994; Rothstein et al., 1996). The non-synaptic
pool of glutamate is in part supplied by the non-vesicular cystine-glutamadertertor
system ¥ (Baker et al., 2002b; Massie et al., 2011; De Bundel et al., 2011). System x
exchanges one intracellular glutamate for an extracellular cy8ale( et al., 2002b).
This has been shown by blocking systefroxgenetic knockouts of active subunit of
system X having significantly reduced extrasynaptic glutamate in multiple braiongg
(Baker et al., 2002b; Moran et al., 2005; De Bundel et al., 2011; Massie et al., 2011).
Extrasynaptic glutamate can activate extrasynaptic glutamegptors including
MGIuR2/3 and NMDA receptors. Further, XCT expression is altered in the dowolater
prefrontal cortex of schizophrenics (Baker et al., 2008). Taken togethemagtata
neurotransmission is a complex regulated network which has the ability to produce
behavioral deficits associated with schizophrenia and other neuropsychiatricdisorde

when glutamate transmission is disturbed or altered.
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PATHOPHYSIOLOGY OF SCHIZOPHRENIA: GABA

Numerous studies implicate abnormal GABAergic interneuron activity in the
dorsolateral prefrontal cortex in schizophrenia. First, two isoforms of glutzeid
decarboxylase of 65 and 67 kDa (G&Rnd GALR,) synthesize GABA; GAb;
synthesizes the majority of GABA (Asada et al., 1997; Waagepetersenl&og).
GADg;expression is activity dependent (Jones, 1990; Akbarian and Huang, 2006);
decreased cortical activity reduces GARvels (Benson et al., 1994; Jiao et al., 2006)
whereas increased cortical activity increases @&Rkpression (Liang and Jones, 1997,
Esclapez and Houser, 1999). In schizophrenics, &ishlecreased in the PV expressing
subset of GABAergic interneurons (Akbarian et al., 1995b; Volk et al., 2000; Hashimoto
et al., 2003b). Vesicular GABA release activates postsynaptic resé@aBA, and
GABAj) typically generating inhibitory postsynaptic potentials (IPSPs) onypagitic
targets (Gonzalez-Burgos and Lewis, 2008). GABA diffuses out of the syniafitiard
is taken up by GABA transporters (GAT) (for review see Misgeld et al., F&6et al.,
2006). Of the number of different subclasses of GABAergic interneurons, fastespiki
PV expressing neurons are altered in schizophrenics (for review seedteali, 2012).

First, PV containing GABAergic interneurons have either basket or chandeli

morphology (for review see DeFelipe, 1997). Basket cell PV containing interneurons
synapse on pyramidal cell bodies and proximal dendrites thereby having arlpege i

on pyramidal neuronal activity (Jones and Buhl, 1993; Bartos et al., 2007). Further, one
interneuron synapses on each pyramidal neuron multiple times and each interneuron can

contact multiple pyramidal cells and other similar interneurons (GonrBaiegos and



13

Lewis, 2008). GABAergic interneurons also contain gap junctions allowing for fast
communication between cells and for synchronization between interneurons (@iama

al., 2000). This enables interneurons to generate oscillations by synchronieimghekn

of pyramidal neurons. PV is a calcium-binding protein that buffef§iGshe

presynaptic terminal impacting Eaegulated neuronal processes such as excitation and
synaptic activity (Chard et al., 1993; Pauls et al., 1996; Savic et al., 2001).
Schizophrenics have decreased PV mRNA in the dorsolateral prefrontal cortex
(Hashimoto et al., 2003b; Mellios et al., 2009; Fung et al., 2010) although the number of
PV neurons appears to be unchanged (Woo et al., 1997).

Experiments have demonstrated the capacity of PV neurons to inhibit pyramidal
neuron activity. PV GABAergic interneurons have also been shown necessary for
network oscillations (Cobb et al., 1995; Bartos et al., 2007; Gulyas et al., 2010; Lewis e
al., 2012). PV neurons receive excitatory input from surrounding pyramidal neurons and
interneurons as well as projecting neurons (Behrens et al., 2007). Excitaiapgsy
contain both NMDA and AMPA receptors. Studies have shown that NMDA receptor
antagonists binding within the pore preferentially block receptors on GABA intemseur
due to the increased activation and firing rate of these cells in comparisorotmsdurg
neurons. This results in disinhibition of pyramidal cells, increased pyramig@me
activity and elevated glutamate release (Jones and Buhl, 1993; Moghaddam and Adams
1998; Lorrain et al., 2003; Homayoun and Moghaddam, 2007; Amitai et al., 2011). Loss
of inhibition also leads to network desynchronization and reduced gamma oscillations
contributing to behavioral deficits (Sohal et al., 2009; Cobb et al., 1995; Cardin et al.,

2009). Interestingly, chronic NMDA receptor antagonism results in a loss afidPV a
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GADg; expression (Braun et al., 2007; Amitai et al., 2011) lending further support for the
link between NMDA receptor antagonists and GABAergic interneurons.

Schizophrenic GABA system alterations appear to result from abnormatyactivi
and not from a change in number (Benes et al., 1996; Woo et al., 1997). Further, changes
in PV basket cells are thought to contribute to abnormal dorsolateral preficintidy a
(for review see Lewis et al., 2012). As stated above, ABd PV mRNA is reduced in
PV cells (Akbarian et al., 1995b; Volk et al., 2000; Hashimoto et al., 2003b; Curley et al.,
2011; Mellios et al., 2009; Fung et al., 2010) with no change in GAT1 expression in the
dorsolateral prefrontal cortex of schizophrenics (Woo et al., 1998). Also, mRNA for
GABA al receptor, thought to mediate basket cell inputs onto pyramidal soma, are
significantly reduced in prefrontal cortex (Akbarian et al., 1995a; Hashimolg et a
2008a; Hashimoto et al., 2008b; Beneyto et al., 2011) although no changes in receptor
expression has also been observed (Duncan et al., 2010). Decreasegd (AABA
pyramidal cells could indicate lower basket cell synaptic inputs sirteR& neuron

typically innervates one postsynaptic tatgenany times which is also supported by

Figure 1.1 Schematic
summary of alterations in
GABAergic neural circuitry
in layer 2-3 of the
dorsolateral prefrontal
cortex of schizophrenics.
Pyramidal neurons (PN)
have reduced expression of
GABA, al on the cell body.
PV positive basket cells
(PVBC) have less GAR
and PV.
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decreased PV presynaptic expression.

Figure 1.1 depicts altered GABAergic dysfunction in schizophrenics. As shown,
disinhibition of PV basket cells is suggested by reduced PV and;@Alhterneurons
with lower pyramidal GABA al expression. Further, evidence supports weaker
inhibitory basket cell inputs onto pyramidal neurons contributing to loss of
hyperpolarization which is necessary for pyramidal cell synchroaizamnd gamma
oscillations (Bartos et al., 2007; Lewis et al., 2012). Taken together, tlstreng
support for abnormal GABAergic interneuron activity contributing to the loss of gamm

oscillations necessary for cognition in schizophrenics.

ASTROCYTES: CONTRIBUTION TO NETWORK SYNCHRONIZATION

A less well studied regulator of network synchronization is the contribution of
astrocytes. Astrocytes have minimal overlapping areas (Ogata aakla{@902;
Bushong et al., 2002) and one astrocyte contacts approximately 100,000 synapses in
rodents and up to one million synapses in humans (Bushong et al., 2003; Oberheim et al.,
2006). As shown in Figure 1.2, astrocytes communicate with pyramidal-pyramidal
synapses, GABAergic-pyramidal synapses, neuron cell bodies and dendagsgas
impacting network activity within the entire domain of the astrocyte. Furisgocytes
communicate with neurons by releasing factors which regulate ionotropjatoec
expression, synaptic activity and neuronal activation. Brain-derived neurotfaptuc
(BDNF) is released by astrocytes and regulates GAR&eptor expression and the

frequency of IPSCs (Elmariah et al., 2005; Barker and Ullian, 2010). Astsoalgo
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release tumor necrosis factor-alpha (T&)Re increase AMPAR trafficking to synapses
(Beattie et al., 2002; Barker and Ullian, 2010). Additionally, astrocytes havepaeitya

to control the number and strength of synapses through the release of glutaseateeD
which is a co-agonist of the NMDA receptor and ATP which can depress synaptic
activity (for review see Kondziella et al., 2006; Barker and Ullian, 2010; Reicheetbac

al., 2010). Of particular importance to this work is the expression of systevhigh is
capable of regulating glutathione concentrations and extrasynaptic mGlui2ity and

will be discussed in the following section. Based on these findings, astroeytes a
uniquely positioned and contain the necessary transporters to have a profound influence
on network activity and contribute to network synchronization leading to cognitive

processes associated with schizophrenia.

Astrocyte

Figure 1.2 Astrocytes
are capable of
communicating with
neurons including
pyramidal neurons (PN)
and GABAergic PV
containing basket
interneurons (PV) near
and away from the
synapse thereby
impacting the
excitiatory environment
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CYSTINE- GLUTAMATE EXCHANGE BY SYSTEM X ¢

System X or the cystine-glutamate antiporter is a critical transporter witien t
central nervous system capable of regulating both oxidative stress and msun@tséon
(Baker et al., 2002b; Shih et al., 2006). It is &-Maependent Gldependent transporter
capable of exchanging intracellular glutamate for extracelbylstine in a 1:1 ratio
(Baker et al., 2002b). As shown in Figure 1.3, evidence indicates sysisrocated on
astrocytes (Allen et al., 2001; Pow, 2001) although there is also evidence of immatur
neuronal expression (Murphy et al., 1989; Murphy et al., 1990). Extracellulameyst
predominantly expressed in the oxidized form of cystine which is transportgdtbyns
Xc (Bannai and Tateishi, 1986). Once taken up, intracellular cystine is rapidiyect
into cysteine for glutathione synthesis which is then utilized by the gistroc
transported back into the extrasynaptic space to serve as substrates for neuakaal upt
for glutathione synthesis (Meister, 1988; Sies, 1999; Dringen and Hirrlinger, 2003).

Thus, astrocytic cysteine is essential for both astrocytic and neutotahgpne levels.

GH < € G Astrocyte Figure 1.3 System X

exchanges one
intracellular  glutamate
(G) for an extracellular
cystine (C). Glutamate
GSH Y c can activate mGIuR2/3

(2/3) receptors, cystine
G
Presynaptic % G
Neuron

G

uptake is the rate limiting
step in  glutathione
(GSH) synthesis.

Postsynaptic
Neuron
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Externalized glutamate by systemiis critical for nonvesicular glutamate concentrations
in the nucleus accumbens and capable of stimulating group Il metabotropic ¢gutama
receptors (Baker et al., 2002a; Mohan et al., 2011). Group Il mGluRs are G-protein
coupled heteroreceptors which inhibits intracellulaf’@acumulations necessary for
vesicular neurotransmitter release such as glutamate and dopamine taguddyng
neurotransmission (Conn and Pin, 1997; Flor et al., 1995). Interestingly, these receptors
serve as a potential therapeutic target in schizophrenia treatmentghtigglabnormal
functioning of this circuit in schizophrenics (Patil et al., 2007; Mosolov et al., 2010;
although see Kinon et al., 2011). In addition, enhanced efflux of glutamate via system x
may induce excitotoxicity through increased extrasynaptic NMDA rec@gtivation
cascades (for review see Bridges, 2011).

Due to the unique regulation of both cystine and glutamate cycling, systeas x
already been linked to many central nervous system processes includiniyestitass
and protection (Shih et al., 2006), regulating synaptic transmission (Bakegr2&0alb),
blood brain barrier regulation (Hosoya et al., 2002), synaptic organization tAkugus
al., 2007), viral pathology (Espey et al., 1998), drug addiction (Kalivas, 2009), and brain
tumor growth (Chung et al., 2005; Lyons et al., 2007; Chen et al., 2009). Given this, itis
imperative to understand the structure and regulation of the cystine-glutamipteter.
System X is a membrane bound protein of the heteromeric amino acid transporter (HAT)
family (Broer and Wagner, 2002; Verrey et al., 2004). It is composed of a hydrophobic
non-glycosylated light chain (xCT) linked to a type Il N-glycosylated/heaain
(4F2hc) via a disulfide bond. While 4F2hc is required for trafficking and cellcgurfa

expression, XCT is the functioning unit that exchanges glutamate for cystisel @ al.,
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2004; Jimenez-Vidal et al., 2004; Bassi et al., 2001). Whether full length XCT or splice
variants are the functional membrane-bound proi@ins/o remains unclear and requires
further exploration as does the regulation of cystine-glutamate exchavigend¢e

suggests that oxidative stress is capable of up regulating systeamscription through
Nuclear factor erythroid-2-related factor (Nrf2) binding to the AntioxidResponse
Element (ARE) promoter on XCT ge(fgannai, 1984; Ishii et al., 2000) as does depleted
glutathione concentrations (Seib et al., 20IMhere is a high probability of additional
factors within the intra and extracellular milieu having an as yet unigghtbntribution

to system X regulation which will require future studies.

While cystine-glutamate exchange has not been extensively studied in
schizophrenia, there is increasing evidence of altered antiporteryactiist, there is
evidence of increased expression of XCT, the active subunit of the cystineagkita
antiporter, in the dorsolateral prefrontal cortex of schizophrenic patients that i
present in other brain regions (Baker et al., 2008). Increased expression ultdyoras
an inefficient glutathione supply since decreased glutathione has been shown & elevat
system X expression (Seib et al., 2011). In support, studies have shown an overall
reduction in glutathione levels in the central nervous system with a 50% reduction in the
dorsolateral prefrontal cortex of schizophrenics (Do et al., 2000; Gawryluk 2040;

Raffa et al., 2011). Whether altered glutathione or systeaxgression occurs first
remains unclear. Lastly, the cysteine prodrug, N-acetylcysteinshbas clinical
efficacy in treating symptoms of schizophrenia that currently do not havéedfec
treatments (Berk et al., 2008c; Lavoie et al., 2008; Carmeli et al., 2012). Accgrdingl

these data have the potential to identify the cystine-glutamate ant@®tieth a novel
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mechanism contributing to the pathophysiology of schizophrenia and as a potential
therapeutic target.

Interestingly, XxCT knockout mice have been generated and they have a normal
appearance, normal lifespan and no changes in cortical or hippocampal width (De Bunde
et al., 2011; Sato et al., 2005). Not surprisingly, decreased extracellulangfieitaas
observed through microdialysis studies in the hippocampus and striatum sugipegting
system X is one of the main contributors to this pool and cannot be replaced (De Bundel
et al., 2011; Massie et al., 2011). Surprisingly, there were no changes in tissue
glutathione concentrations in these regions or other non-CNS organs including the liver
and pancreas (Sato et al., 2005; Massie et al., 2011; De Bundel et al., 2011) likely due to
a compensatory increase in other cysteine transporters although this toelseye
explored in these animals. Behavioral measures included locomotion in open field,
spatial reference memory in Morris water maze and delayed altermatftomaze task
measuring spatial working memory. No changes in spontaneous locomotor agtivity t
novel environment corresponds with the methylazoxymethanol acetate (MAM)
neurodevelopmental model which requires a stimulant such as amphetamine or
phencyclidine to reveal deficits from control animals (Flagstad et al., R0fdre et al.,

2006; Lodge and Grace, 2007). Intact spatial reference memory also correspbeds t
neurodevelopmental MAM model where deficits emerge after reversal leaimafignge
in the Morris water maze (Flagstad et al., 2005). Interestingly, XCT knockagts ha
deficits in spatial working memory and make significantly less coalégrnations
compared to control (De Bundel et al., 2011). Since this occurs in the absence of a

glutathione deficit, it suggests that spatial working memory tasks reqteeelular
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glutamate which can activate extrasynaptic mGIluR2/3 receptors. Ehery
interesting mutant model and will require a great amount of further redearch
understand the widespread impact of systgrorxhomeostatic mechanisms and

behavior.

GLUTATHIONE AND SCHIZOPHRENIA

Glutathione is a critical antioxidant necessary for the scavengingeofddicals,
protecting cells from oxidative stress and regulating redox potentials (Carxghéristal,
1997; Sies, 1999; Soltaninassab et al., 2000; Dringen, 2000). Total glutathione is
decreased by up to 50% in the dorsolateral prefrontal cortex and by 27% in thel cerebra
spinal fluid of schizophrenic patients compared to matched controls (Do et al., 2000; Yao
et al., 2006; Gawryluk et al., 2010; Raffa et al., 2011). Secondary to reduced glutathione
concentrations is an increase in reactive oxygen species and impaired antidzfdase
system in schizophrenics (Olney et al., 1999; Yao et al., 2006; Bitanihirwe and Woo,
2011; Yao and Reddy, 2011). Further, glutathione reduces the extracellular redox site on
the NMDA receptor causing potentiation of NMDA receptor currents (Kohr,et394;
Lipton et al., 2002). Therefore, reduced glutathione levels leads to NMDA receptor
hypoactivity (Steullet et al., 2006); NMDA receptor hypofunction is hypotbddiz
contribute to the pathophysiology of schizophrenia (Olney et al., 1999; Coyle, 2006).
While these reports implicate glutathione, it is necessary to also undegkitattione

cycling and how it is altered in schizophrenia.
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Figure 1.4 Glutathione cycling.
Cystine uptake by systemy s the rate
limiting step in glutathione synthesis.
Glutamate cysteine ligase (GCL) is the
rate limiting enzyme in glutathione
synthesis. Glutathione synthetase
(GSS), multidrug resistance protein-1
(MRP-1) exports glutathione out of the
astrocyte for degradation lyyglutamyl
transpeptidase (GGT) and can undergo
further degradation to cystine which
will drive cystine-glutamate exchange.

Glutathione cycling and concentrations are tightly regulated by a number of

proteins and checkpoints, some of which have been implicated in schizophrenia (Dringen

and Hirrlinger, 2003). First, the rate limiting step of glutathione synthesigstine in

astrocytes and cysteine uptake in neurons (Sagara et al., 1993; Kranich et al., 1998;

Dringen and Hirrlinger, 2003). In astrocytes, systensxa key transporter for cystine

(Bannai, 1984; Bridges, 2011) and studies have shown altered protein expression of xCT,

the active subunit of the cystine-glutamate antiporter in schizophrenics @ake

2008). As indicated in Figure 1.4, intracellular cystine is rapidly reduced toneysied

synthesized into glutathione by the addition of glutamate and glycine in two atizym

processes involving glutamate-cysteine ligase (GCL) and glutathjotteetase (GSS)

(Meister, 1988; Sies, 1999). GCL is composed of a catalytic subunit (GCLC) ngcessar

for glutathione synthesis and a modifier subunit (GCLM) to increase effic{&ang et

al., 2007). In schizophrenics, research has shown a decrease in GCLM geneocexpressi

reduced GCLC protein expression and GCL activity in fibroblasts (Tosic €086b;

Gysin et al., 2007) although GCLM genetic linkage remains controversiaioguét al.,

2009). Further, GSS mRNA levels are also reduced (Tosic et al., 2006). After
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completion of glutathione synthesis, it is utilized intracellularly or ebgolointo the
extracellular space by multidrug resistance protein 1 (Mrpl). Glutathionegoede
extracellular catabolism by the membrane ectoenzygiatamyl transpeptidase (GGT)
into CysGly and/-glutamylX. “X” represents an acceptor of grglutamyl moiety.
CysGly is hydrolyzed into cysteine and glycine by aminopeptidase N (N{/Agd
transported into neurons for neuronal glutathione synthesis (Dringen and Hirrlinger,
2003). Additionally, extracellular cysteine is readily oxidized to cystns triving
cystine-glutamate exchange and glutathione cycling (Lu, 1999; Dringen, 208kgn
together, whether altered cystine-glutamate exchange limitstghnatsynthesis or
altered glutathione synthesis reduces cystine-glutamate exchamgeadtresult is
reduced glutathione and altered cell homeostasis potentially contributiymgptosns of
schizophrenia.

A promising treatment for schizophrenia is restoration of glutathione levels.
Clinical trials have administered the cysteine precursor N-acetgiogso drive
glutathione synthesis (Berk et al., 2008c; Lavoie et al., 2008; Carmeli et al., 2012).
Results show improvements with N-acetylcysteine as adjunctive therapyhé&i/Ne
acetylcysteine restores glutathione by driving systgnmschizophrenics remains
unclear and will be discussed later.

Given the reports of altered glutathione homeostasis in schizophrenia, studies
have examined animal models of reduced glutathione concentrations and its impact to
schizophrenic-like symptoms. One model is a genetic glutamate-cystgise modifier
(GCLM) knockout mouse. First, while GCLC knockout mouse is embryonic lethal,

GCLM -/- reduces glutathione in all regions including the prefrontal costeatum and
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liver to around 30% of control levels throughout the lifespan (Steullet et al., 2010; Duarte
et al., 2011). These animals have a subset of symptoms associated with schizophrenia
including positive symptoms (increased locomotion to a novel environment and in
response to amphetamine), negative symptoms (altered social behavior) angdecogniti
deficits (novel object recognition). Additionally, these animals show deiircpisepulse
inhibition, increased oxidative stress and reduced parvalbumin expression, theforarke
fast-spiking interneurons, in the ventral hippocampus. However it should be noted that
these animals did not display spatial or short term working memory deficitsigMor
water maze or Y-maze) or elevated baseline locomotor responses in horn(fétealiet
et al., 2010; Cole et al., 2011; Kulak et al., 2012). Interestingly, while N-acdgjtoys
has not been given as a behavioral treatment, it has been shown to normalize some
neurochemical indices of knockout mice including glutamate, glutamine, alanine and
myo-inositol (Duarte et al., 2011) suggesting the therapeutic benefiaatetf N-
acetylcysteine may be independent of glutathione concentrations.

Glutathione is essential particularly in the central nervous system mtamai
cellular redox systems and to protect cells from oxidative damage aneéattll dany
labs have shown a significant reduction in dorsolateral prefrontal cortitatigbne
concentrations in schizophrenia patients. This accounts for NMDA receptor tiyjppac
and potentially reduced cystine-glutamate exchange causing dysigofaABAergic
and glutamatergic signaling. This results in abnormal oscillations and desymakiconi

of cortical activity and symptoms of schizophrenia.
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NEURODEVELOPMENT

Neurogenesis is a highly regulated process that relies on growttsfantbr
neurotransmitters for normal development and migration. Neuroepitheliatiestlaed
to become neocortical pyramidal neurons undergo mitosis in the germinalliayeys
the ventricular system and migrate to their final destination (Sidmanaikid, R973;
Hatten, 1993). The first cells to proliferate on rat embryonic day 14 are theRetgals
neurons; these cells become cortical layer I. Thereafter neuronsharatgd in an
inside to out pattern; layers IV-II are born primarily on embryonic days 176t 9effiew
see Bayer et al., 1993). Of importance is the contribution of glutamate and GAB
signaling prior to synapse formation. Functional ionotropic glutamate recepgors a
expressed during terminal cell division and differentiation in neuroepithelial(b&dric
et al., 2000). Post-mitotic neurons undergo radial migration along radial gliakto re
their final destination (Parnavelas, 2000; Sidman and Rakic, 1973) usually within 1-2
days following birth (Bayer et al., 1993). Interneurons originate in the meuiadaadal
ganglionic eminence in the ventral forebrain and must migrate tangetdiaiach the
cortex; cells undergo radial migration once reaching the cortex (fomwreee Marin and
Rubenstein, 2003; Metin et al., 2006; Huang, 2009). Among many signaling pathways
required for normal migration, interneurons rely on AMPA mediated receptalisig
for migration (Manent et al., 2006).

In contrast to interneurons, pyramidal cells require NMDA and GAR&eptor
signaling to promote radial migration. In support, immature neurons express NKMDA

GABA receptors and glutamate and GABA are detected early in theenidronment of
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migrating neurons (Nguyen et al., 2001; Lujan et al., 2005; Manent and Represa, 2007).
Further, non-vesicular glutamate and GABA activate migratory neurecgptors since
synapses have yet to develop at this time (Behar et al., 1998; Behar et al., 1998t Behar
al., 2000; Behar et al., 2001, Hirai et al., 1999; Simonian and Herbison, 2001; Kihara et
al., 2002). In support, animals with a genetic deletion of munc18-1 and munc13-1/2,
proteins necessary for vesicle priming, are incapable of vesicular neunattanselease

yet have normal cortical layering and synapse formation (Verhage 20@0;

Varoqueaux et al., 2002). Finally, work in cerebellar granule cells suggests tRALGA
receptor activity depolarizes immature neurons allowing NMDA receptmagion

allowing for C&" influx which is necessary for cell migration (Ben-Ari et al., 1997;
Komuro and Rakic, 1993; Kumada and Komuro, 2004). While the non-vesicular source
of glutamate has yet to be established, it is possible that systeoubd contribute to

this pool and have a critical role in neurodevelopment.

Synaptogenesis: Synaptogenesis is another regulated process requiring numerous
signaling cascades to develop first an immature then mature synapse. skoave
glutamate release, specifically from genderblind encoded from ‘gemaErpéne which
encodes the xCT subunit Brosophila, has been shown to modulate postsynaptic
glutamate receptor clustering at the neuromuscular junction. SpecjfloaByof cystine-
glutamate exchange in genderblind knockouts have a 50% decrease in extracellula
glutamate resulting in a large increase in postsynaptic glutamatgoexdue to reduced
constitutive desensitization (Featherstone et al., 2002; Augustin et al., 2007).r,Furthe
these mutants have behavior deficits including abnormal adult copulation (@respda

2008). Given the role of cystine-glutamate excham@® osophila and the possible
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contribution to neurodevelopment in rodents, abnormal cystine-glutamate exchange has
the capacity of producing profound neurodevelopmental abnormalities that could lead to

abnormal behavior.

ANIMAL MODELS OF SCHIZOPHRENIA

Phencyclidine: While there is evidence for both an environmental and genetic component
for the etiology of schizophrenia, the contributions from each on the manifestation of the
disorder remain largely unknown. Therefore, a main hurdle in studying the
pathophysiology and therapeutic potential for schizophrenia research is devetoping a
animal model. Non-competitive NMDA receptor antagonists, such as ketamine
phencyclidine and MK801, have been shown to produce a schizophrenic-like state with
positive, negative and cognitive deficits in healthy humans and rodents and eteacerba
symptoms in schizophrenic patients (Luby et al., 1959; Pearlson, 1981; Javitt and Zukin,
1991; Krystal et al., 1994; Verma and Moghaddam, 1996; Malhotra et al., 1997b; Adler
et al., 1999; Newcomer et al., 1999; Coyle, 2004). Phencyclidine acts as a non-
competitive NMDA receptor antagonist with evidence suggesting it talPyefositive
GABAergic interneuron NMDA receptors (Jones and Buhl, 1993; Lei and McBain, 2002;
Maccaferri and Dingledine, 2002; Homayoun and Moghaddam, 2007; Lewis et al., 2012).
Interestingly, repeated administration of PCP has been shown to deGrsasergic

markers, specifically parvalbumin and the GABA synthesizing agentgg/Aitai et

al., 2011). NMDA receptor antagonists have been shown to increase extracellular

glutamate likely due to disinhibition of GABA interneurons in the mPFC which
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interestingly, is blocked by an mGIuR2/3 agonist (Moghaddam et al., 1997; Homayoun et
al., 2005; Katayama et al., 2007; Baker et al., 2008; Amitai et al., 2011).
Methylazoxymethanol acetate (MAM): MAM is a DNA methylating agent which targets

cells undergoing active mitosis producing an antimitotic effect (NagatdMatsumoto,

1969; Cattabeni and Di Luca, 1997; Hoareau et al., 2006). However, there is also
evidence that MAM effects proteins necessary for cell growth (Singh, 19&th4ka et

al., 1982) and impairs neuronal organization (Matricon et al., 2010). Based on a narrow
time window for effect (12-24 hours) (Matsumoto et al., 1972), timing of admingstrati

is critical. Administration on gestational day 15 leads to whole brain size im@tsict
presumably due to antimitotic effects of MAM (Dambska et al., 1982; Jongen-Relp et al
2004) whereas gestation day 17 treatment selectively targets regiomsiatpin
schizophrenia including the prefrontal cortex, hippocampus and thalamus since
neurogenesis for these structures is occurring at this time poinstgdagf al., 2004;

Moore et al., 2006; Le Pen et al., 2006; Bayer et al., 1993). Further, gestational day 17
treatment parallels schizophrenia symptoms including deficits in sensorigabiag,

social interaction, hypersensitivity to amphetamines and NMDA receptaganists and
cognitive impairments including executive functions (Flagstad et al., 208gstat et

al., 2005; Moore et al., 2006; Le Pen et al., 2006; Featherstone et al., 2007; Featherstone
et al., 2009; Gill et al., 2011). These deficits are thought to arise, in part, by abnormal
prefrontal cortex and hippocampal activity (Lavin et al., 2005; Goto and Grace, 2006;
Lena et al., 2007; Lodge and Grace, 2007; Lodge et al., 2009; Chin et al., 2011) including
reduced PV expression (Penschuck et al., 2006; Lodge et al., 2009) and abnormal

oscillatory activity (Lavin et al., 2005; Goto and Grace, 2006; Phillips et al., 2012).
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Taken together, MAM models the neurodevelopmental hypothesis of schizophrenia and
has many morphological, molecular and behavioral aspects that paralleldbose s
schizophrenia making it a useful model to study.
Sulfasalazine: Abnormal systemgxactivity is implicated in schizophrenia. First,
externalized glutamate is capable of activating extrasynaptic n2&uBceptors which
modulates neurotransmission (Baker et al., 2002b; Mohan et al., 2011); schizophrenics
have abnormal glutamatergic activity (for review see Goff and Coyle, 2@0BEsGn,
2006; Coyle, 2006; Lewis, 2009). Second, internalized cystine is necessary for
glutathione synthesis (Bannai and Tateishi, 1986; Meister, 1995; Dringen andgeirrli
2003); schizophrenics have up to a 50% reduction in dorsolateral prefrontal cortical
glutathione concentrations (Do et al., 2000; Yao et al., 2006; Gawryluk et al., 2010; Raffa
et al., 2011). Further, nonvesicular release of glutamate of unknown origins isangces
for normal neurodevelopment (Behar et al., 1999; Hirai et al., 1999; Simonian and
Herbison, 2001; Kihara et al., 2002). Therefore, it is necessary to evaluate the
contribution systemgactivity to schizophrenic-like symptoms by directly modulating
the cystine-glutamate antiporter. The xCT genetic knockout mouse evaluated a few
behavioral measures and found some cognitive deficits however these arkiehals li
have compensatory mechanisms for absent cystine-glutamate exchamye(leeet al.,
2011). Instead, a knockdown of XxCT or acute inhibition of systém reeded to
evaluate the contribution of altered cystine-glutamate exchange.

Sulfasalazine is marketed as an anti-inflammatory prodrug which aoieted
in the large intestines into sulfapyridine and 5-aminosalicylic acid; theéndliatirmatory

effect is mediated by 5-aminosalicylic acid (Peppercorn, 1984). Impgrtantl
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sulfasalazine and not the metabolites are capable of potently inhibitingnsyst€out
et al., 2001; Chung and Sontheimer, 2009). Evidence suggests that sulfasalazine crosses
the blood brain barrier since intraperitoneal administration limits printaig kumor
growthin vivo (Gout et al., 2001; Chung et al., 2005; Lyons et al., 2007). Further, it has
been shown to penetrate the placental barrier (Peppercorn, 1984). Based on th# ability
sulfasalazine to potently and acutely inhibit cystine-glutamate exchiaisgaiideal drug
to test the contribution of systerg i1 behavioral measures of schizophrenia-like
symptoms.

Since the etiology of schizophrenia remains unknown and there are many
inconsistencies across populations there is no perfect schizophrenia model. réherefo
using a range of approaches with similarities in molecular and behavionalsys of

schizophrenia is necessary to examine the contribution of systémrsehizophrenia.

THERAPEUTIC IMPLICATIONS FOR SYSTEM X ¢

Antipsychotic medications have been around since the 1950’s and all possess
some D receptor antagonism effects (Hill et al., 2010). All have shown to be effattive
reducing positive symptoms however most, with the exception of clozapine, show small
if any improvements in negative or cognitive deficits (for review sdesHdl., 2010).
Additionally all have serious side effects with low compliance rates (tnedoe et al.,

2005). Unfortunately, this results in many unmediated schizophrenics or schizophrenics
with only modest improvements in symptom severity. Current research seeks to find

more efficacious and more tolerable treatments for schizophrenia.
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N-acetylcysteine: N-acetylcysteine has shown efficacy in clinical trials of a number of
disorders including gambling (Grant et al., 2007), nicotine addiction (Knackstdt e
2009), cocaine addiction (LaRowe et al., 2006; LaRowe et al., 2007; Mardikian et al.,
2007), bipolar disorder (Berk et al., 2008b) and schizophrenia (Berk et al., 2008c; Lavoie
et al., 2008; Carmeli et al., 2012). First, preclinical studies have shown that N-
acetylcysteine stimulates systeg(Baker et al., 2008; Kau et al., 2008). Clinical
schizophrenia studies have shown improvements on Positive and Negative Symptoms
Scale (PANSS) total, PANSS negative, PANSS general and Clinical Giopadssion-
Severity (CGI-S) scales with N-acetylcysteine (Berk et al., 200Bajther, mismatch
negativity, a measure of auditory sensory processing dependent on NMDA receptor
activity was improved in schizophrenics receiving N-acetylcysteine amdgo placebo
(Lavoie et al., 2008). Lastly, N-acetylcysteine treatment incregaekr®nization
measured by EEG over the left parieto-temporal, the right temporal, areddlilat
prefrontal regions (Carmeli et al., 2012). The authors of these studies propdge that
acetylcysteine increases glutathione to improve symptom severity aoghhenics.

While N-acetylcysteine does increase blood glutathione levels in schinagEhfleavoie

et al., 2008), it is likely through stimulation of systegnt& increase astrocytic cysteine
for glutathione synthesis. This would also lead to increased extracellitEmgte,
enhanced mGIluR2/3 tone and modulation of synaptic activity. In support, N-
acetylcysteine normalizes neurochemical deficits in genetic mmoadels with chronic
glutathione deficiency knockout mouse in the absence of glutathione concentration
restoration (Duarte et al., 2011). These studies suggest N-acetyleystatment

improves the severity of negative and cognitive deficits in schizophrenia, symptom
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poorly treated with current antipsychotics. Further, there is support thatyegsteine
stimulates systemyxfor improvements although further preclinical and clinical research

IS necessary.

Group Il Metabotropic Glutamate Receptor Agonists: Many preclinical studies have

shown significant improvements in NMDA receptor antagonist schizophrenia models
including elevated glutamate and behavioral deficits associated witlogkrenia
(Moghaddam and Adams, 1998; Cartmell et al., 1999; Homayoun et al., 2005; Patil et al.,
2007; Baker et al., 2008; Hackler et al., 2010). This is interesting since it iraplicat
insufficient extrasynaptic glutamate concentrations reducing tone ouR2(3 receptors
which could be a result from altered cystine-glutamate exchange. Cstidas have

also shown improvements in PANSS total, PANSS positive and negative and CGI-S
scales with the mGIuR2/3 agonist LY2140023 without side effects typically sden w
antipsychotics (Patil et al., 2007; Mosolov et al., 2010). However, a different study did
not find any therapeutic potential with the mGIluR2/3 agonist LY2140023 in PANSS total
score but they also did not see any benefit from the atypical antipsychotiamtenz

which should have an effect resulting in inconclusive findings (Kinon et al., 2011). In
conclusion, while the beneficial effects of mGluR2/3 agonists in clinicéd i@
inconclusive, the results in preclinical and clinical studies suggest timatation of the
MGIuR2/3 receptor may lead to improvements in schizophrenic symptoms as would

increased extrasynaptic glutamate potentially through sysfem x

The primary goal of this body of work is to characterize the contribution of

cystine-glutamate exchange to symptoms of schizophrenia. To determitie
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importance of system X dysregulation, the impact of increased or decreased system
Xc activity to glutamate levels in the prefrontal cortex and behaviors producedyb

the prefrontal cortex that are used to model schizophrenia was examinedkirst,
system x activity was assessed in the acute phencyclidine and the
neurodevelopmental MAM model of schizophrenia and the ability of incrased
cystine-glutamate exchange to reverse behavioral deficits was investigat Further,
the contribution of decreased systemgactivity by sulfasalazine administration and
behavioral measures of schizophrenia was assessed. Collectively, tluzda position
system x as a key regulator of behavioral output from the prefrontal cortex and
indicate that system x dysregulation in schizophrenia may be an important

component of the pathology of the disease.
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II. TARGETING SYSTEM X ¢ IN THE PREFRONTAL CORTEX TO
REVERSE SENSORIMOTOR GATING DEFICITS PRODUCED BY

ACUTE PHENCYCLIDINE
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Introduction

Aspects of schizophrenia, including negative symptoms and cognitive deficits, are
thought to arise as a result of abnormal signaling in cortical structureastivh
dorsolateral prefrontal cortex and the hippocampus (Weinberger, 1987; Javitt, 1987;
Bunney and Bunney, 2000; Chavez-Noriega et al., 2002). Attempts to understand the
cellular basis of schizophrenia will be aided by advances in our understandieg of t
mechanisms that regulate cortical activity. Cystine-glutamatieagge by system,x
may be a key component of altered excitatory signaling in the prefrontixk cdoserved
in schizophrenia (Baker et al., 2008; Krystal, 2008; Bridges, 2012).

System X appears to play an important role in normal and pathological brain
functioning. First, system:xexchanges one extracellular molecule of cystine for one
intracellular molecule of glutamate resulting in an extracellldacentration that is
sufficient to activate glutamate receptors (Baker et al., 2002b; Moran 20@b).
Extrasynaptic glutamate provides tone on group Il metabotropic glutaetaetors
thereby inhibiting synaptic neurotransmitter release (Battaglia 4987; Moran et al.,
2005). Inside the cell, cystine is reduced into cysteine, which is the ratexjmiti
precursor in the synthesis of the antioxidant glutathione (Bannai, 1984; Sies, 1999). In
astrocytes, cystine uptake is predominantly achieved by cystine-gtatarchange,
making system x a key mechanism in regulating oxidative stress (Cho and Bannai,
1990). Thus, changes in systeghactivity could contribute to diseased states involving
either abnormal glutamate signaling or oxidative stress. Extant datasstiggdahe

activity of system X may be altered in the dorsolateral prefrontal cortex of individuals
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with schizophrenia (Baker et al., 2008). Specifically, schizophrenia is assowgitiiea
significant reduction in glutathione levels (Do et al., 2000; Yao et al., 2006; Gawryluk et
al., 2010; Raffa et al., 2011) coupled with a modest but significant change in the protein
levels of xCT, which is the active subunit of systefnir the dorsolateral prefrontal
cortex (Baker et al., 2008). These changes may contribute to the diseadbeain
decrease in glutathione has been shown to contribute to negative symptoms of
schizophrenia (Steullet et al., 2006; Matsuzawa et al., 2008).

The NMDA receptor antagonist phencyclidine is used as a model of
schizophrenia based on its ability to create a broad range of schizophresymiigems
in humans and rats and exacerbation of symptoms in schizophrenics (Luby et al., 1959;
Pearlson, 1981, Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et al., 1997b). In
rodents, phencyclidine produces a hyperlocomotive state recapitulating positive
symptoms of schizophrenia (Sturgeon et al., 1979; Enomoto et al., 2007; Young et al.,
2010), negative symptoms including social interaction deficits (Sams-Dodd, 1999) and
cognitive deficits including novel object recognition, reversal learning tiedti@nal set
shift (for review see Coyle et al., 2003; Javitt, 2007; Neill et al., 2010). Addiyonall
NMDA receptor antagonists have been shown to increase prefrontal glutavedde |
generating an increase in cortical neuron firing rate which is ésisientthe
psychotomimetic effects of phencyclidine (Moghaddam and Adams, 1998; Lorrain et al
2003; Homayoun et al., 2005). Furthermore, group Il metabotropic glutamate receptor
activation has been shown to reverse NMDA receptor antagonist induced disruptions in

activity (Moghaddam and Adams, 1998; Homayoun et al., 2005).
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N-acetylcysteine is a cysteine prodrug capable of driving cystine-gltgam
exchange and preclinical and clinical studies indicate that administratidnenapeutic
potential for the treatment of schizophrenia (Berk et al., 2008d; Lavoie et al., 2008; Bul
et al., 2009; Baker et al., 2008). The therapeutic efficacy of N-acetylcysteine i
sensorimotor gating has yet to be established. Sensorimotor gating, a measure of
executive functioning, reflects the ability of the central nervous systemhibit
irrelevant sensory information and allow focus on salient information from the
environment (Braff et al., 1978). Schizophrenic patients and rodents treated with the
non-competitive NMDA receptor antagonist phencyclidine have been shown to produce
deficits in prepulse inhibition (Mansbach and Geyer, 1989; Geyer et al., 1990; Swerdlow
et al., 1994, Braff et al., 2001a; Geyer et al., 2001; Swerdlow et al., 2006; Kumari et al
2007). Further, executive functioning deficits are core features of schizopt8eake
et al., 2008; Eisenberg and Berman, 2010) and remains poorly treated with antipsychotics

(for review see Hill et al., 2010).

The primary goal of this chapter was to assess the ability of systeni x
stimulation by N-acetylcysteine in the prefrontal cortex to attenuate péncyclidine-

induced deficits in sensorimotor gating.
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Materials and Methods

Animals and Surgeries:Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing

300-400 grams were individually housed in a temperature controlled room with a 12-h
light/dark cycle with food and wated libitum. The housing conditions and care of the
rats were in accordance with the Animal Welfare Act, and all proceduresapproved

by the Marquette University IACUC Committee. Rats used in the micreiajudies
were anesthetized using pentobarbital (50 mg/kg, IP) with atropinees(dfaig/kg, IP)
pretreatment to limit tracheobronchial secretions. Bilateral guide @(igauge, 14
mm; Plastics One, Roanoke, VA) were implanted using coordinates +3.1 mm anterior,
+1.0 mm mediolateral to Bregma, and -0.75 mm ventral from the surface of the skull at
6° angle from vertical derived from Paxinos and Watson (Paxinos and Watson, 1986).
The placement of the active region of the microdialysis probe, which began two mm
beyond the ventral tip of the guide cannulae, was primarily in the prelimbexctre rat
equivalent of the human dorsolateral prefrontal cortex (Uylings et al., 200®),i @it
regions immediately ventral to this were also likely sampled. Folpwimgery, rats

were provided acetaminophen (480 mg/L) in their drinking water for 2 days and were
given at least six days to recover prior to testing.

Drug Treatments: Phencyclidine (0-3 mg/kg; NIDA Drug Supply Program, Research

Triangle, NC) was dissolved in isotonic saline. N-acetylcysteine @@hemical Co.,
St Louis, MO) was dissolved in saline or microdialysis buffer and brought to a pH of 7.0

using NaOH. 9-4-carboxyphenylglycine (CPG, BI; Tocris-Cooksin, Ellisville,



39

MO) was dissolved in dialysis buffer. All treatments were administer®ut@iag to the
experimental design.

Prepulse Inhibition: Rats were placed on a platform in a sound attenuating chamber

(10.875"x14"x19.5”; Hamilton Kinder, CA) that rested on a motion sensing plate. A
matching session was conducted to determine the magnitude of the startleeréspons
each rat. This session consisted of a five minute habituation period followed 20 tri
17 trials involved the presentation of a single auditory stimulus (pulse stimulus; 50 dB
above the 60 dB background noise) and three trials in which a prepulse stimulus (12 dB
above background) was presented 100 ms before the pulse stimulus. Rats were then
assigned into the various treatment groups based on the magnitude of ttheir star
response. At least one day later, an experimental session was conducted to assess
sensorimotor gating. On this day, rats received a 5-10 min habituation period followed
by 58 discrete trials; eight background trials with only background noisaal6virth

only the pulse stimulus (50 dB above background), and 24 trials with the pulse stimulus
being preceded by one of three prepulse stimuli (2, 6, or 15 dB above background). The
percent of prepulse inhibition was determined as 100-(average prepulge start
response/average startle stimulus alone)*100.

In Vivo Microdialysis: Microdialysis probes, constructed as previously described

(Baker et al., 2003), were inserted into indwelling guide cannula. Dialysex lf&fimM
glucose, 140 mM NacCl, 1.4 mM CaCLl.2 mM MgC}, 2.2 mM KCI, and 0.15%
phosphate buffer saline, pH 7.4) was pumped through the probes at a ratéronh Tor

at least three hours prior to sampling in order for neurotransmittes levstabilize.
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Afterwards, twenty minute samples were collected as described beleado
experiment.

In situ hybridization: Brains were rapidly removed and frozen in OCT (Sakura,

Torrance, CA) in a dry ice and ethanol bath and then cut into 12 um coronal sections.
Standardn vitro transcription methods were used to generate riboprobes against xCT
(Choi, Milwaukee, WI) which was subsequently diluted in hybridization cocktail
(Amresco, Solon, OH) and tRNA. Sections were hybridized overnight at 55 °C in a
mixture of tRNA, formamide, dextran, NaCl, EDTA, Denhardt’s solution®3Rdabeled
riboprobe. After hybridization, slides were rinsed in 2x SSC buffer (pH 7.0). Taey w
treated with RNase A in a 0.5 M sodium chloride, 10 mM Tris, 1 mM EDTA buffer for
30 min at 37 °C and then washed in the same buffer without RNase A for 30 min at 37
°C. Slides were stringently washed in 0.5x SSC for 30 min at 6 °C and then exposed to
autoradiographic film (3 days) and then subsequently coated with Kodak
autoradiographic emulsion NTB (Rochester, NY) and exposed for 9 days to produce
silver grains. Following standard autoradiography development, NTB emulgipeedi
sections were counterstained with 0.5% cresyl violet. Photodocumentation of silver
grains was achieved using dark field microscopy (Axioskop-2, Zeiss, Thornwood, NY)
and Axiovision image analysis software (Zeiss, Thornwood, NY).

Histology: Rats included in the microdialysis studies were given an overdose of
pentobarbital (60 mg/kg, IP), and the brains were fixed by intracardiac infusito@9of
saline followed by 2.5% formalin solution. Brains were removed and stored in 2.5%
formalin for at least seven days prior to sectioning. The tissue was then blocked and

coronal sections (100M) were cut and stained with cresyl violet to verify probe
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placements. Rats determined to have misplaced guide cannula were excluddd from a
analyses.

Statistics: Data was analyzed using analysis of variance (ANOVA) with drutnesd
(e.q., phencyclidine, CPG,-Bcetylcysteine) as between-subjects factors and prepulse
intensity as a repeated measure. Significant interactions and mais eféeetfurther

analyzed using Tukey HSD.

Experimental Design

Experiment 1: The purpose of this experiment was to select a dose of phencyclidine for
subsequent experiments. Rats received an acute injection of phencycliding/y3 m
SC) 10 minutes before being placed in the startle chamber and testing was corglucted a
described above and shown in Figure 2.1.

Experiment 2. The purpose of this experiment was to assess the capacity of N-
acetylcysteine to reverse phencyclidine-induced deficits in prepulse iohibiben

given orally, and thus subject to metabolism in the Gl tract and livaceylcysteine
(0-600 mg/kg, PO) was given 50 minutes prior to phencyclidine (0 or 1.25 mg/kg, SC).
Rats were placed in the startle chamber 10 minutes after the phencyaleotien and
testing was conducted as described above and shown in Figure 2.2. Rats wete?§ive
mg/kg phencyclidine since this dose produced robust and reproducible deficiencies in
prepulse inhibition.

Experiment 3: This experiment was designed to identify the expression pattern of xCT

usingin situ hybridization in the medial prefrontal cortex and shown in Figure 2.3a and b.
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Experiment 4: The purpose of this experiment was to determine the maximal effect that
N-acetylcysteine would exert on phencyclidine-induced deficits in prepulsetiohibi
absent systemic metabolism or poor blood brain barrier permeability. To do this, we
reverse dialyzed N-acetylcysteine (0-104) directly into the prefrontal cortex for one

hour prior to phencyclidine (0 or 1.5 mg/kg, SC) administration. One hour later, the
probes were removed and rats underwent prepulse inhibition testing as described above
and shown in Figure 2.3c. Phencycldine was administered at 1.5 mg/kg dose since
similar to 1.25 mg/kg, 1.5 mg/kg also produced robust and reproducible deficiencies in
prepulse inhibition but the higher dose was administered since animals underwent
behavioral testing for a longer period after phencyclidine administration.

Experiment 5: This experiment was designed to verify that N-acetylcysteine reverses
phencyclidine-induced deficits in prepulse inhibition by increasing cystutarghte
exchange by system-xn the prefrontal cortex. To do this, the systeminhibitor (S)-
4-carboxyphenylglycine (CPG; 0-0uB/1), was infused into the prefrontal cortex.

Twenty min later, N-acetylcysteine (0-gM) was added to the dialysis buffer such that
CPG and NAC were co-infused for one hour prior to phencyclidine administration (0-1.5
mg/kg, SC). One hour later, the probes were removed and rats underwent prepulse

inhibition testing as described above and shown in Figure 2.4a and b.



Results

43

Acute phencyclidine creates a range of schizophrenic-like symptoms (Javitt,

2007) including deficits in executive function (Swerdlow et al., 1994; Geyer et al., 2001).

Figure 2.1 depicts the impact of phencyclidine across a range of doses oms&tisori

gating. An ANOVA used to compare different phencyclidine doses in prepulse inhibition

with drug treatment as a between subjects factor and prepulse intensigpastad
measure yielded a significant interacti®iqg 102= 5.77 p< 0.001). Analysis of the

simple main effects revealed a significant main effect of drug tesdtat prepulse

intensities of sixKes7y= 9.20 p< 0.001) and 15 dBHs57)= 14.79 p< 0.001), but not at

two dB (F,s7)= 0.40 p>0.05). Post hoc analyses indicated that phencyclidine produced
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dose-dependent deficits in prepulse
inhibition (Tukey HSD, p < 0.05).

The ability of pretreatment
with N-acetylcysteine on
phencyclidine-induced prepulse
inhibition deficit was assessed. Figure
2.2 illustrates the impact of acute N-

acetylcysteine pretreatment on

Figure 2.1 Phencyclidine produces a dose-dependeRfiencyclidine-induced deficits in

disruption of prepulse inhibition. The data is eegsed

as the mean (+ SEM) percent inhibition Behaviolprepulse inhibition with oral
depicted was obtained from rats receiving an acute

injection of phencyclidine (0-3 mg/kg; SQY = 6-
40/group) ten minutes prior to testing.
difference from controls receiving 0 mg/kg

phencyclidine (Tukey HSD, £0.05).

* indicate

administered (Figure 2.2). An

ANOVA comparing a range of N-
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100, "M NACO/PCP125 Figure 2.2 The effect of oral N-
NAS 1o reR L2 acetylcysteine pretreatment on

80 { EEEE NAC 30/PCP 1.25 phencyclidine-induced disruption  of

o0 | Wit prepulse inhibition. The data is expressed
B NAC 600 / PCP 1.25 as the mean (+ SEM) prepulse inhibition

displayed by rats receiving oral (0-600
mg/kg, N = 6-19/group) 50 minutes prior to
phencyclidine (0 or 1.25 mg/kg, SC) *
indicates a significant difference from
control rats receiving only saline (NAC 0 /
PCP 0; Tukey HSD, g 0.05).

% Prepulse Inhibition
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acetylcysteine doses on phencyclidine-
induced deficits included drug treatment as a between subjects factor andegrepul
intensity as a repeated measure resulted in a significant interd€tipnd= 2.96 p <
0.001). Analysis of the simple main effects revealed a significant main affeepulse
intensities of 6k ,75y= 5.64 p< 0.001) and 15 dB7,75y= 5.87 p< 0.001) but not at 2 dB
(F@z,75= 1.89 p> 0.05). Post hoc analyses indicated that phencyclidine produced deficits
in prepulse inhibition that were not altered by oral administration of N-acstglog
even at doses up to 600 mg/kg (Tukey HSD, p < 0.05). This could indicate that 1) N-
acetylcysteine is ineffective at reducing phencyclidine-induced dgeiiicirepulse
inhibition or 2) that it is not penetrating the blood brain barrier it produce a théiape
effect.

To test these possibilities, N-acetylcysteine was infused directlynrgoea rich
in system ¥X. Insitu hybridization revealed a particularly prominent dorsal-ventral linear
band located primarily in the prelimbic cortex to be richly innervated with, XiG=T

active subunit of the cystine-glutamate antiporter (Figure 2.3a left paaathher, the
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Figure 2.3 (A) Representative coronal section digplg expression of XCT mRNA vian situ
hybridization (left, dark field photomicrograph)dsubregion targeted in direct infusion studieght.
Note, the ventral two mm of the tract, which isnpatrily contained in the prelimbic cortex, represehe
site of drug perfusion since this is the portiontb& probe containing the active membrane. (B)
Expression of xCT mRNA and tract placement usii¢abjective. The rectangle denotes the portion of
the tract created by the microdialysis probe thallustrated in the dark field photomicrographheTbar
represents 1mm.

medial prefrontal cortex has been identified as a main integration éensensorimotor
gating (Swerdlow et al., 2001). N-acetylcysteine was therefore ateril via reverse
microdialysis into the medial prefrontal cortex as shown in Figure 2.3a rigak pa

Figure 2.3b shows dark field photomicrograph of xCT mRNA and the representative tra
created by the insertion of a microdialysis probe in the vicinity of the xCNAnliear

band within the medial prefrontal cortex.

Figure 2.4 depicts the impact of N-acetylcysteine infused via revexysidi
directly into the prefrontal cortex on phencyclidine-induced deficits in semsiar
gating. The effect of infused N-acetylcysteine on phencyclidine defiegs measured
using an ANOVA with drug treatment as a between subjects factor and priepehsity
as a repeated measure yielded a significant interactjggs= 2.26 p< 0.05). Analysis
of the simple main effects revealed a significant main effect at evepylge intensity (2

dB: Fia,31)= 4.12 p = 0. 010; 6 dB(4,31)= 10.70 p< 0.001; 15 dBF(4,31)= 7.15 p<
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microdialysis probe was primarily in the
Figure 2.4 N-acetylcysteine into the prefrontal
cortex via reverse dialysis  reverses
phencyclidine-induced deficits in  prepulse
inhibition deficits. Data is expressed as the . .
mean (+ SEM) prepu|se inhibition of rats|mmed|ate|y ventral to this were also
receiving direct infusion of N-acetylcysteine into
the prefrontal cortex (0-100M, N = 6-8/group) |ikely sampled (Figure 2.3a). These
followed 1 hour later by an acute injection of
phencyclidine (0 or 1.5 mg/kg, SC). * indicates a -
significant difference from control rats receiving results suggest the ability of N-
saline (NAC 0/ PCP 0). + indicates a significant
difference from rats receiving phencyclidine acetylcysteine to reverse phencyclidine-
(NAC 0/ PCP 1.25) using Tukey HSDg[0.05.

prelimbic cortex although regions

induced deficits in sensorimotor gating in
the prefrontal cortex. However, at this point the target of N-acetylcystimagns
unclear.

To determine whether N-acetylcysteine targets systeto reverse
phencyclidine-induced prepulse inhibition deficits it was co-administered with a
inhibitor of the cystine-glutamate antiporter. Figure 2.5 illustrates thecinopantra-
prefrontal N-acetylcysteine on phencyclidine-induced deficits in prepulse inhilarhen
tested in the absence or presence of the sysfanhibitor (§-4-carboxyphenylglycine
(CPG; 0 or 0.uM). An ANOVA compared CPG and N-acetylcysteine treatment and
included drug treatments as between subjects variable and prepulse intewgitynas

subjects variable to produce a significant interaction betwgggof= 3.146 p< 0.05).
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To further deconstruct the interaction, we compared the effect of N-agstéyte and
phencyclidine treatment with or without CPG. In the absence of CPG (Figurgahb5a)
ANOVA with drug treatment as a between subjects and prepulse intensitgmesated
measures yielded a significant interaction between phencyclidine withitmiit

infused N-acetylcysteine treatmefRis0)= 3.07 p< 0.05). Analysis of the simple main
effects revealed a significant main effect at every prepulsesities (2 dBF 2 32)=

12.48 p< 0.001); 6 dBF(2.32= 14.52 p< 0.001; 15 dBF(2 3= 12.30 p< 0.001). Post
hoc analyses indicated that N-acetylcysteine reversed phencyclidinedrakfagts in
prepulse inhibition when tested in the absence of CPG (Tukey HSD, p <.05). In the

presence of CPG (Figure 2.5a), an ANOVA compared the effect of CPG with and

C— NACO0/PCPO C— NACO/PCPO
A =mmm NACO/PCP15 B mmm NACO/PCP 1.5
== NAC30/PCP15 === NAC30/PCP 15
80 - - CPG 80 1 :

c c +CPG
9 S
= 60 = 60
2 2
ey + <
C 40| 40
(] *+ % * ¥
ﬂ | + iy ] *
S 20 . S5 20 *
a o
8 o * * e 0 *
a o
© X
S 20 : : : S 20 : : :

2 6 15 2 6 15

Amplitude of Prepulse (db) Amplitude of Prepulse (db)

Figure 2.5 N-acetylcysteine targets systegntv reverse deficits in prepulse inhibition proddcby
phencyclidine. The data is expressed as mean [#) $Eepulse inhibition displayed by rats receiving
intra-prefrontal N-acetylcysteine (1-30M, N = 6-16/group) (a) in the absence or (b) or presesfche
system ¥ inhibitor (§-4-carboxyphenylglycine (CPG, B!) co-infused into the prefrontal cortex.
Note, CPG was infused alone for 20 min, N-acetykipe was then added to the microdialysis buffer fo
60 min prior to the injection of phencyclidine (Intg/kg, SC). * indicates a significant differerfcem
respective saline controls (NAC 0 /PCP_OLCPG; Tukey HSDp < 0.05). + indicates a significant
difference from respective phencyclidine contrdd&\C 0 / PCP 1.5/ £PG; Tukey HSDp < 0.05).
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without phencyclidine and N-acetylcysteine administration with treatras between

subjects and prepulse intensity as repeated measures has a signifinaftenaof

treatment £ 30~ 13.64 p< 0.001) without a significant interactioR{ s0)= 0.80 p>

0.05).

Post hoc analyses indicated that N-acetylcysteine failed to alteypldine-

induced deficits in prepulse inhibition when tested in the presence of CPG (Tukey HSD,

p <.05). Therefore, these data suggest that N-acetylcysteine targats xystehe

prefrontal cortex to reverse phencyclidine-induced deficits in prepulse inhibit

Table 2.1 is the startle magnitude in all prepulse inhibition testing. As shown,

when comparing the acute effect of phencyclidine on prepulse inhibition in expefime

Table 2.1

Startle Magnitude

Drug Treatment

Exp | PCPO PCP 0.3 PCP 1.0 PCP 1.26 PCP 15 PCP 2.6CP 3.0
1 1.82+0.19| 1.58+0.47 2.19+0.353.37+0.53* | 3.18+0.31| 3.61+1.77*| 1.06+0.32
Exp | NACO/ | NACO/ | NAC1l/ | NAC10/ | NAC30/| NAC100/| NAC 300/ | NAC G600/
2 PCPO PCP 1.25| PCP 1.25| PCP 1.5 PCP 1.25| PCP 125 | PCP1.25 | PCP1.25
1.77+0.26| 2.37+0.29 1.83+0.36 1.88+0.34  2.64+0.186020.45 | 2.66:0.42 3.020.70
Exp | NACO/ | NACO/ | NAC10/| NAC30/ | NAC 100
4 PCP 0O PCP15 | PCP15 |PCP15 /| PCP 1.5
1.63+0.28| 1.63+0.34 1.99+0.33 1.92+0.50 1.75%0.26
Exp | CPGO/ |CPGO/ |CPGO/ |CPGO05/ |CPGO05/| CPGO5/
5 NACO/ | NACO/ | NAC30/| NACO/ NACO/ | NAC 30/
PCPO PCP15 | PCP15 | PCPO PCP 15 | PCP 15
1.63£0.29| 2.87+0.62 2.31+0.54 1.75%#0.2f  2.43+0.332020.53

& PCP = phencyclidine, NAC = N-acetylcysteine, CP(&=4-carboxyphenylglycine
* P < 0.05, compared to PCP 0 group and are inelicit bold.
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(Figure 2.1), an ANOVA indicated a main effect of phencyclidine treatnfgyy,(= 5.80

p < 0.05) on startle magnitude. Post-hoc analysis revealed that phencyclidine 1.25 mg/kg
and 2.0 mg/kg (Table 2.1; Tukey HSDx 10.05) were significantly different from vehicle
alone treated animals. However there was no effect of phencyclidine in exge2ime

with oral N-acetylcysteine treatmerit{ 75y= 1.89 p> 0.05), experiment 44 33= 0.21 p

> 0.05) or experiment 3 s0)= 0.71 p> 0.05).
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Discussion

Abnormal glutamate signaling within cortical structures has beerdlitake
negative symptoms and cognitive deficits present in schizophrenia (Weinberger, 1987;
Bunney and Bunney, 2000). Identifying cellular mechanisms capable of regulati
glutamate signaling may advance our understanding of the neurobiological basis of
schizophrenia and facilitate the development of pharmacotherapies. A pfimaany of
this chapter is that increasing systegnaxtivity in the prefrontal cortex by locally
applying the cysteine prodrug N-acetylcysteine attenuated phetiogeinduced deficits
in sensorimotor gating. Further, we found that the capacity of N-acdgituy$o
restore prepulse inhibition was dependent upon the route of administration with oral
administration failing to produce an effect. Note, the dose range for N-@steyhe
used was well within the dose range used for other experiments (Harveye08a).
Collectively, these data suggest involvement of systéim phencyclidine-induced
schizophrenic-like symptoms.

A key finding of the current studies is that N-acetylcysteine reverses
phencyclidine-induced deficits in prepulse inhibition. Prepulse inhibition refers to a
reduction in the magnitude of response to an acoustic stimulus when the elicitingyauditor
stimulus (pulse) is preceded by a lower-intensity auditory cue (prepdésejts in
prepulse inhibition have been used to model sensorimotor gating deficits that occur in
schizophrenic patients (Kumari et al., 2007; Swerdlow et al., 2006; Braff et al., 2001b).
Sensorimotor gating reflects the ability of the central nervous systethibitiirrelevant

sensory information and allow focus on salient information from the environmefit (Bra
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et al., 1978). Restoration of sensorimotor gating as assessed by relversal o
phencyclidine-induced deficits in prepulse inhibition is used to establish antipsychoti
activity (Geyer et al., 2001). These data, taken together with earlier firtiaigs-
acetylcysteine reverses deficits in prepulse inhibition evident in medgbogiutamate
receptor five knockout mice (Chen et al., 2010) provide support for the involvement of
cystine-glutamate exchange in schizophrenia.

The effects of N-acetylcysteine on prepulse inhibition of an acoustic startle
response are likely due to increased activity of systéin ke prefrontal cortex. In
support, reverse dialysis of N-acetylcysteine directly into the mediabptaf cortex
produced a near complete reversal of phencyclidine-induced deficits in prepulse
inhibition and this effect was prevented when the systémhibitor (S)-4-
carboxyphenylglycine (CPG) was co-infused into the prefrontal cortex. Téus is
important finding since the prefrontal cortex, specifically the dorsolgtez&iontal
cortex, has been implicated in executive functions such as selective attentiaskand t
management (Smith and Jonides, 1999). Numerous neuroimaging studies have found
abnormal dorsolateral prefrontal cortical activation in response to exefunstening
in schizophrenic patients (for review see Eisenberg and Berman, 2010). Addjtionall
reductions in dorsolateral prefrontal cortical gray matter volume hasfbeed in
patients with more pronounced executive functioning dysfunction as measured by the
Wisconsin card sorting task (Rusch et al., 2007) and a positive correlation betayen gr
matter volume and prepulse inhibition (Kumari et al., 2008). Given the crucial role of the
dorsolateral prefrontal cortex in normal brain function, the change in XCT exjress

associated with schizophrenia and the abundant expression of XCT mRNA in tns regi
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(at least in the rodent), system bkely contributes to dorsolateral prefrontal cortical
activity and tasks associated with schizophrenia.

The mechanism of N-acetylcysteine and systertoxeverse phencyclidine-
induced behavioral deficits has not been clearly defined although one possibility that
merits further testing is that N-acetylcysteine normalizes pgaroell firing.

Symptoms of schizophrenia including executive function are thought to arise, &t least
part, to desynchronization of dorsolateral prefrontal cortical activity (Kaehst al.,

2009). GABAergic, particularly parvalbumin containing fast-spiking interneutense
been shown to regulate network oscillations (for review see Bartos et al., 2007).
Phencyclidine has been shown to desynchronize oscillatory network activotyeints

by preferentially inhibiting GABAergic interneurons thereby causingndibition and
subsequent over-activation of pyramidal cells and increased synaptic afieita@tease
(Moghaddam and Adams, 1998; Homayoun and Moghaddam, 2007; Amitai et al., 2012).
Further, evidence suggests that phencyclidine increases extraceltdanage and

reduces synchronous network activity potentially leading to symptoms of schiz@phreni
(Moghaddam et al., 1997; Moghaddam and Adams, 1998; Homayoun et al., 2005;
Hakami et al., 2009). Stimulation of systegircreases glutamatergic tone on
metabotropic group Il glutamate receptors (Baker et al., 2002b; Moran et al., 2005),
inhibits phencyclidine-induced glutamate release (Baker et al., 2008), and/theesb
restore activity and synchrony of prefrontal cortical outputs. Furthen)RZEB agonists
have also been shown to inhibit phencyclidine-induced glutamate release (Maghadda
and Adams, 1998; Homayoun et al., 2005; Patil et al., 2007). Another potential

mechanism of N-acetylcysteine reversal of phencyclidine-inducedtde$i¢he ability of
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Postsynaptic
Neuron

Presynaptic
Neuron

v
N-acetylcysteine independently or through stimulation of systeto alter the activity

Figure 2.6 Schematic of neural circuitry and syitapbnnections within prefrontal cortex brain. (A)
Pyramidal neurons labeled with a P are the maiita®ecy output of the region and receives inputs
from other neurons within and outside the structbtack line entering prefrontal cortex) indicateg
black lines which can be stimulatory, inhibitory modulatory. Fast spiking basket cell parvalbumin
containing GABAergic interneurons (gray marked witare uniquely positioned to inhibit the soma of
pyramidal neurons to modulate neuronal activity.indicates a nonspecific neuron within the region
aiding in the synchronization of the circuit. PlaBedepicts the synaptic cleft in the box from plafe
The presynaptic neuron may release neurotransmigiech as glutamate (G), dopamine and GABA.
System ¥ exchanges glutamate for cystine (C), allows fataghione (GSH) synthesis and tonic tone
on metabotropic group Il glutamate receptors (83podulate synaptic neurotransmitter release.
of NMDA receptors. This could arise as a result of N-acetylcysteineeddatease of
glutamate, generation of glycine following metabolism of de novo synthesized
glutathione, or activation of the extracellular redox site on the NMDA recbptcystine
or glutathione (Baker et al., 2002b; Dringen et al., 2001; Steullet et al., 2006). Figure 2.6
depicts normal prefrontal cortical circuitry. Note, in the presence of phéetiogclthere
would be disinhibition of pyramidal cells due to reduced GABAergic firing resyin
elevated pyramidal neuron activity and glutamate release.
Interestingly, extant data suggest that diminished systefunction may
contribute to the pathology of schizophrenia. In support, schizophrenia is associated with

a significant change in the tissue levels of glutathione, which is dependent upon the
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uptake of cystine/cysteine, and in the protein levels of xCT, the active subunitEmnsy
Xc-, in the dorsolateral prefrontal cortex (Do et al., 2000; Raffa et al., 2011; Sadder
2008). Interestingly, a decrease in glutathione or reduced systaantixty inversely
correlates with the severity of negative symptoms and is sufficient to produce
hypoactivity of NMDA or group Il metabotropic glutamate receptors, as wedcaged
expression of parvalbumin (Steullet et al., 2006; Matsuzawa et al., 2008) all of wénich a
thought to be central to the pathology of schizophrenia (Javitt, 2004; Lewis and
Moghaddam, 2006). Thus, efforts to increase cystine-glutamate excharegent@n
approach that would be expected to produce a number of therapeutically relevasit effect
in cell functioning including the restoration of glutathione levels and increaseityaaf
NMDA and group Il metabotropic glutamate receptors.

These experiments indicate that in the acute phencyclidine model of
schizophrenia, there are deficits in sensorimotor gating that can be rewersed b
stimulating systemgin the prefrontal cortex. Oral treatment was without effect,
possibly due to the poor bioavailability of oral N-acetylcysteine which hers éstimated
to range between four and ten percent (Borgstrom et al., 1986; Olsson et al., 1988).
Involvement of systemcxneeds to be further investigated to determine whether it is
involved in the neuropathology of schizophrenia by utilizing a more accurate
representation of schizophrenia. The following chapters will examinarsysten a
neurodevelopmental approach to model the neurodevelopmental hypothesis of

schizophrenia.



lIl. EXAMINATION OF CYSTINE-GLUTAMATE EXCHANGE IN
METHYLAZOXYMETHANOL ACETATE TREATED OFFSPRING,;

A NEURODEVELOPMENTAL MODEL OF SCHIZOPHRENIA
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Introduction

Accumulating evidence supports the neurodevelopmental hypothesis of
schizophrenia suggesting pre or postnatal environmental complications lead to abnormal
neurodevelopment and symptoms of schizophrenia (for review see Weinberger, 1987,
Marenco and Weinberger, 2000; Rapoport et al., 2005). The neurodevelopmental
hypothesis posits that a type of insult occurs in the pre or postnatal pedi) lea
abnormal neurodevelopment of critical circuits causing the behavioral matdasof
schizophrenia later in life. In support, several prenatal insults includingstireés or
delivery complications increase the likelihood of the offspring developing schizoghre
there is also evidence of postnatal complications leading to elevatea afanc
schizophrenia (Brown, 2011; for review see Marenco and Weinberger, 2000; Lewis and
Levitt, 2002; Brown and Patterson, 2011). Further, social abnormalities and cognitive
impairments are often observed for several years prior to diagnosisdGthhéurray,

1996; Elvevag and Goldberg, 2000; Blanchard and Cohen, 2006; Lewis and Moghaddam,
2006) which typically occurs after positive symptoms emerge in late teentyt@@a
(Andreasen, 1995; Chua and Murray, 1996; Lewis and Lieberman, 2000) suggesting
neurodevelopmental manifestation of symptoms of the disorder. Unlike acute disrupti
models such as phencyclidine, neurodevelopmental models of schizophrenia attempt to
mimic the lifelong span of symptoms observed in schizophrenics; this chaptetseeks
determine whether systerg s involved in the pathophysiology of one of these models.

Methylazoxymethanol acetate (MAM) is a DNA methylating agenttvhi

selectively targets neuroepithelial proliferating cells (Matstonand Higa, 1966;
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Cattabeni and Di Luca, 1997) and when given on gestational day 17 will targét selec
brain regions undergoing neurogenesis including the prefrontal cortex, hippocampus and
thalamus (Cattabeni and Di Luca, 1997; Matricon et al., 2010), areas that have also bee
implicated in schizophrenia (Bunney and Bunney, 2000; Heckers and Konradi, 2010;
Swerdlow, 2010). MAM administration generates behaviors consistent with symptoms
of schizophrenia including hyperstimulation in locomotor studies to amphetamine and
NMDA receptor antagonists (Le Pen et al., 2006; Lodge and Grace, 2007; dFietgsta

2004; Phillips et al., 2012), social interaction deficits (Le Pen et al., 2006; dtagjsal.,

2004; Lieberman et al., 2001), sensorimotor gating deficits (Moore et al., 2006) and
cognitive deficits (Gourevitch et al., 2004; Flagstad et al., 2005; Le Pen et al., 2006;
Featherstone et al., 2007). Similar to schizophrenia, positive symptoms (humans:
hallucinations, delusions, paranoia; rat: hyperlocomotion) emerge in adultsag/here
negative symptoms (humans and rats: social withdrawal) occur before puleeviy (

and Levitt, 2002; Le Pen et al., 2006), cognitive deficits, while occurring prior to pubert

in schizophrenics has not been tested in rats (Lewis and Levitt, 2002). Furthermore, both
schizophrenics and MAM offspring have lower prefrontal cortical volumes with no
change in neuronal density (Selemon et al., 1995; Thune and Pakkenberg, 2000; Moore et
al., 2006; Penschuck et al., 2006). Also, abnormal inhibitory circuitry has been shown in
schizophrenics by a decrease in GADhe main GABA synthesizing protein, and

reduced GABAergic parvalbumin expression in the prefrontal cortex of schizoghrenic
and MAM offspring (Hashimoto et al., 2003b; Lodge et al., 2009) although no change in

MAM parvalbumin in the prefrontal cortex has also been reported (Penschuck et al.,
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2006). Collectively, these and other data support and establish the rodent MAM
neurodevelopmental model of schizophrenia.

To date, systemcxis poorly studied in neurodevelopmental models with no
reports of cystine-glutamate exchange or glutathione in MAM treatsdrof§ which is
interesting since both are changes reported in schizophrenia. Schizophrenics have
reduced glutathione by as much as 50% in the dorsolateral prefrontal corteba{Do e
2000; Yao et al., 2006; Gawryluk et al., 2010; Raffa et al., 2011). The rate limiting step
in glutathione synthesis is cystine uptake (Sagara et al., 1993; Kranichl&98!;

Dringen and Hirrlinger, 2003) and systegiz a key transporter for astrocytic cystine
(Bannai, 1984; Bridges, 2011). Additionally, expression of XCT, the active subunit of the
cystine-glutamate antiporter, is elevated in the dorsolateral prefrontak {Baker et al.,
2008). Further, systemxs capable of regulating synaptic neurotransmitter release
through released extrasynaptic glutamate providing tone on extrasyrapicl
metabotropic glutamate receptors (Baker et al., 2002b) thereby senang as
heteroreceptor regulating synaptic neurotransmitter release @as#iyMalenka, 1991,
Conn and Pin, 1997; Xi et al., 2002; Chaki and Hikichi, 2011). Interestingly preclinical
and clinical studies have shown that group Il agonists have been shown to significantly
improve symptoms of schizophrenia (Moghaddam and Adams, 1998; Patil et al., 2007;
Mosolov et al., 2010) although see (Kinon et al., 2011) who did not find improvements
from placebo for mGluR2/3 agonists however they also failed to see improvesmdnts
atypical antipsychotic medication. Additionally, N-acetylcysteine, whreltlinically

was shown to stimulate cystine-glutamate exchange (Baker et al., 20QRét &g

2008; Baker et al., 2008; Chapter 2), has also improved clinical symptoms of
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schizophrenia (Berk et al., 2008c; Lavoie et al., 2008). Collectively, systésn x
implicated in the pathophysiology of schizophrenia. However, the extent of its
involvement in neurodevelopmental models and its direct effect on behavior is not yet
known.

Cognitive deficits are a core feature of schizophrenia and are the single bes
predictor of long-term outcome (Liddle, 2000; Kurtz et al., 2005; Holthausen et al.,
2007). Behavioral flexibility tests the ability to shift attention in respdaoshanges in
one’s environment; schizophrenics have difficulty shifting attention betweenediffe
rules or strategies as measured by the Wisconsin Card Sorting tasggM&90; Gold
et al., 1997, Prentice et al., 2008; Waford and Lewine, 2010). Further, schizophrenics
have also shown deficits in reversal learning (Waltz and Gold, 2007; Murray 22G8).
Deficits in set shifting and reversal learning have been found in multiple snaidel
schizophrenia including with NMDA receptor antagonists (Stefani and Moghaddam,
2005; Abdul-Monim et al., 2006) and neurodevelopmental models including prenatal
immune challenge (Meyer et al., 2005) and MAM (Featherstone et al., 2007). The
attentional set shifting protocol in this chapter examines MAM offspring wibual
discrimination task, an attentional set shift and reversal learning whilg th& same
stimuli across the different tasks making it similar to the Wisconsin Catith@task

(Floresco et al., 2009).

The primary goal of this chapter is to assess the status of systegactivity in

the MAM neurodevelopmental model of schizophrenia and to determinehether



stimulation of system x by N-acetylcysteine is sufficient to treat MAM-induced

cognitive deficits.
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Materials and Methods

Methylazoxymethanol Treatment: Timed pregnant Sprague-Dawley rats were given an

acute injection of saline or methylazoxymethanol (22 mg/kg, IP; MRIG@bamical
Carcinogen Repository, Kansas City, MO) on gestational day 17. FollowinggVagi

birth all mothers and offspring were left undisturbed until weaning on postnatal day 22.
Male offspring were individually housed in a temperature controlled room with a 12-h
light/dark cycle with food and wated libitum. The housing conditions and care of the
rats were in accordance with the Animal Welfare Act, and all proceduresapproved

by the Marquette University IACUC Committee. Offspring were teagejuveniles

(PND 28-40) or adults (PND 60+).

Drug Treatments: N-acetylcysteine (Sigma Chemical Co., St Louis, MO), when given,

was dissolved in isotonic saline with NaOH to bring the pH to 7.0 and given acutely or

A
Acute NAC Daily NAC Injections
(60 mg/kg)
‘ Days 1 ‘ Days8-X‘ ‘ | | ‘
‘ Handling & Food ‘ Habituation ‘TB D1 D2 03‘
B

Chronic NAC Injections With a Wash Out Period

‘ Days 1-14 ‘DayslS-l?‘ Days 18 - 25 ‘ DaysZG—X‘ | | | ‘
‘ 2x Daily NAC ‘ Wash Out ‘ Handling & Food ‘ Habituation ‘TB D1 D2 D3‘
Injections (60 Period Deprivation
mg/kg)

Day 28: Measures of Systenl_x

Figure 3.1. Acute (A) and chronic with a wash oertipd (B) administration of N-acetylcysteine (NAIG)
behavior and measures of systeyn Note, habituation can take anywhere from 2 taldys.
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chronically with a wash out period. With acute administration, N-acetylogs(é+60
mg/kg, IP) was given one hour prior to start of testing in set shifting orumesasf

system X (see Figure 3.1a). Chronic administration involved 14 days of twice daily
injections (0-60 mg/kg, IP) followed by a 14 day wash out period before behavioral
testing or measures of systegwere conducted (see Figure 3.1b) to determine whether
chronic treatment induced lasting changes in systeactivity and behavior even after
cessation of treatment.

Attentional Set Shifting: The attentional set shifting taskas based on work from the

Floresco lab (Floresco et al., 2006a; Floresco et al., 2008; Floresco et al., P0€9).

maze consisted of four-arms (60 x 20 x 12 cm) in the shape of an X connected by a cente
area (12 x 12 cm) constructed of black Plexiglas with a movable wall to bicakmato

form a “T” configuration. Dividers at the end of each arm concealed the sulgdr pel
reward such that the rat was unable to see it from the center of the mazeu@heuds

when used, was laminated with black and white diagonal stripes and placed on the floor
of an arm. Prior to habituation, rats were handled for five minutes each day for seve
days and food deprived to 85% of their free-feeding weight. The day before habituation,
each rat was given approximately 30 sugar pellets in their home cagpitoreicthem

with the pellets.

Habituation: A habituation period was conducted in order to familiarize the animal to the
maze and train him to find and eat the food reward within the maze. Day one, 5 pellets
were placed in each arm, 3 throughout the length of the arm and 2 behind the divider at
the end. The rat was placed in the center of the maze and allowed to freely explpre for

to 15 minutes. On the second day, 3 pellets were placed in each arm, one in the center,
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the other 2 behind the divider and the rats freely explored for up to 15 minutes. On the
third day and all remaining days till criteria was achieved, one pelleplaesd behind

the divider in each arm. After the rat consumed a pellet behind the divider onyahg da
was picked up and placed at the entrance to another baited arm to familiariaae hi
handling within the maze. If the rat consumed all sugar pellets on any day,zhevas
rebaited with the following habituation day’s configuration or with 4 pellets, one behind
each divider after habituation day 2. Criteria was met after the mazeetated 3 times
and all pellets were consumed within 15 minutes; turn bias was run the followindf day
the rat did not consume all sugar pellets within 15 minutes, he continued habituation
daily until he met criteria.

Turn bias: Turn bias introduced the animal to the “T” maze configuration and the visual
cue. During turn bias and testing, one arm was blocked with the movable wall to form a
“T” configuration with the visual cue in one of the side arms. In turn bias, both side ar
were baited with sugar pellets behind the dividers. The rat was placed in themstatn a
the bottom of the “T” and allowed to enter either arm; after consuming tlet pellvas
placed back in the stem arm and again allowed to enter either arm. If he entesgeddhe
arm again, he was returned to the stem arm until he turned into the opposite arm and ate
the remaining sugar pellet. When he successfully ate both sugar pellets paeed

back in his home cage signaling the end of the trial. The next trial, the rat bagaam f
different arm such that over 7 trials, the rat started from each of 3 arme2aind the
remaining arm once and the visual cue was placed in either the right or lefs arm

equally as possible. Inter-trial time was about 10 seconds to rebait the nhaze. T
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direction the rat turned first the most out of 7
trials was considered his turn bias for the rest
of testing.

Testing: As in turn bias, one arm was blocked

1
d 3 with the movable wall, either the right or left
arm contained the visual cue and the rat began

in the stem arm. Trials were grouped into a

2
Figure 3.2 Attentional set shifting diagrambIOCk of 12 with the stem arm in arms 1-3 as
shown in Figure 3.2. In the probe trial, arm 4
was the stem arm and the visual cue was placed in the turn bias arm. Withieriteatm
groups, the probe arm switched such that at least one animal in each group used each a
as the stem arm for the probe trial. Each testing day required the following:
e 10 consecutive correct trials using the 12 trial block in stem arms 1-3
e 1 correct probe trial from stem arm 4
e If correct probe trial, testing was complete
o Ifincorrect probe trial
= 5 consecutive correct trials using the 12 trial blocks
= 1 correct probe trial from stem arm 4
= This continues till correct probe trial
Day 1. Visual-cue learning: On day one, the rat was trained in a simple discrimination
task to attend to the visual cue such that the food reward was placed in each aha with t

visual cue 50% of the time. Turing towards the visual cue and attaining the rewad was

correct choice. In the probe trial the rat turned towards the visual cue.
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Day 2: Attentional Set Shift: On day 2 the complex task of an attentional set shift required
the rat to switch from a visual to a spatial cue with the new strategyfardeurning

into the arm opposite of his turn bias. The probe trial required the rat to turn in the
opposite direction of the visual cue.

Day 3: Reversal learning: Reversal learning required the rat to enter the arm opposite the
strategy from day 2 such that the rats turn bias arm now contained the food reward and
the rat turned towards the visual cue on the probe trial.

Tissue Glutathione Analysis:Animals were rapidly decapitated (PND 100+) and

punches taken from the medial prefrontal cortex. The tissues were homogenizet in a 4.
dialysis buffer (5 mM glucose, 140 mM NacCl, 1.4 mM CaCl2 mM MgC}, 2.2 mM

KCI, and 0.15% phosphate buffer saline, pH 7.4): mobile phase solution (75 mM
NaH,POy-H0, 1.8 mM GH17,0sSna, 25uM EDTA, 0.1% TEA and CECN pH to 3.0

with phosphoric acid). One fraction was analyzed in the BCA method to determine
protein content. The other fraction analyzed thiol content using HPLC with EC detecti
(Decade Il, MagicDiamond electrode set at +1.89V, Antec Leyden, Naxtlis)l

4C Cystine Uptake: Animals were rapidly decapitated and brains extracted. All tissue

punches of the prefrontal cortex were treated with TBOA (@IdPand in the presence
14C-L-cystine (approximately 0.8M). Experimental groups were MAM or control rat’s
male offspring (PND 100+) in the presence or absenc®-a@f-¢arboxyphenylglycine
(CPG, 1 mM; Tocris-Cooksin, Ellisville, MO). The punches were washed and
solubilized with 1% SDS. One fraction (200 uL) of the solubilized tissueuses for

determining [14C]-L-cystine uptake by a scintillation counter. The otherdra(26 ulL)
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was used to determine protein content by the BCA method. Uptake was measured in
countsjg protein.

Surgeries: Adult male offspring of control or MAM treated animals weighing 300-400
grams were anesthetized using pentobarbital (50 mg/kg, IP) with atsagfate (1

mg/kg, IP) pretreatment to limit tracheobronchial secretions. Balageide cannula (20
gauge, 14 mm; Plastics One, Roanoke, VA) were implanted using coordinates +3.1 mm
anterior, £1.0 mm mediolateral to Bregma, and -0.75 mm ventral from the surfaéee of t
skull at a 6° angle from vertical derived from Paxinos and Watson (Paxinos and Watson,
1986). Rats were given at least 6 days to recover from surgery prior to testing.

In Vivo Microdialysis: Microdialysis experiments were conducted as described

previously (Baker et al, 2002). Briefly, after a minimum of six days post surgery
removable probes extending 2 mm past the guide cannula were inserted through the
cannulae into the prefrontal cortex and microdialysis buffer (5 mM glucose, 140 mM
NacCl, 1.4 mM CaCl 1.2 mM MgC}, and 0.15% phosphate-buffered saline, pH 7.4) was
pumped through the probes at one ul/min for at least three hours prior to collecting
baseline samples to allow for neurotransmitters to stabilize. Aftéswa0-min samples
were collected for 4 baseline samples followed by 3 samples at each cystine
concentration in ascending order: 0, 0.01, 0.05, 0.1, 0.14oM1.55amples were run for
on HPLC for thiol and glutamate content.

Thiol HPLC: Thiol content was analyzed on HPLC with electrochemical detection.
Thiols were separated using a reversed-phase column (Kinetex 2.6u XB-C18 100A
75x4.6mm, Phenomenex, Torrence, CA) and a mobile phase consisting of 25mM

H3PO4, 25mM Citric Acid, 500mg/L OSA, 0.35% ACN, pH 3.3. Thiols were detected
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using a Decade Il electrochemical detector (Antec Leyden; ThHeeNatds) with a
single cell MagicDiamond electrode set at +1.80V.

Glutamate HPLC: Baseline samples were run on glutamate HPLC coupled to

fluorescence detection. Precolumn derivatization of glutamate with ajoblayde was
performed using a Shimadzu LC10AD VP autosampler. The mobile phase consisted of
13% acetonitrile, 100 mM NBIPO, and 0.1 mM EDTA, pH = 5.90. Glutamate was
separated using a reversed-phase column (3 uM; 100 x 4.2 mm; Bioanalytiead§yst
West Lafayette, IN), and detected using a Shimadzu 10RF-AXL fluoresdetector

with an excitation and emission wavelength of 320 and 400 nm, respectively (Baker et
al., 2002).

Western Blotting: Animals were rapidly decapitated (PND 100+) and punches taken

from the medial prefrontal cortex. Tissue was homogenized in RIPA + pratbasieor
cocktail and protein concentration was determined by the BCA assay methpg.oR0
homogenized denatured protein was run on 10% tris-gly PAGE gel and transferred to
PVDF membrane. The membrane was blocked in 5% non-fat dry milk solution for one
hour and subsequently incubated with a custom antibody against the C-terminal of xCT
(Prosci, rabbit anti-xCT 1:500) overnight at 4° C. The blots were washed and incubated
with the secondary antibody (Omega anti-rabbit 1:10,000) and the signal wasdletect
with SuperSignal West Femto Maximum Sensitivity Substrate (Thernent8ag).

Bands were quantified using Kodak Molecular Imaging software (Eastmark Koda

Company) and normalized with GAPDH control.
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Histology: Tissue slices obtained from rats included in the microdialysis studies were
stained with cresyl violet to verify probe placements. Rats determined to halacsbs
guide cannula were excluded from all analyses.

Statistics: MAM treated offspring were compared to vehicle treated offspring gheen t

same treatment as adults usirgst.
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Results

Attentional set shifi: Evidence supports MAM as a neurodevelopmental model of
schizophrenia since it produces a range of symptoms similar to those observed in
schizophrenia. The contribution of systegnta MAM-induced cognitive deficits has not
been established. Attentional set shifting is a complex cognitive task tisahtrest
types of learning and memory: visual cue learning (day 1), attentional setalyif?)
and reversal learning (day 3). The task presented to the animals is shownerB8Rgu
day one the arm with the visual cue contains the reward (Figure 3.3a), day twasraquire
shift in attention from a visual cue to a spatial cue for reward (Figure 3.3b¢zrdal
learning on day three is when the opposite arm of day 2 contains the reward (Figure
3.3c). Acute and chronic with a wash out period treatment of MAM treated offspring
shown in Figure 3.1.

The impact of MAM treatment in offspring in a complex cognitive task is
illustrated in Figure 3.4. MAM treated animals showed a significantitefigisual cue
learning (Figure 3.4a, T = 2.96<0.05) and not in the attentional set shift task (Figure

A — B — C _

Turn Towards Turn Opposite
Always Turn _ Day2

Visual Cue
2@ %@ One Direction
X z

Figure 3.3 Attentional set shifting task. A) Resge discrimination (day 1); animals are trainetuta
towards the visual cue. B) Attentional set shitiy(®); animals are trained to turn in one directiGh
Reversal learning (day 3); animals must turn ogpdbie direction they went on day 2.
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3.4b, T =0.21, p 0.05). Further, reversal learning deficits were also found in MAM
treated offspring on day 3 (Figure 3.4c, T = 2.5¢,005). To test the involvment of

system X in attentional set shifting, direct manipulations of the transporter are aggcess
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Figure 3.4 Attentional set shift in MAM treated sgfing. MAM induced deficitsN = 10-11) in
attentional set shift on day 1 (visual cue learhii#g, day 2 (attentional set shift) (B) and da{réversal
learning) (C). * indicates significant differenftem MAM 0 / NAC 0 treated controls usirdest.

Next, the impact of systemon attentional set shifting were analyzed. Chapter 5
will examine the impact of reduced cystine-glutamate exchange; hextfebis of
system X stimulation were measured in control and MAM treated offspring by N-
acetylcysteine treatment which has been shown to drive cystine-gluexchtnge.
Figure 3.5 depicts the effect of N-acetylcysteine administrationreitheely one hour
before each testing day or after chronic treatment with a wash out pesisdgwn in
Figure 3.1). Whereas MAM treated offspring show a deficit in the simplemisation
task of visual cue learning (Figure 3.4a), there was no significant differeMANf
compared to vehicle treated offspring with acute or chronic with a wash Negsétine
treatment (Figure 3.5aand d, T =0.74 and T = 0.56 respectively;0p). Similarily,

day 2 attentional set shift had no effect of treatment (Figure 3.5band e, T=0.36, T =
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0.21 respectively, p0.05). Interestingly, N-acetylcysteine acute and chronic treatment
attenuated MAM-induced deficits in reversal learning on day 3 shown by no significant
difference from control animals with same treatments (Figure 3.5c are 1,91, T =

1.43 respectively, p 0.05) using test. These data suggest that systermay be altered

in MAM animals since targeting systeni bs capable ofattenuating cognitive deficits .
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Figure 3.5 Attentional set shift in MAM with N-agitysteine. Attentional set shifting as shown aiy d
(visual cue learning), day 2 (attentional set ¥kiftd day 3 (reversal learning). Panels A-C agecffects
of acute N-acetylcysteine on each day of testing iftg/kg, IP;N = 8-9) and D-F are chronic N-
acetylcysteine with a wash-out period on MAM inddickeficits in attentional set shifting (60 mg/kg,; |

N = 7-8). As shown, there are no evident MAM-indiiageficits on visual cue learning or reversal
learning with N-acetylcysteine treatment.
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Measures of system x. in MAM treated offspring: Since N-acetylcysteine attenuated
MAM-induced deficits in reversal learning, the next step was to investigatgatus of
system X activity in MAM offspring. Glutathione levels are sensitive to cystine-
glutamate exchange since cystine uptake is the rate limiting stepathglae synthesis
(Sagara et al., 1993; Dringen and Hirrlinger, 2003). Figure 3.6a depicts MAMehduc
reductions in tissue glutathione content in the prefrontal cortex (T = 2<36.,05).
Interestingly, both acute (Figure 3.6b, T = 0.36,(05) and chronic N-acetylcysteine
with a wash (Figure 3.6¢, T = 1.15>®.05) showed no significant differences from their
respective controls suggesting that N-acetylcysteine is able toeréisgure gltuathione
levels in the prefrontal cortex. Deficits in glutathione levels suggest abhorm

glutathione cycling and or reduced cystine-glutamate exchange.
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The ability of N-acetylcysteine to improve MAM-induced deficits in gllatone

concentrations suggests abnormal cystine-glutamate exchange sincelblsiesgtye has

been shown to drive activity (Baker et al., 2008; Kau et al., 2008)ex&ivo approach

was used to measure systegnactivity using™C cystine uptake with and without a

system ¥ inhibitor (CPG) to measure cystine-glutamate antiporter dependentyactivit

within tissue punches taken from the prefrontal cortex. Suprisingly, MAMetteat

offspring showed a significant increaseexwvivo system ¥ dependent uptake from

punches of the prefrontal cortex (Figure 3.7a, T = 2.620J05) that does not return to

baseline with acute N-acetylcysteine treatment (Figure 3.7b, T = 1.88 p = 0.09)

Interestingly, Figure 3.7c illustrates that chronic N-acetylcysteiith a wash out period
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Figure 3.7 Prefrontal system. xdependent
cystine uptake in MAM offspring with or
without N-acetylcysteine. (A) MAM
treatment produces a significant increase in
cystine-glutamate exchange capacity< 4-

6). (B) Acute N-acetylcysteine treatment
does not appear to reverse MAM-induced
increase N = 2-3). (C) Chronic N-
acetylcysteine brings cystine uptake to
control levels N = 5). * indicates a
significant difference from control animals
usingt test.
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inhibited the MAM-induced increased capacity in systgractivity (T = 0.11, p = 0.91).
An outstanding question of the data showing deficient glutathione in the presence of
increased potential for system activity is whether this representsiarnvivo increase in
cystine-glutamate exchange as a compensatory effect of reducetighea
concentrations.

To examine this question a cystine no-net flux experiment was done to measure
extracellular cystine concentrations and to determine whether the apparease in
cystine-glutamate exchange suggested byxtivevo data occurén vivo. Figure 3.8a
illustrates cystine no-net flux microdialysis tartgeting the preftaadex of control and
MAM offspring. Both the x-intercept, where the trend line crosses the x-&wah s
the point with no net flow between the probe and extracellular space whichesdicat

extracellular cystine concentration (control = 0+4@.13, MAM = 0.40t 0.07) and

extraction fraction indicating cystine clearance rate (control =0@865; MAM = 0.96
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Figure 3.8 Prefrontal cystine no-net flux microgi&s in MAM offspring. (A) indicates cystine (CC)
no-net flux in the prefrontal cortex and shows mgniicant differences between extracellular cystin
levels or extraction fractiorN(= 8). Additionally, there is no change in baselgiutamate levels (B) in
the same animals in the prefrontal cortex of MANspfing compared to contraN(= 8).
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+ 0.03) showed no significant differences between the groups (Figure 3.7a; T = 1.78 and
0.23 respectively, p 0.05). Additionally, baseline glutamate levels from this experiment
also indicate no signficant differences between groups shown in Figure 3répeated
measure with treatment as a between subjects factor and time as a neeesiece
shows no interactiorf~, soy= 0.23, p> 0.05), main effect of treatmerf(, 13y= 0.53, p>
0.05) or time E@, 5= 0.37, p> 0.05). These results suggest no change wvo cystine-
glutamate exchange.

An additional measure of in vivo systegiis measuring protein expression of
XCT, the active subunit of the cystine-glutamate antiporter. Using an@htamntibody
and measuring the projected 55 kDa band which others have used to measure xCT, MAM
treated offspring have no differences in XCT expression, however there isorsesmsus
regarding anti-xCT antibodies or even which band represents functional y@3sswon.
Figure 3.9a is a representative blot with quantitative values of the 55 kDa bagdrim F
3.9b. Taken together, these data suggest that adult MAM offspring have decreased

glutathione concentrations and a potential increase in systeautivity ex vivo yet no
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Figure 3.9 Western blot of xCT, the active subwiitsystem ¥, in the medial prefrontal cortex of
control and MAM treated offspring. (A) represemgatof western blot from control and MAM treated
animal. Note, the 55 kDa band was used for quaivit measures of xCT expression (B) using the
ProSci antibody however the other bands could ssmesplice variants, degradation products or
different cellular localization of systeny x
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apparent differences in cystine-glutamate exchamgio.

Juvenile measures of system x.- in MAM treated offspring: Adult MAM-treated
offspring exhibit diminished glutathione levels (Figure 3.6a) in the prefrootegxcwith
an apparent compensatory increase in the capacity of systativity (Figure 3.7a), yet
in vivo evidence of increased cystine-glutamate exchange was not obtained. Measures of
juvenile system x activity were conducted in an attempt to learn when these changes
emerged. To determine this, juvenile (PND 28-40) measures of glutathiongséind-c
glutamate exchange were examined. Interestingly, glutathione, as shBwgnie 3.10a
is not altered compared to controls in prefrontal tissue concentrations (T = 8.79, p
0.05). However, similar to adults, juveniles also have a significant increagstem X
dependent cystine uptake in the prefrontal cortex (Figure 3.10b, T = Z&/0p). One
possible interpretation of this data is that systejms xipregulated in response to an
earlier deficit in glutathione and, during adolescence, is sufficient to fizema
glutathione concentrations. Potentially, as the brain continues to mature and develop,

elevated system Hactivity is no longer sufficient and the glutathione deficit emerges.
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Figure 3.10 Measures of systegactivity in juvenile MAM offspring. (A) Prefrontaylutathione in
MAM offspring (N = 5-9). (B) lllustrates a significant increaseei vivo prefrontal cystine uptake
in MAM offspring compared to controlN(= 7-8 per group). * denotes significance from coht
animals using test.
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Discussion

Chapter 2 illustrates the ability of systemir the prefrontal cortex to reverse
phencyclidine-induced deficits in sensorimotor gating. This chapter seeks tishstadbl
activity of the cystine-glutamate antiporter in the MAM neurodevelopmemddel of
schizophrenia. MAM-induced cognitive deficits in reversal learning, asumeéin the
attentional set shifting task, are attenuated by stimulation of sygtevithxN-
acetylcysteine either acutely and even after a two week wash out perodHronic
dosing. Furthermore, both acute and chronic N-acetylcysteine treatneréses
MAM-induced prefrontal tissue glutathione deficit, and interestingly, chifgnic
acetylcysteine also normalizes the significant increase Wvo system ¥ activity in
MAM animals. However, MAM animals do not shamwivo evidence of increased
system X activity as shown in the cystine no-net flux study and xCT expression. Lastly,
juvenile studies of MAM treated offspring have normal prefrontal glutathiseedi
concentration in the presence of a significant increase in systewtixity. Taken
together, these results indicate abnormal cystine-glutamate exchahgeéviAM model

of schizophrenia.

MAM:-induced behavioral deficits: Many of the diverse range of symptoms associated
with schizophrenia are induced by prenatal MAM treatment and follow similar
manifestations. For example, MAM treated offspring show hyperstimulation t
amphetamine and phencyclidine in locomotor studies (Le Pen et al., 2006; Lodge and

Grace, 2007; Flagstad et al., 2004; Phillips et al., 2012) simulating positive syngitoms
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schizophrenia (Sturgeon et al., 1979; Enomoto et al., 2007; Young et al., 2010).
Interestingly, similar to schizophrenia, this effect does not emerge dulihaod

(Lieberman et al., 2001; Le Pen et al., 2006). Further, negative symptoms are modeled
with social interaction deficits; MAM treated offspring show deficits boehgmd post-
pubertal, also similar to emergence of social deficits prior to diagnosRgh et al.,

2006; Flagstad et al., 2004; Lieberman et al., 2001). Finally, there have been numerous
cognitive deficits reported including sensorimotor gating and behaviexabifity (Le

Pen et al., 2006; Moore et al., 2006; Flagstad et al., 2005; Featherstone et al., 2007). The
behavioral deficits in the MAM model summarized here and morphological and
neurochemical data described elsewhere parallels many featureszopbcénia.

Executive functioning deficits including behavioral flexibility are cfa@tures of
schizophrenia and are the best predictors of social dysfunction (Kurtz26Q4;,Liddle,
2000). Behavioral flexibility is the ability to shift attention between d#fifeérules or
strategies; the Wisconsin Card Sorting task measures deficits in schraophre
attentional set shifting measures deficits in rodents (Morice, 1990; Rrentt., 2008;
Floresco et al., 2009). This chapter examines MAM-induced deficits in atten@bnal s
shifting. There is a significant increase in trials to criteria in MARming compared
to control on day one of visual cue learning indicating impairments in a simple
discrimination task. It is important to note that control animals that retéive
acetylcysteine show similar trials to criteria with MAM offsgrisuggesting that while
interesting, more investigations will need to be conducted to fully understand simple
discrimination deficits in MAM offspring. Surprisingly, there was no eftdd¥lAM or

N-acetylcysteine treatment on day 2 for the attentional set shift. Thisneapected
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since attentional set shifting is a complex task mediated by prefroniahtactivity, an
area with a significant amount of xCT mRNA (Floresco et al., 2008; see CBapter
Reversal learning tests the flexibility of the animal when reinfoes# strategies
are reversed, schizophrenics also have difficulties with reversal lggkvistz and
Gold, 2007; Murray et al., 2008). MAM treated offspring require significantly more
trials to reach criteria in the reversal learning phase of attentidretliieng (Figure
3.4c). This is consistent with reversal learning impairments in MAM offspmiagher
tasks (Flagstad et al., 2005; Featherstone et al., 2007; Gastambide et al., 2012al Reve
learning deficits have been linked to the orbitofrontal cortex in both humans and rodents
(Waltz and Gold, 2007; Ghods-Sharifi et al., 2008) a region also shown to have lower PV
expression in MAM treated offspring (Gastambide et al., 2012). What is unknown is the
ability of system ¥ to regulate reversal learning.
Interestingly, stimulation of systeng xvith N-acetylcysteine treatment was able
to attenuate MAM-induced deficits in reversal learning. N-acetylcybtisebeen shown
in preclinical studies to exert its therapeutic potential by stimulationstiheyglutamate
exchange (Kau et al., 2008; Baker et al., 2008). During acute administration, animals
received N-acetylcysteine injections (60 mg/kg, IP) one hour befoneg&stgan on all
three days. Whereas acute treatment tests the effect of direct mammpodatystine-
glutamate exchange, chronic treatment with a wash out period of at leass14 day
examined the ability of N-acetylcysteine to have therapeutic effieaen after
termination of treatment. This could be due to the normalization of glutathioneddadi
normal glutathione cycling for long term stabilization of systemvkich is driven by

extrasynaptic cystine. Interestingly, both treatment regimessuatte MAM-induced
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deficits in reversal learning (Figure 3.5c and f). Of note, N-acetylogstad no effect

in the absence of behavioral deficits in control animals on all three phasssnyf t& on
MAM offspring in the absence of deficit (attentional set shift). This sugdleat system
Xc¢ IS working at full capacity and an increase in extracellular cystimsugficient to
improve performance or there are compensatory mechanisms within thecii@ui
prevent a change in system activity in the absence of a deficit. In order to determine
the potential effects of N-acetylcysteine, it is important to understandatieeo$tthe

antiporter in MAM treated offspring.

Systemx. in MAM treated offspring: One way to examine systerg &ctivity is by

measuring glutathione concentrations. Glutathione is dependent on astrgstytie c
uptake for synthesis; systeni is a key transporter for astrocytic cystine (Dringen and
Hirrlinger, 2003; Bannai, 1984; Bridges, 2012). Further, neurons lack the machinery to
transport cystine and rely on astrocytic glutathione release and breakdowrstetoecy
which is taken up by neurons for glutathione synthesis (for review see Dringen and
Hirrlinger, 2003). As such, glutathione levels are a functional measuneigb system

X¢ activity and reductions in concentrations suggest decreased cystine-ggutama
exchange. Additionally, up to 50% reduction in dorsolateral prefrontal cortical
glutathione concentrations has been found in schizophrenics (Do et al., 2000; Gawryluk
et al., 2010; Raffa et al., 2011). The medial prefrontal cortex was examined diner=a)

is strong MRNA expression of XCT in the area (Chapter 2), b) abnormal dordolatera
prefrontal cortical activity is indicated in schizophrenics and prelimlgfrqontal cortex

is the rodent analog (Callicott et al., 2000; Bunney and Bunney, 2000; Uylings et al.,
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2003) and c) other labs have found morphological differences in MAM treated offspring
in the prefrontal cortex including volume, neuronal size and disruptions in network
synchrony (Flagstad et al., 2004; Moore et al., 2006; Goto and Grace, 2006). Similar to
human schizophrenick]AM treated offspring have reduced prefrontal tissue glutathione
concentrations (Figure 3.6a). The questions now are why are glutathione levels
decreased and when do levels change compared to control levels?

Deficient glutathione concentrations may result from compromisedeygpitake
or conversely, cause an increase in cystine transporters. The resulteprasdrns
chapter support the latter with a significant increass invo system xX dependent
cystine uptake (Figure 3.7a). This is not unexpected since depleted glutathionerhas be
shown to increase the active subunit of systgn k& T) and cystine-glutamate exchange
as a compensatory response to increase glutathione synthesis (Seil®&t al. Farther,
similar to MAM, schizophrenics have increased expression of xCT in the derablat
prefrontal cortex (Baker et al., 2008). However, for some as yet unknown reason, in
adult MAM treated offspring this response fails to normalize levels of plote. What
is shown is no evidence for increased cystine-glutamate exchavige in the cystine
no-net flux study.

Microdialysis no-net flux studies are useful experiments to meiamsur®
concentrations and clearance efficiency (Smith and Justice, 1994). Cystieefhocin
MAM treated offspring show no changes in baseline extrasynaptic cystiels hor
changes in extraction fraction which measures cystine clearance cdrtpaaatrol
animals (Figure 3.8) even with the potential increas invo capacity of systemcx

Further, there is no change in basal extrasynaptic glutamate |g\etsraises an
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interesting question as to why an apparent need (decreased glutathiorta)itgnd a
(increasedkx vivo potential) for increased cystine uptake does not result in increased
Vivo cystine-glutamate exchange compared to controls. Endogenous regulatideraf sys
Xc is poorly understood (for review see Bridges, 2012) and likely dependent on a
multitude of neurotransmitters and protein kinases making it difficult to asgésat is
known is the ability of N-acetylcysteine to drive cystine-glutamate exghéfau et al.,
2008; Baker et al., 2008; Chapter 2).

A western blot analyzed expression of xCT, the active subunit of the cystine-
glutamate antiporter in control and MAM treated offspring. There is consypver
surrounding all available antibodies about the specificity to xCT and whether itnesvar
bands represent different isoforms, expression patterns or degradation produags. Usi
the ProSci antibody against xXCT and measuring the 55 kDa band which others have used
(Knackstedt et al., 2010), there was no difference in MAM expression of xCT compared
to controls in the medial prefrontal cortex. So while there does not appear to bga chan
in XCT expression, it is quite possible that a different antibody or a differedtvioauld
give different results and is therefore inconclusive.

Glutathione an@x vivo cystine-glutamate exchange were also measured in the
presence of N-acetylcysteine. Acute N-acetylcysteine (60 mg/kgd®jiven one hour
before animals were euthanized and tissue analyzed. Treatment normafretadr
tissue glutathione concentrations to control levels and decrease® cystine uptake by
system X without returning to control N-acetylcysteine treated animal baseline.isThis
not an indication of the inability of acute N-acetylcysteine to drive cystintergate

exchange since some of N-acetylcysteine is likely washed out during the cbtlvse
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assay. Interestingly, the ability of chronic N-acetylcysteindrreat with a 14 day wash
out period similar to the behavioral experiment normalized sysfeactity. Both
glutathione an@x vivo system X dependent cystine uptake were normalized to control
N-acetylcysteine animals even after the wash out period suggesting ylastitin the
circuit to normalize cystine-glutamate exchange that extends beyond tiveateymof
treatment. What is most important is the behavioral translation. Indeed, bothrdute
chronic with a wash out period attenuated reversal learning deficits in Mgeett
offspring. Taken together, N-acetylcysteine treatment normalizes Mvted deficits

in glutathionegx vivo measures of cystine-glutamate exchange and attenuates MAM-
induced deficits in reversal learning. A remaining question is when do changetem sys

Xc occur during neurodevelopment?

Juvenile measures of systemx. in MAM treated offspring: Juvenile testing of systeng x
was examined to determine when altered glutathione concentrations and-cystine
glutamate exchange emerge during development. While there was a mod=esd el deat
did not reach significance in tissue prefrontal glutathione levels in juveRitps ¢
3.10a), there was a significant increasexinivo potential for cystine-glutamate
exchange similar to adults (Figure 3.10b). This may suggest an earlier dexeialpm
glutathione deficit causing a compensatory upregulation of sysftermgeed depleted
glutathione has shown to increase xCT and functional cystine-glutamate ext®aihge
et al., 2011). Further, this may be sufficient to restore glutathione concentedttbiss
age but after puberty, with increased antioxidant demand as a result of agiegiéar r

see Hybertson et al., 2011) or another factor preventing elevated cystimaagéuta
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exchange, is unable to do so. Interestingly, other labs have reported shifts in behavior
between juveniles and adults of MAM treated offspring. Locomotor hyperstiimmultto
amphetamine and NMDA receptor antagonists only occurs after puberty whaé soci
interaction deficits are evident prior to puberty, similar to human schizophrenia
development (Le Pen et al., 2006; Lieberman et al., 2001). Attempts at juvenile set
shifting were conducted however the animals had difficulties in attending tasthe

This suggests some process is occurring during puberty allowing addigonzbsns to
emerge. Evidence presented here indicates a neurodevelopmental shift between
adolescence and adulthood that may contribute to behavioral manifestation of symptoms

associated with schizophrenia in MAM treated offspring.

Contribution of glutathione and glutamate to neurotransmission: An remaining question

is: how does N-acetylcysteine improve MAM-induced deficits in reversaliteg? As
described above, acute and chronic with a wash treatment normalizes glutathione and
chronically restoreex vivo cystine-glutamate exchange. Glutathione is the main
antioxidant in the central nervous system and regulates redox potentials (Cooper and
Kristal, 1997; Sies, 1999; Dringen, 2000). NMDA receptor currents are potentiated when
glutathione reduces the NMDA receptor extracellular redox site (&, 1994;

Lipton et al., 2002). Interestingly, reduced glutathione levels leads to oxidation and
hypoactivity of the NMDA receptor (Steullet et al., 2006); this is impodas@n the

critical role NMDA receptor activity has in neurotransmission. N-dcggieine also
stimulates systemc.xelevating extrasynaptic glutamate to a level capable of activating

MGIuR3/2 receptors thereby also regulating synaptic neurotransmissiore(lal., 2008;
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Baker et al., 2008; Baker et al., 2002b; Moran et al., 2005). This is important since
studies in the medial prefrontal cortex have shown low or absent slow and faseldcal fi
potential oscillations in MAM treated offspring (Goto and Grace, 2006) which suggest
disruption of network synchrony; schizophrenics have evidence of abnormal network
synchrony as well (Steriade et al., 1993; Traub et al., 1998). Further, studies in the
hippocampus have shown increased neuronal excitability (Lodge and Grace, 2007;
Sanderson et al., 2012). This is hypothesized to occur by reduced GABAergic
interneuron activity leading to disinhibition of pyramidal cells in MAM treatdsipoing
(Lodge et al., 2009; Gill et al., 2011; Sanderson et al., 2012) which interestingly is also
observed in schizophrenics (for review see Lewis et al., 2012). Disinhibition of
pyramidal neurons results in network desynchronization which is necessary foagam
oscillations and cognition (Cobb et al., 1995; Sohal et al., 2009; Cardin et al., 2009;
Howard et al., 2003; Tallon-Baudry et al., 2004). While GABA interneurons regulate
pyramidal neuron activity, systerng &lso has the capacity to regulate pyramidal neurons
through modulation of neurotransmission by stimulation of mGluR2/3 (Conn and Pin,
1997; Baker et al., 2002b; Baker et al., 2003; Baskys and Malenka, 1991; Chaki and
Hikichi, 2011).

Figure 3.11 proposes circuitry in a “normal” (A) and MAM (C) prefrontal cortex
with a typical (B) and atypical (D) synapse onto a pyramidal dendritic spine tiNot
positioning of basket cell parvalbumin positive GABAergic interneurons on soma body
modulating pyramidal neuron activity and systefior astrocytes modulating input onto
pyramidal neurons. Both systems regulate pyramidal neuron excitatbdiiyrey for

synchronization and modulation of projections from the region. GABAergic interneurons
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are necessary to regulate pyramidal neurons for network oscillations\(iewrsee
Lewis et al., 2012) and syster lxas been shown to modulate neurotransmitter release

(Baker et al., 2002b).

Astrocyte

Presynaptic
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Postsynaptic
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Postsynaptic
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Figure 3.11 Neural circuitry and synaptic connediovithin brain regions implicated in schizophrenia
such as the hippocampus and prefrontal cortex.CjA2yramidal neurons labeled with a P are the main
excitatory output of the region and receives ingras other neurons within and outside the struetur
indicated by black lines which can be stimulatanpibitory or modulatory. Fast spiking basket cell
parvalbumin containing GABAergic interneurons (dgrley marked with G are uniquely positioned to
inhibit the soma of pyramidal neurons to modulageronal activity. X indicates a nonspecific neuron
within the region aiding in the synchronizationtb& circuit. Normal circuitry is indicated in pdrf
whereas schizophrenic or MAM hypothesized abnorniaduitry is in C. Notice a decrease in
GABAergic activity subsequently leading to enhangsdamidal cell output and desynchronization.
Panels B and D depict the synaptic cleft in the fstom panels A and C respectively. The presynaptic
neuron may release neurotransmitters such as dgitgalis), dopamine and GABA. Systerg X
exchanges glutamate for cystine (C), allows fortaghione (GSH) synthesis and tonic tone on
metabotropic group Il glutamate receptors (2/3ntmulate synaptic neurotransmitter release. Fanel
indicates a typical synapse whereas panel D ikypethesized schizophrenic and MAM synapse.
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Conclusion: One interpretation of the data is that some yet unknown event or process
prevents normal glutathione levels early in development. A compensatory response i
upregulation of cystine-glutamate exchange to elevate intracellular cgstimeating
glutathione synthesis. While this appears to compensate for juvenile glutdévielse it

is insufficient in adulthood as evidence from decreased glutathione in the presence of
increased potential for cystine-glutamate exchange. Further, Neystétyne restores
glutathione when administered in adulthood and alleviates MAM-induced cognitive
deficits in reversal learning. This is possible due to restored glutathioneigtgnt
NMDA receptor activity or through increased tone on mGIuR2/3 receptors maodulati
synaptic neurotransmitter release likely both aiding in synchronization ainmal cells

necessary for cognitive function.
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Introduction

While the exact etiology of schizophrenia remains elusive, the
neurodevelopmental hypothesis which posits an environmental insult during pre or
postnatal neurodevelopment contributes to the symptoms of schizophrenia has emerged
as likely contributing to the pathophysiology of schizophrenia (Weinberger, 1987;
Marenco and Weinberger, 2000; Rapoport et al., 2005). Neurodevelopment is a highly
regulated process relying on specific sequences of events and molecularenyafchi
normal development (Lewis and Levitt, 2002). Additionally, the neurotransmitters
glutamate and GABA have been shown to have a crucial modulatory effect otingigra
neuroblasts (Behar et al., 1998; Behar et al., 1999) (Behar et al., 2000; Hirai et al., 1999;
Manent et al., 2005), importantly, nonvesicular neurotransmitter release drives heurona
migration. In support, muncl8-1 and muncl13-1/2 knockout mice which are incapable of
vesicular neurotransmitter due to loss of vesicle priming, display normelatdatyering
and synapse formation (Verhage et al., 2000; Varoqueaux et al., 2002).

Interestingly, the cystine-glutamate antiporter, which exchangesxtrazellular
cystine for one intracellular glutamate is capable of nonvesiculanghie release
(Baker et al., 2002b) and is thought to be expressed on immature neurons (Murphy et al.,
1989; Murphy et al., 1990). While there are few if any studies identifying theispecif
source of nonvesicular glutamate or the contribution of sysgeim meuronal migration,
research has shown the critical role systgrhas in postsynaptic development in
Drosophila. Specifically, systemgxhas been shown to impact postsynaptic glutamate

receptor expression (Featherstone et al., 2002; Augustin et al., 2007).
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This chapter utilizes the DNA methylating agent methylazoxymeltrecetate
(MAM) (Nagata and Matsumoto, 1969) which has been shown to be an antimitotic agent
(Dambska et al., 1982; Jongen-Relo et al., 2004), effect neuronal migration &idadtm
al., 1996; Dehmelt and Halpain, 2004) and neuronal organization (Matricon et al., 2010).
Furthermore, when given on gestational day 17 offspring have positive, negative and
cognitive deficits similar to schizophrenia (Flagstad et al., 2004; Goureatitmh 2004;
Flagstad et al., 2005; Le Pen et al., 2006; Moore et al., 2006; Featherstone et al., 2007);
and specifically, as shown in Chapter 3, deficits in reversal learning. Atde, MAM-
induced deficits in reversal learning are attenuated by adult stionlztsystem x by
N-acetylcysteine, complete reversal of the symptoms was not observed eBde®e
suggests MAM inhibits neuronal migration and extrasynaptic glutamatalates
migration, the goal of this chapter is to ascertain whether stimulatiostehsy at the
time of MAM insult is capable of reversing behavioral and neurochemical changes

observed in MAM treated offspring.

The primary goal of this chapter is to determine whether in utero stimlation
of system x by N-acetylcysteine is capable of reversing MAM-induced deficits in

adult offspring.
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Materials and Methods

Methylazoxymethanol Treatment: Pregnant Sprague-Dawley rats were given twice

daily injections of N-acetylcysteine (0 or 60 mg/kg, IP; Sigma Cherfliogl St Louis,

MO) dissolved in isotonic saline with NaOH to bring the pH to 7.0, beginning gestationa
day 17 and continuing until day 20. On gestational day 17 an acute injection of
methylazoxymethanol acetate was also administered (22 mg/kg, 1F3IMRI Chemical
Carcinogen Repository, Kansas City, MO). Following vaginal birth all nmeted

offspring were left undisturbed until weaning on postnatal day 22. Male offspeireg w
single caged for testing as adults (PND 60+).

Attentional Set Shifting: The maze consisted of four-arms (60 x 20 x 12 cm) in the

shape of an X connected by a center area (12 x 12 cm); constructed of blada$lexig

with a movable wall to block an arm to form a “T” configuration. Dividers at the end of
each arm concealed the sugar pellet reward such that the rat was unabélg tms the
center of the maze. The visual cue, when used, was laminated with black and white
diagonal stripes and placed on the floor of an arm. Prior to habituation, rats weeslhandl|
for five minutes each day for seven days and food deprived to 85% of their free-feeding
weight. The day before habituation, each rat was given approximately 30 sugfaripel
their home cage to acquaint them with the pellets.

Habituation: Day one, 5 pellets were placed in each arm, 3 throughout the length of the
arm and 2 behind the divider at the end. The rat was placed in the center of the maze and
allowed to freely explore for up to 15 minutes. On the second day, 3 pellets were placed

in each arm, one in the center, the other 2 behind the divider and the rats freely explored
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for up to 15 minutes. On the third day and all remaining days till criteria was adhiev
one pellet was placed behind the divider in each arm. After the rat consumed a pellet
behind the divider on any day, he was picked up and placed at the entrance to another
baited arm to habituate him to handling within the maze. If the rat consumed all sugar
pellets on any day, the maze was rebaited with the following habituation day’s
configuration or with 4 pellets, one behind each divider after habituation day 2. After the
maze was rebaited 3 times and all pellets consumed within 15 minutes, cragmnaety

and turn bias was run the following day. If the rat did not consume all sugar pellets
within 15 minutes, he continued habituation daily until he met criteria.

Turn bias: During turn bias and testing, one arm was blocked with the movable wall to
form a “T” configuration with the visual cue in one of the side arms. In turn bias, both
side arms were baited with sugar pellets behind the dividers. The rat was pldeed in t
stem arm at the bottom of the “T” and allowed to enter either arm; after cmstima

pellet he was placed back in the stem arm and again allowed to enter eithértaam.
entered the same arm again, he was returned to the stem arm until he turned into the
opposite arm and ate the remaining sugar pellet. When he successfully ate &oth sug
pellets, he was placed back in his home cage signaling the end of the trial. h&alnex
the rat began from a different arm such that over 7 trials, the rat stante@dch of 3

arms 2 times and the remaining arm once and the visual cue was placed in erigat the
or left arm as equally as possible. Inter-trial time was about 10 secoratstit the

maze. The direction the rat turned first the most out of 7 trials was consideteahhis

bias for the rest of testing.
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Testing: As in turn bias, one arm was blocked with the movable wall, either the right or
left arm contained the visual cue and the rat began in the stem arm. Tralgragred
into a block of 12 with the stem arm in arms 1-3 as shown in Figure 3.2. In the probe
trial, arm 4 was the stem arm and the visual cue was placed in the turn bias #&m. Wi
treatment groups, the probe arm switched such that at least one animal in eachegtoup us
each arm as the stem arm for the probe trial. Each testing day requiredtbthimdpl
e 10 consecutive correct trials using the 12 trial block in stem arms 1-3
e 1 correct probe trial from stem arm 4
e If correct probe trial, testing was complete
o If incorrect probe trial
= 5 consecutive correct trials using the 12 trial blocks
= 1 correct probe trial from stem arm 4
= This continues till correct probe trial
Day 1. Visual-cue learning; see Figure 3.3a: On day one, the rat was trained in a simple
discrimination task to attend to the visual cue such that the food reward was placed in
each arm with the visual cue 50% of the time. Turing towards the visual cue and
attaining the reward was a correct choice. In the probe trial the rat turrediscive
visual cue.
Day 2: Attentional Set Shift; see Figure 3.3b: On day 2 the complex task of an attentional
set shift required the rat to switch from a visual to a spatial cue with thetregeqgy for
reward turning into the arm opposite of his turn bias. The probe trial required the rat to

turn in the opposite direction of the visual cue.
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Day 3: Reversal learning; see Figure 3.3c: Reversal learning required the rat to enter the
arm opposite the strategy from day 2 such that the rats turn bias arm now coh&ined t
food reward and the rat turned towards the visual cue on the probe trial.

Tissue Glutathione Analysis:Animals were rapidly decapitated (PND 100+) and

punches taken from the medial prefrontal cortex. The tissues were homogenizet in a 4.
dialysis buffer(5 mM glucose, 140 mM NaCl, 1.4 mM CaCl2 mM MgC}, 2.2 mM

KCI, and 0.15% phosphate buffer saline, pH 7.4): mobile phase solution (75 mM
NaH,POy-H;0, 1.8 mM GH170sSna, 25uM EDTA, 0.1% TEA and CELCN pH to 3.0

with phosphoric acid). One fraction was analyzed in the BCA method to determine
protein content. The other fraction analyzed thiol content using HPLC with EC detecti
(Decade Il, MagicDiamond electrode set at +1.89V, Antec Leyden, Nettisjla

4C Cystine Uptake: Animals were rapidly decapitated and brains extracted. All tissue

punches of the prefrontal cortex were treated with TBOA (@dPand in the presence
1C-L-cystine (approximately 08V). Experimental groups are MAM or control rat’s
male offspring with or without N-acetylcysteine treatments as destm each
experiment (PND 130) in the presence or absenc®-df-¢arboxyphenylglycine (CPG,
1mM; Tocris-Cooksin, Ellisville, MO). The punches were washed and solubilized with
1% SDS. One fraction (200 uL) of the solubilized tissue wsas for determining'{C]-
L-cystine uptake by a scintillation counter. The other fraction (25 uL) waktose
determine protein content by the BCA method. Uptake was measured in ggunts/
protein.

Statistics: MAM vehicle treated offspring were compared to MAM NAC treated

offspring when tested as adults usingst.
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Results

As shown in chapter 3, MAM treatment produced cognitive deficits and changes
in system X in adult offspring. N-acetylcysteine treatment attenuated the behavioral
deficits and, in the case of chronic N-acetylcysteine, normatizeio *“C cystine
uptake. The animals presented in this chapter received N-acetylcystein® ianater
simultaneously with MAM treatment. Figure 4.1 depicts the ability of in utero N
acetylcysteine treatment to reverse MAM-induced deficits in reviesaling on day 3 in
attentional set shifting. Similar to results observed in Chapter 3, there gnifecant

difference of N-acetylcysteine in MAM offspring on day one (Figur@4Tl=1.12, p-
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0.05) or two (Figure 4.1b; T = 1.53>©.05). Interestingly, whereas adult administration
of N-acetylcysteine attenuated MAM-induced deficits in reversahiegyin utero N-
acetylcysteine treatment completely reversed MAM-induced defi€igure 4.1c; T =
2.44 p< 0.05) using test.

Measures of systemincluding glutathione anek vivo **C cystine uptake with
in utero N-acetylcysteine treatment are depicted in Figure 4.3. FigurdgldsBates
prefrontal cortical tissue glutathione concentrations with no differerteeebr MAM
vehicle treated animals and MAM-NAC treated animals (T = 0.5D/85). Similarly,
there is no statistical difference between groups when measuring prefrontal*‘C

cystine uptake (Figure 4.2b, T = 1.69 0.05).
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Figure 4.2 Effect of in utero N-acetylcystine on MAnduced modifications in system activity. N-
acetylcysteine in utero does not alter adult MAMtined tissue prefrontal glutathione concentratidhs
= 14 and 5) but shows a slight but non-signifidantease irex vivo **C cystine uptakeN = 5 per group)
usingt test.
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Discussion

There is a great amount of evidence supporting the neurodevelopmental
hypothesis of schizophrenia (Weinberger, 1987; Chua and Murray, 1996; Marenco and
Weinberger, 2000; Lewis and Levitt, 2002; Rapoport et al., 2005; Brown, 2011). This
chapter investigates whether in utero stimulation of systers gapable of reversing
behavioral deficits induced by the antimitotic agent MAM. As shown in Chapter 3 and
here, MAM induces cognitive deficits in the attentional set shifting reMe@aing task.

As shown in Chapter 3, acute and subchronic adult administration of N-acetylcysteine
attenuates MAM-induced cognitive deficits (Figure 3.4). Interestimgigcetylcysteine

in conjunction with MAM administration in utero at the time of cortical neurogerzesi
neuronal migration is able to completely reverse MAM-induced deficits ingaver
learning. This occurs without significant differences in glutathione andrayst

activity measures. These data raise an interesting questiatns N-acetyl cysteine

doing in utero to reverse MAM-induced behavioral deficitsin reversal learning?

To address this, it is necessary to understand the neurodevelopmental effects of
MAM; it remains unclear the precise neuropathology induced by MAM. Studies
conducted as early as the 60’s identified the DNA methylating propert\a laf
(Nagata and Matsumoto, 1969). Further research showed that MAM targets and inhibits
cells undergoing active mitosis (Cattabeni and Di Luca, 1997; Hoareau et al., 2006).
Following studies investigated timing of MAM administration and found that whemgi
on gestational day 14 or 15, which coincides with early neuronal mitosis, MAMgarge

neuroepithelial cells undergoing active mitosis without effect on neuronairpogs or
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post-mitotic migrating cells (Cattaneo et al., 1995). Further, it has a 12-24 imokaw

of activity emphasizing the importance of timing of injection, also, there is norknow
effect on other organs and it does not alter gestational parameters of the damgncludi
gestation time and litter size (Matsumoto et al., 1972; Balduini et al., 1991). Befure or
gestational day 15, treatment was found to produce broad reductions in brain weight
presumably due to anti-proliferative actions of MAM (Dambska et al., 1982; Jétajen

et al., 2004). In the last decade, more labs administer MAM on gestational day 17;
whereas day 15 affected many structures, day 17 treatment selectigety tagions that
have been associated with schizophrenia including the prefrontal cortex, hippocampus
and mediodorsal thalamus (Flagstad et al., 2004; Moore et al., 2006; Le Pen et al., 2006).
Further, day 17 treatment produces similarities in behavioral symptoms to scarmaphr
including deficits in sensorimotor gating, social interaction, hypersehsiid
amphetamines and NMDA receptor antagonists and cognitive impairments in adult
offspring (Moore et al., 2006; Le Pen et al., 2006; Featherstone et al., 2007;d~dgsta
al., 2005).

It is widely accepted that MAM is a DNA methylating agent and targdts cel
undergoing mitosis. Another less widely studied effect of MAM is the abilit{ffécta
neurite outgrowth, possibly by methylating the DNA of proteins necessary fottgrdmv
support, MAM treated offspring have smaller dendrites with fewer brancddespines
(Singh, 1980; Dambska et al., 1982) although it should be noted that MAM was
administered on gestational day 15. However, when MAM was administered on cultured
embryonic day 18 post mitotic hippocampal slices there were significant @it

neurite outgrowth leading to decreased dendrite and axon length with no change in cell
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viability. They showed a nonspecific process for depleting microtubule psotei

including microtubule-associated protein 1B (MAP1B) and MAP2 which are relfoaire
neurite outgrowth (Hoffman et al., 1996; Dehmelt and Halpain, 2004). This post mitotic
effect of MAM explains why there is no change in neuronal number with a corresgondin
decrease in volume and increase in cell density seen in gestation day 17 treated offspr
in the prefrontal cortex and areas of the hippocampus (Moore et al., 2006; Matricon et al
2010). Indeed, soma size correlates with neuropil length (Gilbert and Kelly, 1975; Lund
et al., 1975) although MAM gestational day 17 effects on dendrites should be confirmed.
An additional explanation for decrease in structure size is a change irefili@imber or
morphology by MAM. While this has not been investigatedvo, MAM seems

unlikely to effect astrocytes; astrocyte cultures showed no effect withl lsligplication
(Cattaneo et al., 1995).

Lastly, MAM has been shown to lead to abnormal neuronal migration or failure of
neurons to migrate into their proper position. In support, pyramidal neuron bodies are
typically arranged in a well defined columnar organization with axon hillocks itigdara
orientation (Matricon et al., 2010). Conversely, MAM treatment on gestatiopdl/da
results in neuronal disorganization, neuronal clusters and axon hillocks in random
directions as seen in the hippocampus (Matricon et al., 2010) although the prefrontal
cortex remains to be examined. Further, administration on gestational day 1dbtis use
study neuronal migration disorders including epilepsy since MAM induces hippocampa
neuronal clusters, increased susceptibility to seizures and impaired Syhagtity
(Tschuluun et al., 2005; Paredes et al., 2006; Ramakers et al., 1993). It is important to

emphasize the importance of timing of injections. Earlier MAM exposure on day 15
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produces a more severe phenotype including greater reductions in brain volume and
behavioral deficits. Day 17 treatment is a more accurate representascnzaaphrenia
however whether MAM methylating DNA acts as an antimitotic agentjteeautgrowth
inhibitor, causes abnormal neuronal organization or a combination leading to deficits has
yet to be confirmed.

To answer the question of the possible effects of N-acetylcysteine on MAM-
induced deficits, an understanding of the possible effects of in utero N-acktiyleyis
also necessary. N-acetylcysteine is a cysteine prodrug capablawdéshg system x
(Baker et al., 2008; Kau et al., 2008) thereby increasing extracellulanglte through a
nonvesicular mechanism (Baker et al., 2002b). Studies have also shown that
nonvesicular glutamate plays a central role in cortical neuronal toigicuring
development (Manent et al., 2005; Manent and Represa, 2007). In support, migrating
neurons express NMDA receptors and application of the NMDA receptor antagonists
MK801 or APV inhibited neuronal migration in vitro (Hirai et al., 1999; Manent et al.,
2005; Behar et al., 1999). Also, muncl18-1 and muncl13-1/2 mutants which lack the
machinery necessary for vesicular priming and are incapable of synégdiserbave
typical neuronal development and organization (Verhage et al., 2000; Varoqueaux et al.,
2002). Further, these animals do not survive after birth presumably due to loss of
synaptic activity indicating that nonvesicular and not vesicular neurotraesmittase is
necessary for development and organization. While glutamate derived stamsy
has not yet been directly linked to neuronal migration, additional evidence indicates t
system X is a key regulator of postsynaptic developmemmrasophila, specifically the

expression of postsynaptic glutamate receptors (Featherstone et al., 2002nfaiclst
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2007). Taken together, gestational nonvesicular glutamate impacts neurodenelopme
and abnormal signaling can effect neuronal migration and synaptic formatidar $im
organizational deficits observed in MAM treated offspring (Matricon et al., 2010)

A potential answer to why N-acetylcysteine is reversing cognitifieitdecan
now be put forth. MAM appears to be disrupting cortical neuronal migration and or
cellular organization leading to a decrease in soma and dendritic size in the @bsence
changes in neuronal expression (as indicated by changes in density and total volume
without reductions in expression (Moore et al., 2006)) although there have been no
reports examining cellular organization in MAM treated offspring in the qumét
cortex, neuronal disorganization was observed in the hippocampus (Matricon et al.,
2010). This is likely occurring via the known mechanism of MAM on DNA methylation
of proteins involved in neuronal migration. N-acetylcysteine, through stimulation of
system X elevating extracellular glutamate, either counteracts, restori@ general
promotes neuronal migratory pathways. The resulting effect of N-agstiilce before,
during and after MAM administration partially restores neuronal migratdrcartical
organization to normalize behavioral deficits. Since glutathione and system x
dependent uptake in the prefrontal cortex are not normalized to control levels, it is
unlikely that N-acetylcysteine completely reverses the effects d¥iIM®f note is the
upregulation depicted by no difference in MAM alone and MAM N-acetylcysteine
treated offspring irex vivo tissue punches of systeri dependent cystine uptake is only
capable of maintaining what is considered normal rates of cystine-gletancitange in

MAM treated offspring. Without this upregulation, there would likely be further
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depression of glutathione levels. Additional research is needed to fully undetsta
ability of N-acetylcysteine to reverse MAM-induced changes in behavior atetrsys.

This chapter raises a very interesting questiom,\v8/0 gestational stimulation of
system ¥ sufficient to reverse behavioral deficits in a neurodevelopmental model of
schizophrenia? These studies examined reversal learning and suggest tagaibls;
however, further research of additional MAM-induced behavioral abnormalitieseed
to be conducted. Furthermore, studies examining the structure and function ofcl corti
regions contributing to behavioral symptoms of schizophrenia will identify thecinopa

altered systemgactivity.
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V. ACUTE SULFASALAZINE TREATMENT PRODUCES DEFICITS

SIMILAR TO THOSE OBSERVED IN SCHIZOPHRENIA
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Introduction

Schizophrenia is a lifelong disorder with positive symptoms (hallucinations,
delusions, paranoia), negative symptoms (social deficits, anhedonia) and cognitive or
executive functioning deficits (behavioral flexibility, learning, memaityention).
Additionally, most patients have anxiety and depression in conjunction with the core
symptoms (Huppert et al., 2001; Braga et al., 2005). Historically, dopamine was
hypothesized to underlie schizophrenia since traditional antipsychoticoapetgo
dopamine receptor antagonists (Snyder, 1976) however these medications Bffective
treat the positive symptoms with little to no therapeutic effect on negatiagoitive
deficits (Coyle, 2006). Accumulating evidence has since implicated abnormal
glutamatergic activity, particularly a hyperglutamatergic staatributing to symptoms
of schizophrenia. In support, research has shown that NMDA receptor antagbighbts w
produce a schizophrenic like state in healthy humans and rodents and exacerbation of
symptoms in schizophrenics (Luby et al., 1959; Pearlson, 1981; Javitt and Zukin, 1991,
Krystal et al., 1994; Malhotra et al., 1997a) primarily targets and suppresséy atti
GABAergic interneurons due to their fast spiking properties requiringagegrigequency
of NMDA receptor activiation resulting in unregulated pyramidal celvattn and
glutamate release (Moghaddam et al., 1997; Moghaddam and Adams, 1998; Kinney et
al., 2006; Homayoun and Moghaddam, 2007; Lewis et al., 2012).

System ¥ appears to be a key component in the regulation of excitatory signaling
in the normal and pathological brain. Cystine uptake in exchange for glutamateigxpor

important for the antioxidant glutathione synthesis (Bannai, 1984; Sies, 1999). Further,
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extrasynaptic glutamate provides tone on group Il metabotropic glutamcateors
thereby inhibiting synaptic neurotransmitter release (Battaglia é987; Moran et al.,
2005). Data suggest that the activity of systgnmay be altered in the dorsolateral
prefrontal cortex of individuals with schizophrenia. Specifically, schizophrenia i
associated with a significant reduction in glutathione levels coupled with a ntades
significant change in the protein levels of xCT, which is the active subunittehsys,

in the dorsolateral prefrontal cortex (Do et al., 2000; Gawryluk et al., 2010; &affa
2011; Baker et al., 2008). Systegig positioned to regulate postsynaptic activity, and
when modulating synapses on dendritic spines of pyramidal neurons, is able to modulate
pyramidal cell excitability. Reduced cystine-glutamate excharoggdvitherefore
decrease group Il metabotropic glutamate activity and cause a hgipsvkx
postsynaptic pyramidal neuron resulting in elevated pyramidal cell gciivit a
hyperglutamatergic state potentially leading to schizophrenicyikgtoms.

To test this theory, the systemiixhibitor sulfasalazine was administered and
behavioral measures were performéalvitro studies have demonstrated that
sulfasalazine potently inhibits systemitkereby depleting extracellular glutamate and
reducing glutathione (Gout et al., 2001; Chung et al., 2005). Further, the sulfasalazine
metabolites sulfapyridine and 5-aminosalicylic acid do not inhibit systenWith oral
administration, sulfasalazine is rapidly metabolized in the gut. Howevantaidta
suggest that interperitoneal injections penetrate the blood brain barrieit setigces
glial primary tumor growth in mice (Chung and Sontheimer, 2009). This is important
since other potent inhibitors of systegircluding §)-4-carboxyphenylglycine are

unable to penetrate the blood brain barrier. Therefore sulfasalazine is able to inhibit
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cystine-glutamate exchange through acute or chronic administration xamlination of
the contribution of system;xo behavioral symptoms of schizophrenia.

The primary goal of this chapter is to assess the impact of adult central
nervous system inhibition of system xby sulfasalazine on symptoms associated with
schizophrenia. This is important since direct manipulation of cystie-glutamate
exchange on schizophrenic-like behavioral deficits has not yet been edisiied as

well as thein vivo properties of the sulfasalazine’s effect on behavior.
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Materials and Methods

Animals and Surgeries:Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing

300-400 grams were individually housed in a temperature controlled room with a 12-h
light/dark cycle with food and wated libitum. The housing conditions and care of the
rats were in accordance with the Animal Welfare Act, and all proceduresapproved

by the Marquette University IACUC Committee. Rats used in the micreiajudies
were anesthetized using pentobarbital (50 mg/kg, IP) with atropinees(dfaig/kg, I1P)
pretreatment to limit tracheobronchial secretions. Bilateral guide @(igauge, 14
mm; Plastics One, Roanoke, VA) were implanted using coordinates +3.1 mm anterior,
+1.0 mm mediolateral to Bregma, and -0.75 mm ventral from the surface of the skull at
6° angle from vertical derived from Paxinos and Watson (Paxinos and Watson, 1986).
Rats were given at least 6 days to recover from surgery prior to testing.

Drug Treatments: Sulfasalazine (SSZ, 0-16 mg/kg; Sigma Chemical Co., St Louis, MO)

was dissolved in isotonic saline and NaOH to get into solution; pH remained between
6.0-8.0. N-acetylcysteine (0-100 mg/kg; Sigma Chemical Co., St Louis, MO) was
dissolved in saline with NaOH to bring the pH to 7.0. Treatment was given as discribe
for each experiment below.

In Vivo Microdialysis: Microdialysis experiments were conducted as described

previously (Baker et al, 2002). Briefly, after a minimum of six days post surgery
removable probes extending 2 mm past the guide cannula were inserted through the
cannulae into the prefrontal cortex and microdialysis buffer (5 mM glucose, 140 mM

NaCl, 1.4 mM CaGl 1.2 mM MgC$, 2.2 mM KCI and 0.15% phosphate-buffered saline,
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pH 7.4) was pumped through the probes at one pl/min for at least three hours prior to
collecting baseline samples. Afterwards, 20-min samples were colfectedr baseline
samples. Rats were injected with SSZ (0-16 mg/kg, IP) and samplesiedriinbe
collected for an additional four hours or 12 samples. Samples were analyzed for
glutamate on HPLC coupled to fluorescent detection. Precolumn derivatization of
glutamate with o-pthalaldehyde was performed using a Shimadzu LCY@AD
autosampler. The mobile phase consisted of 13% acetonitrile, 100 pfiPQaand 0.1
mM EDTA, pH =5.90. Glutamate was separated using a reversed-phase ®jumn (
100 x 4.2 mm; Bioanalytical Systems, West Lafayette, IN), and detecteglaisi
Shimadzu 10RF-AXL fluorescence detector with an excitation and emissi@tength

of 320 and 400 nm, respectively (Baker et al., 2002). Samples were averaged every forty
minutes as percent last 40 minute baseline.

Prepulse Inhibition: Rats were placed on a platform in a sound attenuating chamber

(10.875"x14"x19.5”; Hamilton Kinder, CA) that rested on a motion sensing plate. A
matching session was conducted to determine the magnitude of the startleeréspons
each rat. This session consisted of a five min habituation period followed by 2QL#%ials
trials involved the presentation of a single auditory stimulus (pulse stintildB above

the 60 dB background noise) and three trials in which a prepulse stimulus (12 db above
background) was presented 100 ms before the pulse auditory stimulus. Rats were then
assigned into the various treatment groups based on the magnitude of ttheir star
response. Two days later, an experimental session was conducted to assessaoer
gating. Rats were giving SSZ (0-8 mg/kg, IP) 2 hours before testimgbedter a 5

min habituation period, rats received 58 discrete trials; 26 trials during whiphlge
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stimulus (50 db above background) was presented alone, 8 trials each in which the pulse
stimulus was preceded by a prepulse stimulus (2, 6, or 15 db above background) and 8
background trials with no pulse and only background noise. The first 6 pulse al@ne trial
were not included in the average startle stimulus to achieve a relativaby Istzel of

startle reactivity. The percent of prepulse inhibition was determined a@1&@&ge

prepulse startle response/average startle stimulus alone)*100.

Elevated Plus MazeRats were placed in a plus maze of 1cm thick black Plexiglas and

elevated at a height of 55 cm from the floor. Two open arms (50.8 cm x 10.2 cm) were
connected to two enclosed arms (50.8 cm x 10.2 cm x 30 cm) by an open square (12.7 cm
x 12.7 cm). Rats were given a daily SSZ injection (0-8 mg/kg, IP) two hoursbefor

testing began for five days. A different group of rats received acute injecti@Zqf0S3

mg/kg, IP) two hours before testing and N-acetylcysteine (0-100 mgkgnéhour

before testing began. After treatment, the rat was placed in the elevetedgde for 5

minutes, alternating the starting position between facing an open arm argldatosed

arm. The session was recorded and an observer blind to treatment recorded the number of
explorations as defined as the rat placing two feet onto an open arm without fully

entering said arm. Entries defined as the rat placing all 4 feet in an opehie of

entry in the open arm was also recorded from the time the rat placed 4 feet imthe ope

arm until two of the rats feet entered the open square.

Open Field Paradigm: Rats were given an injection of SSZ (0-16 mg/kg) two hours

before being placed facing the wall at one end of a novel open field apparatus mgeasuri
150 x 100 x 40 cm for 15 minutes. The time the animals spent in the center zone defined

as 15 cm from each wall was recorded as well as total distance moved by EthoVisi
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Social Interaction: Rats were habituated to an open field apparatus (150 x 100 x 40 cm)

on each of two days prior to testing for 15 minutes each. On test day, rats received an
injection of SSZ (0-16 mg/kg) two hours before testing and marked with eghewyor

red markers. Rats with the same treatment and different colors were plaesth iend

of the open field and allowed to interact for 10 minutes. Social interaction fuasddas

the amount of time spent within 20 cm and measured with EthoVision.

Attentional Set Shifting: The maze consisted of four-arms (60 x 20 x 12 cm) in the

shape of an X connected by a center area (12 x 12 cm); constructed of blada$lexig

with a movable wall to block an arm to form a “T” configuration. Dividers at the end of
each arm concealed the sugar pellet reward such that the rat was uneélg fios the
center of the maze. The visual cue, when used, was laminated with black and white
diagonal stripes and placed on the floor of an arm. Prior to habituation, rats weeglhandl
for five minutes each day for seven days and food deprived to 85% of their free-feeding
weight. The day before habituation, each rat was given approximately 30 diggaripe

their home cage to acquaint them with the pellets.

Habituation: Day one, 5 pellets were placed in each arm, 3 throughout the length of the
arm and 2 behind the divider at the end. The rat was placed in the center of the maze and
allowed to freely explore for up to 15 minutes. On the second day, 3 pellets were placed
in each arm, one in the center, the other 2 behind the divider and the rats freely explored
for up to 15 minutes. On the third day and all remaining days till criteria was adhiev

one pellet was placed behind the divider in each arm. After the rat consumed a pellet
behind the divider on any day, he was picked up and placed at the entrance to another

baited arm to habituate him to handling within the maze. If the rat consumed all sugar
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pellets on any day, the maze was rebaited with the following habituation day’s
configuration or with 4 pellets, one behind each divider after habituation day 2. After the
maze was rebaited 3 times and all pellets consumed within 15 minutes, craemnaetv
and turn bias was run the following day. If the rat did not consume all sugar pellets
within 15 minutes, he continued habituation daily until he met criteria.

Turn bias: During turn bias and testing, one arm was blocked with the movable wall to
form a “T” configuration with the visual cue in one of the side arms. In turn bias, both
side arms were baited with sugar pellets behind the dividers. The rat was pldeed in t
stem arm at the bottom of the “T” and allowed to enter either arm; after cmstima
pellet he was placed back in the stem arm and again allowed to enter eithértaam.
entered the same arm again, he was returned to the stem arm until he turned into the
opposite arm and ate the remaining sugar pellet. When he successfully ate &oth sug
pellets, he was placed back in his home cage signaling the end of the trial. Thlhext
the rat began from a different arm such that over 7 trials, the rat stante@dch of 3

arms 2 times and the remaining arm once and the visual cue was placed in erigat the
or left arm as equally as possible. Inter-trial time was about 10 secaomthatiothe

maze. The direction the rat turned first the most out of 7 trials was considetachhi
bias for the rest of testing.

Testing: As in turn bias, one arm was blocked with the movable wall, either the right or
left arm contained the visual cue and the rat began in the stem arm. Tralgragred
into a block of 12 with the stem arm in arms 1-3 as shown in Figure 3.2. In the probe

trial, arm 4 was the stem arm and the visual cue was placed in the turn bias #&nm. Wi
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treatment groups, the probe arm switched such that at least one animal in eachegtoup us
each arm as the stem arm for the probe trial. Each testing day requiredtbthimdpl
e 10 consecutive correct trials using the 12 trial block in stem arms 1-3
e 1 correct probe trial from stem arm 4
e If correct probe trial, testing was complete
o Ifincorrect probe trial
= 5 consecutive correct trials using the 12 trial blocks
= 1 correct probe trial from stem arm 4
= This continues till correct probe trial
Day 1. Visual-cue learning; see Figure 3.3a: On day one, the rat was trained in a simple
discrimination task to attend to the visual cue such that the food reward was placed in
each arm with the visual cue 50% of the time. Turing towards the visual cue and
attaining the reward was a correct choice. In the probe trial the rat turrediscive
visual cue.
Day 2: Attentional Set Shift; see Figure 3.3b: On day 2 the complex task of an attentional
set shift required the rat to switch from a visual to a spatial cue with thetregeqgy for
reward turning into the arm opposite of his turn bias. The probe trial required the rat to
turn in the opposite direction of the visual cue.
Day 3. Reversal learning; see Figure 3.3c. Reversal learning required the rat to enter the
arm opposite the strategy from day 2 such that the rats turn bias arm now coh&ined t
food reward and the rat turned towards the visual cue on the probe trial.
ERRORS Day 2: As stated above, trials were blocked into groups of 12 with the visual

cue in each arm 50% of the time. On day two, within a group of 4 in which the visual
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cue was placed in the opposite arm of the strategy for the day, until the animal made a
correct choice more than 50% of the time (i.e. 2 or more correct choices within the group
of 4) the errors were counted as perseverative signifying the inabilityreémdrid a
previously learned strategy. After the animal correctly choose the non-aiguarm at
least 50% of the time errors were counted as regressive meaning théyiokhle

animal to maintain a new strategy after perseveration had ceased. |inta @roose

the incorrect arm and it did not have the visual cue, the error is a never reinfooted err
since the arm had not been associated with a reward. This measured how quickly the
animal phased our incorrect strategies.

Errors. Day 3: Reversal learning Similar to day 2 errors, the trials were grouped into 4
Since day three tested reversal learning the animals were required totheropposite

arm from day two on every trial. Therefore, every 4 trials were grouped togstien

the rat choose the correct arm more than 50% of the time the errors were no longer
considered perseverative and instead regressive. Additionally, whethemtiad \&aint
towards the visual cue or away was recorded.

Statistics: With 3 or more groups analysis was conducted with variance (ANOVA) with
each drug treatment as a between-subject factor and further analympdwuisey HSD

unless otherwise noted. Experiments comparing 2 groups were analyzetitesing
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Results

Sulfasalazine has been shown to inhibit systgnmxitro and reduce
extracellular glutamate concentrations in culture and surrounding brain tuminensian
patients (Chung et al., 2005; Chung and Sontheimer, 2009; de Groot and Sontheimer,
2011), but there is no evidence of sulfasalazine activity in the absence of glioara tum
within the prefrontal cortex. Figure 5.1 illustrates that an acute intrapeaitinjection
of sulfasalazine reduced extrasynaptic glutamate in the medial petfrtontex as
measured through microdialysis. An ANOVA was used to analyze glutataate (
baseline) with sulfasalazine as a between subjects measure and timiéhas subjects
measure. A main effect of treatment after sulfasalazine injectiofowad E27)= 3.72
p < 0.05) without an interactior(;5 135= 0.80 p> 0.05). Given that the purpose of the
experiment was to determine when and if sulfasalazine reduced glutamatajrthe m
effect across each dose of sulfasalazine against time was analyzed. CAfAARNth

time as a repeated measure revealed no significance in the control §8xUp, e 42) =

Sulfasalazine Dialysis

0 -
“ Figure 5.1 Sulfasalazine (0-16 mg/kg, IP)

reduces glutamate concentrations in the
medial prefrontal cortex. A) depicts %
baseline glutamate levels across the
experiment. Arrow is time of injection.
Line from time 120-180 indicates when
behavioral testing is conducted for later
experiments.N of 7-8 per group. *
—e— SSZ0 indicates a significant main effect of time

°— SSZ4 from baseline within treatments<g0.05.
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1.66 p> 0.05). Sulfasalazine did have a main effect of all doses (S5Z24)= 2.46 p<
0.05; SSZ 8Fs.42)= 7.27 p< 0.001; SSZ 16542 = 8.81 p< 0.001). Further
deconstruction of the main effect revealed that during all of the following/loebh

testing as shown by the solid line from 120-180 minutes SSZ 8 and SSZ 16 treatment
significantly reduced glutamate in the prefrontal cortex.

Sensorimotor gating reflects the ability of the central nervous systarhibit
irrelevant sensory information and allow focus on salient information from the
environment; deficits in sensorimotor gating occur in schizophrenic patients and @repuls
inhibition is used to model this phenomenon (Braff et al., 2001b; Geyer et al., 2001,
Swerdlow et al., 2006; Kumari et al., 2008). As shown in Figure 5.2, sulfasalazine was
administered twice daily for five days (8 mg/kg, IP); testing was cdaaduhours
following the last injection to examine the effects of sub-chronic inhibition diineys
glutamate exchange on sensorimotor gating deficits. An ANOVA with dratiteat as
a between subjects measure and prepulse intensity as a repeated medsuoes jar

main effect of treatmenf(; 9)= 5.26 p< 0.05) in the absence of a significant interaction

Sensorimotor Gating

100 | e SS7 0 Figure 5.2 Effect of sub-chronic
== ssz8 treatment of sulfasalazine on
801 sensorimotor gating.  The data is

expressed as the mean (+SEM) prepulse
inhibition displayed by rats receiving 5
20 1 daily injections produced a main effect

*
of treatment on prepulse inhibitioN &
20 - i * ﬂ 4-7). * indicates a main effect of
T

60 -

treatment and significance from SSZ 0.

% Prepulse Inhibition

-20

2‘dB 6;:18 15‘dB
Amplitude of Prepulse
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(F2,18y= 1.10 p> 0.05) indicating that Elevated Plus Maze

o ) ~ 160 * s Day 1
subchronic inhibition of system s L 140 | == Day5
(%2}

.. . E 1201 }

sufficient to produce deficits in =
< 100 A
c

sensorimotor gating. D 80y
O 0 +

Anxiety, another symptom £ s x
o
. . . £ 201 HT
common in schizophrenia and related = . ‘ :
SSz0 SSz 8

patients overall satisfaction with life,
Figure 5.3 Effect of acute or sub-chronic

can be measured with the amount of Sulfasalazine treatment on elevated plus maze. The
data are shown as the mean (+SEM) time in open arm

. . following daily sulfasalazine treatments (0-8 mg/kg
time spent in the open arms of the IP, N = 4) on day 1 and 5. * indicates significance

from day 1 SSZ 0 (g 0.05) and + from day 5 SSZ 0
elevated plus maze as shown in Figur p = 0.07 using pairwise comparisons.

5.3. As depicted, the amount of time
spent in the open arms of the maze is significantly reduced with both an acutenmécti
sulfasalazine on day 1 (8mg/kg, IP) and sub-chronic following 5 daily injectidhs wi
testing. An ANOVA with treatment as a between subjects measure and degtioient
as a repeated measure revealed a significant intera€tign=< 7.76 p< 0.05). Pairwise
comparisons revealed a significant difference between SSZ 0 on day 1 and 2 ashbetw
SSZ 0 and SSZ 8 on day 149.05), with a trend towards significance between SSZ 0
and SSZ 8 on day 2 (p = 0.07) in the absence of differences with SSZ 8 between days (p
= 0.83). This indicates that both acute and sub-chronic inhibition of sygtesn x
anxiogenic. All further sulfasalazine testing was conducted with acuteomgct

An additional measure of anxiety is the open field paradigm which measures the
amount of time the animal spends in the center of the maze with a decreasengignify

anxiety-like behaviors. In Figure 5.4a animals received an acute injettion o
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A . . B . .
Open Field Paradigm Open Field Locomotion
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Figure 5.4 Sulfasalazine in the open field paradigmimals received an acute injection of sulfasalaz
(0-16 mg/kg, IPN = 10-13) and placed in an open field. A) depictse spent in the center zone while
B) represents total locomotion throughout testib@ta is expressed as the mean (+SEM). * indicates
significant difference from SSZ 0 using Tukey HS@sphoc.

sulfasalazine (0-16 mg/kg) and the amount of time the animals spent in theofeinéer
maze was recorded. An ANOVA with treatment as a between subjects taoidr f
significant differences in the amount of time spent in the center of the(fazg= 4.38

p < 0.05). Tukey post hoc analyses indicate that both sulfasalazine treatments (8-16
mg/kg) are significantly different than sulfasalazine @ (p05). Decreased time in the
center zone is not attributable to a change in locomotor activity sincepiased in

) ) Figure 5.4b, there is no significant
Social Interaction

] mmmm SSZ 0

p—e difference during testing~(2 34y = 0.02, p>

I SSZ 16

IS
o
s}

w

o

o
L

: 0.05).
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negative symptom of schizophrenia and
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measures the amount of time animals

o
L

Figure 5.5 Sulfasalazine in social interaction.eNgage in social behaviors. Unexpectedly

Acute sulfasalazine (0-16 mg/kg, IR=5-7) does
not produce a deficit in social interaction.
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since it is a prominent negative sympto Elevated Plus Maze
100 4
— +
of schizophrenia, as shown in Figure 5. v,
U’ 80 b V
there are no significant differences in £ / +
< 60 / T
social interaction activity following an g)_ o] /
O /
acute injection of sulfasalazine (0-16 o | %
£ * /
mag/kg, IP) E.16= 0.12, p> 0.05). = il |
_ ] o SSz (8 mg/kg) - + - +
Since sulfasalazine inhibits NAC (60 mg/kg) - - + +
Figure 5.6 Sulfasalazine and N-acetylcysteine in
system X the next goal was to test elevated plus maze. Data is expressed as the mean

(+SEM) of the time spent in the open arms.

Sulfasalazine (0-8 mg/kg, IP) was given two hours

and N-acetylcysteine (0-60 mg/kg, IR,= 4-9) one

hour before testing. * indicates significant difface

reversed by stimulation of syster x from SSZ 0 / NAC 0 and + significant from SSZ 8 /
NAC 0 using Tukey HSD.

whether the behavioral effects could be

with N-acetylcysteine. Using elevated

plus maze, animals received an acute injection of sulfasalazine (0-8 ni®)/kgjlowed

one hour later by N-acetylcysteine (0-100 mg/kg, IP). Figure 5.6 depigtsgent in

open arms. An ANOVA with treatments as a between subjects factor revealed a
significant differenceR24)= 16.38 p< 0.01). Tukey post hoc revealed a significant
difference between SSZ 0/ NAC 0 and SSZ 0/ NAC 0. Furthermore, N-acetyieyst
reversed the effects of sulfasalazine as both SSZ 0/ NAC 100 and SSZ 8 / NAC 100
were significant from the sulfasalazine alone treated group.

Cognitive deficits including working memory, attention and behavioral flexibilit
are the best predictors of functional disability of schizophrenics. To elutidatele of
system X in cognitive deficits, acute sulfasalazine was administered prior to edéiclg tes
phase in attentional set shifting which tests visual cue learning, an atéised shift and

reversal learning. An ANOVA was used to analyze cognition with sulfasalé&i
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Reversal Learning

190 | * Figure 5.7 Acute sulfasalazine treatment in
o NS attentional set shifting. Data represents mean
'5 100 [ ’—\ (+SEM) of trials to criteria. Animals received
= sulfasalazine (0-8 mg/kg, IP), and hour later N-
O 801 ! acetylcysteine (0-60 mg/kg, IM = 9-21) and
O 601 tested an hour later in (a) visual cue learning on
0 day 1, (b) attentional set shift on day 2 and (c)
© 401 reversal learning on day 3. * indicates signifioan
= 0 / (p < 0.05) using Tukey HSD post hoc.

: Z

SSZ (8 mg/kg) + - +
NAC (60 mg/kg) - - + +

mg/kg) as a between subjects factor on each day of testing. As shown in Figare 5.
main effect of treatment was found on day tW@ §o) = 3.55 p< 0.05) and day three
(F(3,50)= 4.60 p< 0.05) but not day one (Figure 5.Fg 50)= 1.90 p>0.05). In Figure

5.7b, post hoc analysis indicate that on day two, there was a trend towards significanc
between SSZ 0/ NAC 0 and SSZ 8/ NAC 0 (p = 0.08). Post hoc analysis on day three
reversal learning revealed sulfasalazine treatment significactigased the number of
trials to reach criteria from controls as shown in Figure 5.7c. Furthecelylcysteine
treatment attenuated sulfasalazine-induced deficits on day three shown gyificasit

difference from N-acetylcysteine alone treated animals.
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Day 2 Errors Day 3 Errors
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Figure 5.8 Types of errors committed by sulfasalazieated animals in attentional set shift. (&plats
errors committed on day 2 on attentional set shiih a specific increase in perseverative errordevh
(B) shows errors on day 3 during reversal learntnigdicates significance (p 0.05) using Tukey HSD
post hoc analyses.

Attentional set shifting allows the analysis of the different types ofimmeats.
Perseverative errors are an index of how quickly animals are able to inhibit a dsevious
learned strategy which is now incorrect, regressive a measure of the aabitiglso
maintain the new strategy and never reinforced shows the ability of thaldailgnore
an ineffective strategy. Figure 5.8a depicts the effect of acutealalfase on set
shifting specifically increasing the amount of perseverative errang dslOVA with
treatment as a between subjects fadtysg) = 3.87 p< 0.05) with no changes in
regressive or never reinforced errdfg 6oy = 0.17 and~3s0)= 0.50, respectively, p
0.05). Post hoc analysis indicates that sulfasalazine vehicle treated drathaisreased
perseverative errors from vehicle treated animals. Day three akleaming errors are
depicted in Figure 5.8b. An ANOVA with treatment as a between subjects faotals
significance in the regressive towards the visual cue eiff@rso(= 2.82 p< 0.05) in the
absence of significance in perseverative or regressive away from thiecuswarors

(Fz500= 1.13 and~(3 50)= 1.02 respectively, p 0.05). Tukey HSD post hoc analysis
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reveals a trend towards significance for sulfasalazine treatedlamiompared to

vehicle.
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Discussion

Altered glutamatergic neurotransmission and deficient glutathione ccayrat
for many of the pathological changes in schizophrenia (Olney et al., 1999; Coyle, 2006;
Enomoto et al., 2007; Stone et al., 2007; Berk et al., 2008a) although few studies, if any,
distinguish between synaptic or extrasynaptic glutamate pools. The prinding$ in
this chapter indicate that inhibition of systeghig sufficient to produce behavioral
deficits similar to those observed in schizophrenia. Importantly, acutesdalfme
treatment reduces medial prefrontal extrasynaptic glutamatarorisum of four hours.
Further, inhibition of systemcxproduces behavioral deficits in sensorimotor gating,
measures of anxiety and cognition without effect on other measures of schizaphreni
including spontaneous locomotion to novel environment or social interaction.
Collectively, these data further characterize the potential involvenofiegstem X in the
neuropathology of schizophrenic symptoms.

Preclinical and clinical reports have shown that administration of N-
acetylcysteine has therapeutic potential for schizophrenic defic#t<{sapters 2, 3, 4;
Baker et al., 2008; Berk et al., 2008c; Lavoie et al., 2008; Bulut et al., 2009; Carmeli et
al., 2012). Chapter 2 provides evidence than phencyclidine-induced deficits aredreverse
by N-acetylcysteine infusion into the prefrontal cortex and this effecpveagnted with
co-administration of the systeng inhibitor (S)-4-carboxyphenylglycine (CPG)
suggesting N-acetylcysteine stimulates systgrtoxeverse deficits in sensorimotor
gating. Chapter 3 and 4 show that systgnstimulation reverses MAM-induced deficits

in reversal learning. Clinically, N-acetylcysteine has been usedajwarct therapy in
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the treatment of schizophrenia and shown beneficial effects and improvement lh overa
symptom severity, mismatch negativity and improved prefrontal cortex synchioniza
using EEG recordings (Berk et al., 2008c; Lavoie et al., 2008; Carmeli et al., 2012).
Authors of these trials suggest that N-acetylcysteine produces théragitadts by
increasing glutathione levels; however, it is likely that N-acetyayststimulates
cystine-glutamate exchange thereby also exerting an effectels Eextrasynaptic
glutamate. This chapter examined whether systemhbition is sufficient to produce
behavioral deficits related to schizophrenia.

Sulfasalazine has been shown in astrocytic cultures to potently inhibit syStem x
whereas its metabolites, sulfapyridine and 5-aminosalicylic acidbfdb so and in fact
are anti-inflammatory agents used to treat inflammation in the gut (Gout 20@d,;
Chung and Sontheimer, 2009). These labs have also investigated the ability of
sulfasalazine to reduce tumor cell growth since primary brain tumors eetjusely
cystine uptake by systemy for glutathione synthesis. Additionally, elevated
extrasynaptic glutamate is thought to lead to activated NMDA receptoredduc
excitotoxic neuronal cell death to allow space for tumor growth. Evidence that
sulfasalazine penetrates the blood brain barrier includes the observation that chronic
sulfasalazine treatment limited the growth rate of glial turmovsvo, an effect
attributable to central blockade of systegn(§6out et al., 2001; Chung et al., 2005; Lyons
et al., 2007). The microdialysis data presented in this chapter also suggastdazilie
crosses the blood brain barrier since an acute systemic injection of suifasalose
dependently reduces extrasynaptic glutamate in the prefrontal cotiexis The first

report of systemic administration of a systegninhibitor leading to a reduction in
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extrasynaptic glutamate in the prefrontal cortex. This result is not sogosiace
MRNA of XCT, the active subunit of system), xs present in the medial prefrontal cortex,
the same region microdialysis was conducted in this study (see Chaptev&ver,
another study reported no change in baseline extrasynaptic glutanatenglsystem
Xc inhibition with (§-4-carboxyphenylglycine (CPG) (Melendez et al., 2005) suggesting
the possibility that the observed reduction in medial prefrontal glutamateorsiseyg to
the main site of sulfasalazine action in a structure which projects to thenpaéfrortex.
Although this would have to be shown experimentally, sulfasalazine eithethdoect
indirectly reduces extrasynaptic medial prefrontal glutamate. Gneecritical role of
glutamate signaling within the prefrontal cortex and the broad range ofnsysystem
Xc regulates particularly synaptic signaling and glutathione synttizske( et al.,
2002b; Conn and Pin, 1997; Dringen and Hirrlinger, 2003), it is of little surprise that
inhibition of cystine-glutamate exchange produces behavioral deficits.

Interestingly, systemcxinhibition with sulfasalazine produces deficits in
sensorimotor gating, models of anxiety and cognitive deficits including attahset
shift and reversal learning. As described in Chapter 2, sensorimotor galietsrdfe
ability of the central nervous system to inhibit irrelevant sensory infosmatd allow
focus on salient information from the environment; deficits in sensorimotor gatng oc
in schizophrenic patients and prepulse inhibition is used to model this phenomenon (Braff
et al., 2001b; Geyer et al., 2001; Swerdlow et al., 2006; Kumari et al., 2008).
Interestingly, sulfasalazine treated animals display sensorimatimig deficits at lower
prepulse intensities similar to glutathione deficient mice suggestngrepulse

inhibition mediated circuitry requires a more intense prepulse compared to control
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animals (Kulak et al., 2011). Deficits in prepulse inhibition implicate the ddesala
prefrontal cortex since this is a brain region critical for executive fomciy and found
to have altered cortical activation in schizophrenics (Smith and Jonides, 199®effgse
and Berman, 2010).

Anxiety, while common in many neurological disorders, is present in individuals
with schizophrenia; studies have shown that anxiety and even depression in pa&ients ar
strongly associated with lower general life satisfaction (Huppeait,e2001; Braga et al.,
2005). Two measures of anxiety are employed in this chapter, elevated plusithaze a
open field which both measure the amount of time the animal spends in an open space
away from the relative safety of walls or enclosed spaces. The amouneapent in
the open arms of the elevated plus maze has been validated as an indicatotyef anxie
related behavior with less time in the open arms signifying increasedya{Petow et
al., 1985). Open field measures the amount of time spent in the center of a large open
space; less time in the center indicates anxiety since traditionalygixampounds
such as benzodiazepines increase center exploratory behavior (Prut and Belzung, 2003;
Choleris et al., 2001). Interestingly, acute inhibition of systgiwith sulfasalazine is
anxiogenic in both the elevated plus maze and open field paradigm. Further, subchronic
daily treatment of sulfasalazine remains anxiogenic in elevated plus weazafeer
repeated testing whereas vehicle treated animals increase the amouatspfent in the
open arms over time. Additionally, the effects of sulfasalazine are colypttersed
with administration of N-acetylcysteine after sulfasalazinenreat in elevated plus
maze. This is not surprising since addition of cystmeétro also reverses sulfasalazine

effects on systemcx(Gout et al., 2001; Chung et al., 2005). These results suggest that
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system ¥ contributes to states of anxiety; however the specific brain region and
neurotransmitter system mediating these behaviors will require funtresstigations.

Of surprise was the inability of sulfasalazine treatment to producetdéfici
social interaction and to a lesser extent, on locomotion. Spontaneous locomotor activity
was not altered with sulfasalazine treatment in a novel environment in the elgen fi
paradigm; reduced time in the center of the field was not attributable to deduce
locomotion. Locomotor activity has been used as an index of the positive symptoms of
schizophrenia since evidence suggests similar circuitry for psychosimankwand
hyperlocomaotion in rodents. In support, compounds shown to enhance dopamine
signaling such as amphetamine produce psychosis and paranoia in healthy individuals
and hyperlocomotion in rodents (Robinson and Becker, 1986; Valvassori et al., 2008).
However, the fact that sulfasalazine does not produce hyperlocomotion is congistent
findings that N-acetylcysteine treatment attenuates without compietesal of
methamphetamine-induced hyperlocomotion even with a high dose (300 mg/kg, IP) nor
does it reverse acute cocaine-induced hyperlocomotion at 60 mg/kg, IP (Fukami et a
2004; Madayag et al., 2007). Further, schizophrenia models, including MAM, have
increased sensitivity to stimulant induced hyperlocomotion in the absence ofingousta
hyperlocomotion (Flagstad et al., 2004; Lodge and Grace, 2007; Phillips et al., 2012).
Social interaction is a very prominent negative symptom of schizophrenia and N-
acetylcysteine reverses phencyclidine-induced deficits thereby singgesibition of
system ¥ would also lead to deficits (Baker et al., 2008). Surprisingly, acute
administration of sulfasalazine was insufficient to produce behavioraltdefidicating

a) social interaction is not directly modulated by systernd) the administration
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parameters employed here (0, 8 or 16 mg/kg, IP two hours before testing) were not
sufficient to produce deficits in social interaction and perhaps a higher dose or more
likely a sub or chronic treatment regimen of sulfasalazine could producdgefimdent
social interaction. Further investigations need to be conducted to conclusively rule out
the involvement of system»on social behaviors.

Behavioral flexibility, an additional measure of executive functioningeeit in
schizophrenics, is thought to be mediated by human dorsolateral prefrontal cortex and
rodent medial prefrontal cortex (Ravizza and Carter, 2008; Floresco et al., 2009).
Multiple cortical and subcortical regions form a circuit mediating behawviesability;
abnormal activity in the different regions produces specific behavioraltdehat can be
measured using a maze based attentional set shift model (Floresco &6al;, ,R26resco
et al., 2006b; Floresco et al., 2008; Ghods-Sharifi et al., 2008). Whereas MAM
neurodevelopmental treatment produced deficits in reversal learning in titeatieset
shifting paradigm, acute sulfasalazine treatment also increadseddraiteria on day
three (reversal learning) with a strong trend on day two (attentional st shigfrontal
cortical activity has been shown to mediate the set shift on day 2 and the orlatofront
cortex has been linked to reversal learning on day 3 (Floresco et al., 2008; Ghafils-Shar
et al., 2008). Interestingly, this suggests that systenortributes to cortical activity in
both regions; decreased extrasynaptic glutamate has been shown inrth@adrebrtex
while effects in the orbitofrontal cortex have yet to be examined. The typaei er
committed by sulfasalazine treated animals further implicatesmystin the
modulation of cortical circuitry and activity. Specifically, a day 2 inczeas

perseverative errors measuring the rats ability to disengage from a pre\eansed
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strategy, implies abnormal connections into or out of the prefrontal cortex (Blatk et
2007). An increase of day three regressive errors indicates sulfasalahiced

inability to maintain a new strategy; regressive errors towards the cise@hdicate
impaired ability to overcome a learned non-reward (Ghods-Sharifi et al., 2008).
Measures in attentional set shifting and the types of errors committethtsotoe

behavioral deficits in schizophrenics that can be measured using the Wiscauisin Ca
Sorting test and reversal learning paradigms (Gold et al., 1997; Waltz &ahd2Goyv;

Szoke et al., 2008). The ability of systegnt® acutely modulate these types of behaviors
observed in schizophrenics implicates systgmmediating executive functioning.

The results presented in this chapter implicate systeas»a potential underlying
factor contributing to the pathophysiology of symptoms of schizophrenia. The
mechanism of sulfasalazine-induced deficits is likely due to inhibition ofrsysi but
other factors have not been ruled out. In support, acute sulfasalazine reduces prefronta
extrasynaptic glutamate and has been shown to block systamvixro (Figure 5.1,

(Gout et al., 2001; Chung et al., 2005; Chung and Sontheimer, 2009). This could a) lead
to a reduction in glutathione in both astrocytes and neurons since systeansports

cystine which is the rate limiting step in glutathione synthesis and assquyivide
glutathione precursors for neurons (Bannai, 1984; Bridges, 2011; Dringen and Hirrlinger
2003), and b) decreased extracellular glutamate reduces tone on metabobugpievg
glutamate receptors thereby disinhibiting synaptic neurotransmigese=(Baker et al.,
2002b; Mohan et al., 2011). Unregulated synaptic activity can lead to enhanced post-
synaptic excitation and desynchronization of regional pyramidal celdjfwiich is

necessary for cognitive processing (Gonzalez-Burgos and Lewis, 2008). YWhethe
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inhibition of system X induces behavioral deficits through decreased glutathione
synthesis or by depleted extrasynaptic glutamate will need to be furtiestigated to
confirm or deny the pathway of acute sulfasalazine treatment on behaviaris def
similar to those observed in schizophrenia.

This chapter examined behavioral measures of adult inhibition of system x
sulfasalazine on schizophrenia-like symptoms. Sulfasalazine induces defsatae
measures (sensorimotor gating, anxiety and cognition) while havingefittlet on others
(hyperlocomotion, social interaction). This is the first evidence of diraotpulation of
system X leading to symptoms of schizophrenia, and while extremely interesting, will
need to be further investigated in additional behaviors, potentially non-schizophrenic
behaviors, as well as mechanistically to understand the potential impactioécys

glutamate exchange in a wide range of behaviors and disorders of the rsyisteus.
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VI. SULFASALAZINE IN UTERO MODIFIES CYSTINE-

GLUTAMATE EXCHANGE AND BEHAVIOR
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Introduction

Abnormal neurodevelopment is hypothesized to contribute to the pathophysiology
of schizophrenia (Weinberger, 1987; Marenco and Weinberger, 2000; Rapoport et al.,
2005). In support, prenatal (maternal malnutrition, infection or stress) or périnat
(obstetrical complications) insults increases the likelihood of developingpgtitenia.
Further, motor, social or cognitive deficits are present during childhood before the
diagnosis which typically occurs after psychosis emerges in late teenf/tweaties
(for review: (Lewis and Levitt, 2002)). Neurogenesis occurs in utero and iklg hig
regulated process. Glutamate and GABA are critical neurotransmwititéch modulate
immature neurons migratory pathways and facilitate final positioning and pagjani
(Behar et al., 1998; Behar et al., 1999; Behar et al., 2000; Behar et al., 2001; Hirai et a
1999; Kihara et al., 2002). Non-vesicular release of these neurotransmittams act
immature neurons NMDA and GABAonotropic receptors to facilitate migration
(Nguyen et al., 2001; Lujan et al., 2005; Manent and Represa, 2007).

In the adult brain extrasynaptic glutamate is found in micromolar concengati
and are of nonvesicular origin since levels are insensitive to blockade of voltage
dependent Nzand C4" receptors (Timmerman and Westerink, 1997; Baker et al.,
2002b). Further, systemhas been shown to contribute a significant amount of
nonvesicular extrasynaptic glutamate in the nucleus accumbens, striatum, imippsca
and prefrontal cortex (Baker et al., 2002b; Massie et al., 2011; De Bundel et al., 2011,
Chapter 5). Systemystransports one cystine in for every glutamate out into the

extrasynaptic space (for review see Bridges, 2011). The contribution of sySterimx
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utero nonvesicular glutamate during neurogenesis has not been directly studied however
system X is expressed by immature neurons although it’s role has not been elucidated
(Murphy et al., 1990). Sulfasalazine is a potent inhibitor of syste(@kung et al.,
2005; Chung and Sontheimer, 2009) and acute administration produces schizophrenic-
like symptoms in rodents (Chapter 5). Sulfasalazine is capable of crosspigdbetal
barrier (Peppercorn, 1984) and the blood-brain barrier (Lyons et al., 2007; de Groot and
Sontheimer, 2011; Chapter 5). Using sulfasalazine to inhibit systemutero has not
been attempted so effective administration parameters and the long-ternotzha
effects on offspring have not yet been established.

This chapter will examine the impact of varying concentrations of sulasala
on gestation day 17 (same time frame of MAM administration, Chapter 3 and 4$s as
whether decreased cystine-glutamate exchange in utero is capable of producing
schizophrenic-like deficits in adult male offspring. Specifically, aitbeal set shifting
and measures of systemiwill be examined. The importance of this stems from the lack
of knowledge on the impact of altered in utero systgmcxivity. Further, cognitive
deficits including reversal learning are observed in schizophrenics (Wdli@ald,

2007; Murray et al., 2008) and poorly treated with current antipsychotics.

The purpose of this chapter is to assess whether in utero manipulati of
system x is sufficient to produce long lasting changes in cystine-glutamate d»ange

and cognitive measures.
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Materials and Methods

Sulfasalazine Treatment:Timed pregnant Sprague-Dawley rats were given an acute

injection of sulfasalazine (0, 8 or 16 mg/kg, IP; Sigma Chemical Co., St, M0
dissolved in saline with NaOH on gestational day 17. Following vaginal birtro#tlems
and offspring were left undisturbed until weaning on postnatal day 22. Male offspring
were single caged for testing as adults (PND 60+).

Attentional Set Shifting: The maze consisted of four-arms (60 x 20 x 12 cm) in the

shape of an X connected by a center area (12 x 12 cm); constructed of blagla®lexi

with a movable wall to block an arm to form a “T” configuration. Dividers at the end of
each arm concealed the sugar pellet reward such that the rat was unabélg tms the
center of the maze. The visual cue, when used, was laminated with black and white
diagonal stripes and placed on the floor of an arm. Prior to habituation, rats weeslhandl
for five minutes each day for seven days and food deprived to 85% of their free-feeding
weight. The day before habituation, each rat was given approximately 30 sugfaripel

their home cage to acquaint them with the pellets.

Habituation: Day one, 5 pellets were placed in each arm, 3 throughout the length of the
arm and 2 behind the divider at the end. The rat was placed in the center of the maze and
allowed to freely explore for up to 15 minutes. On the second day, 3 pellets were placed
in each arm, one in the center, the other 2 behind the divider and the rats freely explored
for up to 15 minutes. On the third day and all remaining days till criteria was adhiev

one pellet was placed behind the divider in each arm. After the rat consumed a pellet

behind the divider on any day, he was picked up and placed at the entrance to another
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baited arm to habituate him to handling within the maze. If the rat consumed all sugar
pellets on any day, the maze was rebaited with the following habituation day’s
configuration or with 4 pellets, one behind each divider after habituation day 2. After the
maze was rebaited 3 times and all pellets consumed within 15 minutes, cragmaetv

and turn bias was run the following day. If the rat did not consume all sugar pellets
within 15 minutes, he continued habituation daily until he met criteria.

Turn bias: During turn bias and testing, one arm was blocked with the movable wall to
form a “T” configuration with the visual cue in one of the side arms. In turn bias, both
side arms were baited with sugar pellets behind the dividers. The rat was pldeed in t
stem arm at the bottom of the “T” and allowed to enter either arm; after cmstima

pellet he was placed back in the stem arm and again allowed to enter eithértaam.
entered the same arm again, he was returned to the stem arm until he turned into the
opposite arm and ate the remaining sugar pellet. When he successfully ate &oth sug
pellets, he was placed back in his home cage signaling the end of the trial. Thlhext
the rat began from a different arm such that over 7 trials, the rat stanteedch of 3

arms 2 times and the remaining arm once and the visual cue was placed in erigat the
or left arm as equally as possible. Inter-trial time was about 10 secamtiaiiothe

maze. The direction the rat turned first the most out of 7 trials was consideteahhis
bias for the rest of testing.

Testing: As in turn bias, one arm was blocked with the movable wall, either the right or
left arm contained the visual cue and the rat began in the stem arm. Tralgragred

into a block of 12 with the stem arm in arms 1-3 as shown in Figure 3.3. In the probe

trial, arm 4 was the stem arm and the visual cue was placed in the turn bias #nm. Wi
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treatment groups, the probe arm switched such that at least one animal in eachegtoup us
each arm as the stem arm for the probe trial. Each testing day requiredtbthimdpl
e 10 consecutive correct trials using the 12 trial block in stem arms 1-3
e 1 correct probe trial from stem arm 4
e If correct probe trial, testing was complete
o If incorrect probe trial
= 5 consecutive correct trials using the 12 trial blocks
= 1 correct probe trial from stem arm 4
= This continues till correct probe trial
Day 1. Visual-cue learning; see Figure 3.3a: On day one, the rat was trained in a simple
discrimination task to attend to the visual cue such that the food reward was placed in
each arm with the visual cue 50% of the time. Turing towards the visual cue and
attaining the reward was a correct choice. In the probe trial the rat turrediscve
visual cue.
Day 2: Attentional Set Shift; see Figure 3.3b: On day 2 the complex task of an attentional
set shift required the rat to switch from a visual to a spatial cue with thetregeqgy for
reward turning into the arm opposite of his turn bias. The probe trial required the rat to
turn in the opposite direction of the visual cue.
Day 3. Reversal learning; see Figure 3.3c. Reversal learning required the rat to enter the
arm opposite the strategy from day 2 such that the rats turn bias arm now coh&ined t
food reward and the rat turned towards the visual cue on the probe trial.

Tissue Glutathione Analysis:Animals were rapidly decapitated (PND 100+) and

punches taken from the medial prefrontal cortex. The tissues were homogenized in a 4:
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dialysis buffer(5 mM glucose, 140 mM NaCl, 1.4 mM CaCl2 mM MgC}, 2.2 mM

KCI, and 0.15% phosphate buffer saline, pH 7.4): mobile phase solution (75 mM
NaH,POy-H,0, 1.8 mM GH170sSna, 25uM EDTA, 0.1% TEA and CELCN pH to 3.0

with phosphoric acid). One fraction was analyzed in the BCA method to determine
protein content. The other fraction analyzed thiol content using HPLC with EC detecti
(Decade 1l, MagicDiamond electrode set at +1.89V, Antec Leyden, Naxtlis)l

4C Cystine Uptake: Animals were rapidly decapitated and brains extracted. All tissue

punches of the prefrontal cortex were treated with TBOA (iMpand*‘C-L-cystine
(approximately 0.3uM). Experimental groups are SSZ or control rat's male offspring
(PND 100) in the presence or absence of SSZ (B0 The punches were washed and
solubilized with 1% SDS. One fraction (200 uL) of the solubilized tissueus&s for
determining [14C]-L-cystine uptake by a scintillation counter. The otherdna(25 uL)
was used to determine protein content by the BCA method. Uptake was measured in
countsjig protein.

Statistics: Attentional set shifting was analyzed using analysis of variance (AAyOV
with treatment as a between subjects variable. Sysfameasures are analyzed with

test.
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In order to determine whether inhibition of systejnirxutero has a long term

effect on adult behavior, attentional set shifting measured cognitive fumgtioni

sulfasalazine treated offspring as illustrated in Figure 6.1. To arthklyzadfect of

sulfasalazine on attentional set shifting an ANVOA with treatment aseée subjects

measure found no significant differences on any of the tasks (dak@pg= 0.61; day

two: F226)= 0.188 p> 0.05; day threef 2 26)= 2.56 p= 0.10). However, there was a

trend towards an increase in trials to reach criteria with sulfasalasi mg/kg in utero

on the reversal learning task.
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Figure 6.1 Effects of in utero sulfasalazine
treatment on attentional set shifting. A) Day 1
visual cue learning, B) Day 2 attentional set
shit and C) Day 3 reversal learning.
Sulfasalazine was given on gestational day 17
(0-16 mg/kg, IP). Acute inhibition of system
X. failed to produce any type of long lasting
deficits at 8 mg/kg N = 6), however there
seems to be a trend towards cognitive deficits
particularly in reversal learning with
sulfasalazine 16 mg/kg compared to contidl (
= 10-11). All data are presented as mean
(+SEM).
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Unlike behavioral effects from in utero sulfasalazine treatment, thereare
apparent long term changes in systeimeasures in adult offspring. Only sulfasalazine
16 mg/kg in utero was tested in these paradigms since there was no behaecral eff
attentional set shifting at the 8 mg/kg dose. In Figure 6.2a there is no eftecttefa
sulfasalazine treatment on glutathione tissue punches from the prefroregal(@ort1.11
p>0.05). There is also no significant differenceinvivo system ¥ dependent‘C
cystine uptake in the medial prefrontal cortex. Figure 6.2b illustrates fiacs €F = 1.52

p > 0.05) using test.
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Figure 6.2 In utero sulfasalazine treatment ontaglutathione and system-xdependent’C cystine uptake
in the medial prefrontal cortex. A) shows no sfigaint difference in tissue punches taken fromnteglial
prefrontal cortex on glutathione concentratioNs=(9, 5). B) indicates no changeseivivo cystine uptake
in the same regior\(= 5 per group) usingtest.
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Discussion

Nonvesicular glutamate release has a central role in cortical neorgmation
and organization during development (Behar et al., 1999; Hirai et al., 1999; Manent et al.,
2005; Manent and Represa, 2007). This chapter examines the impact of in utero
inhibition of system X on long term system.activity and behavior in offspring.
Sulfasalazine administration on gestational day 17 had no long term behaviotateffec
the lowest dose (8 mg/kg) however there seems to be a modest trend emerging for
behavioral deficits in the reversal learning task in offspring from a hidyree (16
mg/kg). There does not appear to be any long lasting effects from an aattterirge
gestation day 17 of sulfasalazine on systgractivity measured through glutathione and
ex vivo uptake in the prefrontal cortex. Together, these data indicate that there may be a
modest long term behavioral deficit from in utero systgrmkibition without persistent
changes in system activity.

Sulfasalazine treated offspring have normal levels of prefrontatigione with
no apparent change in systegnactivity. These animals have no deficits in visual cue
learning or attentional set shift with only a modest yet insignificamtitlaf the reversal
learning task. This supports the claim that long term changes in systactivity
contributes to cognitive deficits as found in Chapter 3. MAM treated offspring have a
long term significant increase in the potentialdorivo cystine-glutamate exchange
(present in juveniles and adults) potentially a compensatory response to reduced
glutathione concentrations. Offspring also have deficits in reversaligaand adult N-

acetylcysteine treatment is able to attenuate these behavioralsdsietChapter 3). If
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altered systemcgactivity contributes to cognition, why is in utero manipulation of
system ¥ insufficient to produce long term behavioral deficits?

Sulfasalazine treated offspring may not have long term behaviorakslefici
because a) altered systemactivity is unrelated to cognitive deficits. This seems
unlikely since N-acetylcysteine attenuates MAM-induced deficits likglyestoration of
glutathione and system activity and acute sulfasalazine treatment in adults produced
deficits in cognitive processes (see Chapter 5) likely due to depleted Bultaace
glutamate resulting in unregulated synaptic neurotransmitter rel@agse results
support the involvement of cystine-glutamate exchange to cognitive deficitentiatal
set shifting. Or b) the administration parameters employed here (adasakdine
injection on gestation day 17) is insufficient to produce long term changesemsys
and behavioral deficits. This seems more likely since inducing behaviom@tsibfi in
utero sulfasalazine treatment has not been attempted and finding the ideal dbse, num
of injections and timing of injections to produce long term changes in cystitaygite
exchange could require a significant amount of work.

In utero manipulation of systeng xvas hypothesized to produce long term
changes in behavioral deficits given the critical role glutamatenhasurodevelopment.
First, sulfasalazine is a potent inhibitor of systenactivity whereas its metabolites
sulfapyridine and 5-aminosalicylic are not (Gout et al., 2001; Chung and Sontheimer,
2009). Of importance for this chapter is the ability of sulfasalazine to cropatental
barrier (Peppercorn, 1984) for fetal penetration of the blood brain barrier. Inhibition of
system X reduces extracellular glutamatevitro (Chung and Sontheimer, 2009) and

vivo studies show systemic administration of systgmerluces extracellular glutamate in
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the prefrontal cortex of adults (see Chapter 5). It therefore seems likebutfasalazine
is capable of reducing extracellular glutamate in the developing fetus.

As stated above, a potential factor limiting the ability of sulfasalaaipeoduce
long term deficits is timing of insult. Cortical neurogenesis occurs betvestatignal
days 14 to 20 (Bayer et al., 1993). All cortical principle cells originate from
neuroepithelial cells lining the ventricles. Earlier born neurons populateg¢pestie
cortical layers while the neurons born later in development form the moreiciaperf
layers with one exception, layer | neurons adjacent to the pial surfagerem@ted first
(Sidman and Rakic, 1973; McConnell and Kaznowski, 1991). Studies with the
antimitotic agent MAM have shown that treatment on gestation day 17 inducesspecif
changes in cortical layers II-IV while leaving the deeper layeYd, which are born
earlier, undisturbed; treatment prior to day 17 leads to reductions in all ctayieed
(Cattabeni and Di Luca, 1997; Moore et al., 2006) indicating the importance of injection
timing in neurodevelopmental models of schizophrenia. Here, sulfasalazine was
administered on gestation day 17 due to the effects of MAM treatment producing
schizophrenia-like deficits when administered on day 17. However, as discussed in
Chapters 3 and 4, it remains unclear whether MAM'’s effects are due to antimitoti
properties or inhibition of neuronal migration by DNA methylation making in utero
sulfasalazine timing optimization more difficult since it remains unciésather
inhibition of mitosis or migration is ideal to produce long term deficits

The ability of sulfasalazine to produce long term deficits was expected tjie
critical role non-vesicular glutamate has in neuronal migration duringdewelopment.

Neuroepithelial cells undergo mitosis in the germinal layers lining theiaglatr system
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and must migrate along radial glial cells to their final destination (&idand Rakic,

1973; Hatten, 1993). Non-vesicular glutamate and GABA have both been shown to
promote neuronal migration and serve as stop signals when neurons reach their final
destination (Behar et al., 1998; Behar et al., 1999; Behar et al., 2000; Behar et al., 2001,
Hirai et al., 1999; Simonian and Herbison, 2001; Kihara et al., 2002). In support,
immature neurons express NMDA and GABA receptors and glutamate and &&BA
detected early in the microenvironment of migrating neurons (Nguyen et al., 2084; L

et al., 2005; Manent and Represa, 2007). Further, NMDA antagonists including MK801
and APV treatment but not other ionotropic glutamate receptor antagonists lgaddo s
impairments in neuronal motilityr vitro andin vivo (Behar et al., 1999; Hirai et al.,

1999; Manent et al., 2005). Work in cerebellar granule cells have shown that NMDA
receptor activation leads to influx of €drequencies necessary for migration and
insufficient C&" results in loss of movement (Komuro and Rakic, 1993; Kumada and
Komuro, 2004). GABA receptor activation, which has been shown to depolarize
immature neurons promoting activation of voltage-gated calcium channels and NMDA
receptors, promotes migration by increasing intracellulaf €@emcentrations (Ben-Ari et

al., 1997). Finally, mutants with genetic deletion of munc18-1 and munc13-1/2, proteins
necessary for vesicular priming, are incapable of vesicular neunoitterselease have
normal cortical layering and synapse formation (Verhage et al., 2000; Vauscgtes.,
2002) indicating synaptic neurotransmitter release does not contribute to
neurodevelopment. Thus, reduced non-vesicular glutamate has the potential to impair

neuronal migration and cellular organization.
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Given the critical role of glutamate in neurodevelopment and the possible
contributions of system:xo extrasynaptic glutamate concentrations, it is interesting that
XCT knockout mice have a normal appearance, normal lifespan and no changes in
cortical or hippocampal width (Sato et al., 2005; De Bundel et al., 2011). As expected,
there is a decrease in extrasynaptic glutamate but surprisingly,dleeraparable
glutathione concentrations in the hippocampus, striatum and other non-CNS organs such
as the liver and pancreas (Sato et al., 2005; Massie et al., 2011; De Bundel et al., 2011).
Behavior measures of XCT mutants include comparable to wild type spontaneous
locomotion in an open field paradigm and a tendency towards less efficient leaithing w
intact reference memory in Morris water maze (De Bundel et al., 201t&yedtingly,
mutants have significant deficits in spatial working memory measuredayedel
alternation Y-maze task (De Bundel et al., 2011); no other behavioral tasks have been
measured. The absence of glutathione deficits suggests that behavioitsl akef
induced by reduced extracellular glutamate or possibly due to abnormalrcellula
organization or circuitry, although this would have to be confirmed. It would also be
interesting to evaluate neurodevelopmental processes in the mutants. As vgémeiy
mutation, there are likely compensatory measures to bring the environment io@amd ar
a cell to homeostasis making it impossible to assume that a lifetime depletigstioé-
glutamate exchange would have the same effects as an acute or chractiomed
activity although further studies need to be conducted.

As stated above, in utero sulfasalazine treatment does not produce long term
changes in behavior or systeg activity. While it seems unlikely that system x

activity has no effect on cognition (see Chapter 5), it is possible that thesesadton
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parameters are insufficient to produce long lasting deficits. Further, it i®leobest
there is a compensatory upregulation of other nonvesicular glutamate ttarsspor
migratory signals in response to insufficient cystine-glutamate egeharhere are many
possible explanations for the minimal effect of in utero sulfasalazine; howeeeability
of sulfasalazine to produce even a modest change in cognitive task is argnifidself,

has never been shown and will require further characterization.
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VII. DISCUSSION:

SCHIZOPHRENIA AND SYSTEM X ¢
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Schizophrenia is a lifelong disorder comprised of a number of symptoms
including positive (hallucinations, delusions, paranoia), negative (anhedonia, blunted
affect, social deficits) and cognitive deficits (executive function, behalilexibility,
working memory, attention) (Andreasen, 1995; Elvevag and Goldberg, 2000; Blanchard
and Cohen, 2006). The etiology of schizophrenia remains largely unknown however
current research suggests a combination of multiple factors contributing topuleizia
including a genetic predisposition and pre or postnatal environmental stressarg teadi
abnormal neurodevelopment (Weinberger, 1987; Chua and Murray, 1996; Lewis and
Levitt, 2002; Lang et al., 2007; Brown, 2011). Many of the symptoms, particularly the
cognitive deficits but also the positive and negative symptoms, have been linked to
abnormal dorsolateral prefrontal cortical activity (Bunney and Bunney, 2000;dDtadit
al., 2003; Jansma et al., 2004; Aalto et al., 2005; Eisenberg and Berman, 2010). In
support, schizophrenics have abnormal pyramidal neuron activation leading to altered
network oscillatory activity in the dorsolateral prefrontal cortex (Cho.e2@06;
Gonzalez-Burgos and Lewis, 2008; Gonzalez-Burgos et al., 2010).

In the dorsolateral prefrontal cortex schizophrenics have decreasediossiliat
the gamma range (30-90 Hz) which have been shown to contribute to cognitive deficits
(Lisman and Idiart, 1995; Lisman, 1999; Howard et al., 2003; Tallon-Baudry et al., 2004;
Sejnowski and Paulsen, 2006). Desynchronization is a result of abnormal dorsolateral
prefrontal cortical pyramidal cell activation. This is caused by clsaimgerefrontal
glutamatergic activity including changes in NMDA receptor activation showrohy
competitive NMDA receptor antagonists producing all symptoms associated wit

schizophrenia in rodents and healthy individuals (Javitt and Zukin, 1991; Verma and
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Moghaddam, 1996; Marino and Conn, 2002; Coyle et al., 2003; Vollenweider and Geyer,
2001; Rung et al., 2005). Evidence suggests that NMDA receptor antagonists
preferentially inhibit receptors located on GABAergic interneurons due toféseir
spiking properties (Jones and Buhl, 1993; Lei and McBain, 2002; Maccaferri and
Dingledine, 2002; Homayoun and Moghaddam, 2007; Lewis et al., 2012). Further,
schizophrenics have shown abnormalities in prefrontal GABAergic interneurons
(Hashimoto et al., 2003b; Mellios et al., 2009; Fung et al., 2010) suggesting altered
NMDA receptor mediated GABAergic activity in the dorsolateral jorfil cortex
contributing to pyramidal neuron desynchronization and symptoms of schizophrenia.
Astrocytes have also been shown capable of regulating synaptic plasticity and
pyramidal cell activity (Barker and Ullian, 2010; Poskanzer and Yuste, 2011). afdey
uniquely positioned to regulate network synchronization based on the ability of one
astrocyte to contact approximately 100,000 synapses, pyramidal cell bodies and other
astrocytes (Bushong et al., 2003; Oberheim et al., 2006). Communication between
astrocytes and neurons are critical for normal synaptic functions. Palyi@d&ocytic
glutamate release has been shown to contribute to neuronal oscillatory &esllityet
al., 2004; Fellin et al., 2006; Carmignoto and Fellin, 2006) Glutamate is released by
astrocytes at a concentration sufficient to activate extrasyndiptacrite receptors
(Baker et al., 2002b; Fellin et al., 2006; Makani and Zagha, 2007). Systerayxbe a
critical mechanism whereby astrocytes release glutamaggudate network activity.
First, system xexchanges one intracellular glutamate for an extracellular cy8aier
et al., 2002b); cystine uptake is the key step in glutathione synthesis (Dringen and

Hirrlinger, 2003) and externalized nonvesicular glutamate is capable of mcfivat
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extrasynaptic glutamate receptors particularly mGluR2/3 and NMbépters (Baker et

al., 2002a; Mohan et al., 2011). Glutathione has been shown to be important in NMDA
receptor activation by reducing the extracellular redox sites on the NME&sptor
potentiating its activity (Kohr et al., 1994, Lipton et al., 2002). Thus systemay
represent an additional mechanism to regulate network activity based on ttieydapa
release glutamate and modulate synaptic neurotransmitter réleasght activation of
MGIuR2/3 and NMDA receptors.

Given the critical role of system Xor synaptic functioning, altered or diminished
activity could result in abnormal network synchronization through either 1) a de@neas
extrasynaptic glutamate or 2) a decrease in glutathione concentraticiesredse in
extrasynaptic glutamate would lead to diminished extrasynaptic glig¢aeteptor
activation. Diminished NMDA receptor activation would alter neuronal intidael
functioning (Makani and Zagha, 2007; Hardingham and Bading, 2010) and potentially
contribute to diminished oscillatory activity (Fellin et al., 2004). Additiona#iguced
extrasynaptic glutamate would also decrease activation of metabahaamate
receptors. Group Il mGIuR activation has been shown to negatively modulate
presynaptic vesicular neurotransmitter release (Conn and Pin, 1997; Xi et al., 2002;
Melendez et al., 2005). Therefore, extrasynaptic glutamate releasedystem x may
regulate synaptic activity and neuronal activation; abnormal exchange coerdigbt
lead to abnormal pyramidal neuron activation and synchronization contributing to
symptoms of schizophrenia.

System X may also contribute to network synchronization via cystine uptake.

Glutathione synthesis is limited by the availability of astrocyticesgst(Dringen and
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Hirrlinger, 2003) and regulates oxidative stress and redox balance (Dringen, 2000). Of

particular importance is the ability of glutathione to reduce the eXtrlcaedox site of

the NMDA receptor to potentiate its activity (Kohr et al., 1994; Sies, 1999; Liptan e

2002). Given the contribution of NMDA receptor activation on GABAergic interneurons

to regulate pyramidal network oscillations it is not surprising that defiglatdathione

concentrations alters short and long term plasticity and induces NMDA receptor

hypoactivation (Steullet et al., 2006). Therefore, deficits in glutathione coatens

may contribute to abnormal pyramidal neuron activation and desynchronization through

reduced NMDA receptor activation through abnormal GABAergic interneurontgct
Given the critical role of glutamate and glutathione in neuronal activatieneal

astrocytic systemgxhas the potential to lead to pyramidal neuron desynchronization.

This likely occurs through both reduced extrasynaptic glutamate relehsgsiime

uptake resulting in deficits in glutathione synthesis. Altered cystinarghte exchange

in schizophrenics is supported by evidence of reduced glutathione concentratiats (D

al., 2000; Raffa et al., 2009) and increased expression of xCT, the active subunit of

system X (Baker et al., 2008) suggesting abnormal cystine-glutamate exchange in

schizophrenics and that this may contribute to the pathophysiology of this disorder. Thi

is of great importance and will require more research since targgstegrsx may

normalize gamma oscillations in the dorsolateral prefrontal cortex athdol¢lerapeutic

treatments for the cognitive symptoms of schizophrenia.
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